REVISTA INTERNACIONAL DE BOTANICA EXPERIMENTAL

INTERNATIONAL JOURNAL OF EXPERIMENTAL BOTANY
FUNDACION ROMULO RAGGIO

Gaspar Campos 861, 1638 Vicente Lopez (BA), Argentina
www.revistaphyton.fund-romuloraggio.org.ar

Combining ability of flint corn inbred lines: Mal de Rio Cuarto disease tolerance

and grain yield

Aptitud combinatoria para tolerancia a Mal de Rio Cuarto y rendimiento en grano en lineas

flint de maiz

Borghi ML!, MA Ibafiez!, NC Bonamico', MV Kandus? D Almorza Gomar’, EA Guillin?

JC Salerno?, MA Di Renzo!

Abstract. Mal de Rio Cuarto (MRC) disease is a significant
threat to corn production in Argentina. Sixty six hybrid combinations
derived from the cross of twelve flint maize (Zea mays L) inbred lines
were evaluated using a completely randomized block design with two
replications. MRC disease severity grade (SG) and grain yield (GY)
were the analyzed traits. Our objectives were to estimate the gen-
eral (GCA) and specific (SCA) combining abilities for these traits
among twelve corn inbred lines, and to identify potential heterotic
relationships among them. Diallel crosses were performed and these
results were compared using Griffing’s method 2 model I and diallel
GGE biplot (genotype main effect plus genotype x environment in-
teraction). Highly significant effects for GCA and SCA for SG were
observed, suggesting that both additive and non-additive genetic ef-
fects contribute to MRC tolerance. At the same time, GY showed
significant effects only for SCA, hence non additive genetic effects
are more important determinants of grain yield. Using both analysis
methodologies, lines with good GCA to MRC tolerance and also
heterotic crosses for this trait and GY were identified. These prom-
ising new crosses need further evaluation to assess their agronomic
performance in larger field trials and establish whether they remain
heterotic throughout an array of different productive environments,
before they are included in future breeding efforts.

Keywords: Zea mays L.; Diallel crosses; GGE biplot; Combining
ability.

Abbreviations: MRC: Mal de Rio Cuarto; MRCV: Mal de Rio
Cuarto Virus; CA: combining ability; GCA: general combining abil-
ity; SCA: specific combining ability; SG: severity grade; GY: grain
yield; GGE: genotype main effect plus genotype x environment in-
teraction; PCA: principal component analysis; ATC: average tester
coordinate.

Resumen. El Mal de Rio Cuarto (IMRC) es la enfermedad mis
importante del maiz en Argentina. En el presente estudio 66 hibri-
dos derivados del cruzamiento de 12 lineas de maiz (Zea mays L.)
fueron evaluados mediante un disefio experimental de bloques com-
pletos al azar con dos repeticiones. Los objetivos del trabajo fueron
estimar la aptitud combinatoria general y especifica (ACG y ACE)
para el grado de severidad de la enfermedad (GS) y el rendimiento de
grano (RG) entre doce lineas de maiz e identificar relaciones poten-
ciales heteréticas entre ellas. El analisis dialélico se realizé mediante
el método 2, modelo I de Griffing y el biplot GGE (efecto principal
de genotipo mas interaccién genotipo x ambiente). Los efectos de
ACG y ACE fueron significativos para GS, lo que sugiere que este
cardcter estd determinado por accién génica aditiva y no aditiva. El
RG sélo presentd efectos significativos de ACE, por lo que la ex-
presion del cardcter se debe a accidn génica no aditiva. Con los dos
métodos de andlisis utilizados se identificaron lineas con buena ACG
para tolerancia a MRC y ademds, cruzamientos heteréticos para este
cardcter y RG. Estos cruzamientos deben ser evaluados para conocer
su comportamiento agronémico y observar si mantienen la expresion
heterética en relacién con diferentes ambientes, con la finalidad de
incluirlos en futuros programas de mejoramiento.
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INTRODUCTION

Mal de Rio Cuarto (MRC) disease is the most prevalent
threat to corn production in Argentina, causing significant
and frequent yield losses in susceptible hybrids (Lenardén et
al., 1998). The disease has caused losses of approximately 5
to 60% in the Rio Cuarto area (Cérdoba state), where the
disease is endemic (March et al., 1995). The worst epidemic
occurred during the 1996/97 agricultural season, affecting
about 300000 ha of corn, and a significantly high incidence
of the disease was observed during 2006/07. According to
the disease tetrahedron reported by Francl (2001), the MRC
continues producing severe outbreaks in maize when MRC
epidemics take place during the simultaneous occurrence of
abundant natural virus reservoirs, high density and mobility
of vector populations, early growth stage of susceptible geno-
types, and suitable environments.

MRC disease is caused by a Fijivirus (Nome et al., 1981)
(Reoviridae family), identified as “Mal de Rio Cuarto Virus”
(MRCV) (Distéfano et al., 2003). MRCYV is transmitted in a
persistent, propagative manner through a vector insect, De/-
phacodes kuscheli Fennah (Hemiptera: Delphacidae) (Ornaghi
et al., 1993). MRC is a monocyclic disease. The initial inocu-
lum source consists of vector insects that mainly develop in oat
crops (Avena sativa L.), where they acquire the virus, and then
migrate to maize. The disease plants present several symptoms
depending on the maize genotype, the plant’s developmental
stage in which the vector-mediated virus transmission oc-
curs, and the environmental conditions in which maize grows.
The greatest yield losses occur when the virus infection takes
place during the early stages of crop development (March et
al., 1995). A characteristic symptom of MRCYV infections is
swellings, referred to as enations, occurring on the underside
of the leaves. Other symptoms include stunting, leaf and in-
ternodes shortening, tassel and ear malformations, dwarfing,
and reduced overall yield resulting in economically significant
losses.

Traditional management strategies include early plant-
ing, use of chemicals to lower D. kuscheli population, and use
of MRC tolerant hybrids. Early planting enables the avoid-
ance of overlapping vector population peaks with susceptible
maize phenological stages (e.g. coleoptile stage) (Ornaghi
et al., 1999). However, recent studies observed a significant
disease incidence even in very early planted corn crops (Ey-
hérabide, 2007). Applications of systemic insecticides, which
allow good vector control, and control of weedy grasses which
constitute potential virus reservoirs and hosts of vector popu-
lations, can reduce the source of the pathogen. However, the
extensive use of these insecticides imposes a selection pressure
on the vector populations, which might cause the appearance
of resistant strains. Granular insecticide formulations applied
on the seed may be useful to reduce the disease incidence and

increase grain yield (March et al., 2002). This management
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strategy relies on the possibility of a proper control of the vec-
tor populations during their arrival to corn crops, protecting
the seedlings during the stage of greatest susceptibility (Kreff,
2010). The most effective way of disease control, nevertheless,
consists of the integrated management practices of MRC.
'Therefore, the employment of tolerant genotypes and the use
of seeds treated with insecticides, as a component of integrat-
ed management, may optimize the cost-benefit equation for
farmers, and increase the sustainability of maize production in
affected areas (Di Renzo et al., 2002).

Corn breeding involves the cross of inbred lines in order to
obtain new hybrid genotypes. Knowledge of consistent heter-
osis for particular traits among different genetic combinations
and across environments allows for a more efficient resource
allocation, and therefore a higher chance of developing ag-
ronomically interesting combinations (Nestares et al., 1999).
A flint x flint heterotic pattern would be useful in breeding
programs aimed at obtaining a high yielding performance.
Such hybrids would also broaden the genetic base of the com-
mercial varieties to be developed in the near future (Soengas
etal.,2003). Parental lines could be selected, considering their
combining ability (CA) for important traits such as disease
tolerance and grain yield. Information about CA is mostly
obtained through diallel analysis. This approach has been uti-
lized in genetic research to determine the mode of inheritance
of important traits among a given set of genotypes, and to
identify superior parental lines for hybrid development. Malik
et al. (2004), Melani & Carena (2005), Srdic et al. (2007) and
De la Cruz Lizaro et al. (2010), used diallel crosses to study
the mode of inheritance of maize grain yield. Lorenzo et al.
(1992) and Morata et al. (2003) also detected corn inbred
lines with tolerance to MRC disease and good performance
for grain yield through diallel analysis.

Conventional diallel analysis is focused on partitioning
the total variation of the data into general combining ability
(GCA) of each parent, and specific combining ability (SCA)
of each cross (Sprague & Tatum, 1942). This model has
shown to be an extremely efficient tool in quantitative genet-
ics (Gravina et al., 2003). Alternatively, Yan & Hunt (2002)
proposed the use of the principal component analysis (PCA).
It was originally utilized for multi-environment trial data
analysis to display the genotype main effect plus genotype x
environment interaction (GGE) in a single two-dimensional
figure: the GGE biplot. This graphic output allows the evalu-
ation of relevant concepts: average value of the quantitative
trait and stability of the genotypes, a rapid and effective over-
view of GCA and SCA effects of the populations and their
performance in crosses, and the grouping of genotypes with
similar behavior (Bhatnagar et al., 2004; Bertoia et al., 2006;
Ibafiez et al., 2006).

Combining ability for MRC disease tolerance in maize has
been evaluated (Lorenzo et al., 1992; Basso et al., 1995; Presello
et al., 1995). However, the information provided after the evalua-
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tion in a different genetic background would be valuable in future
efforts for germplasm development not only for the area where
MRC disease is endemic, but also for different production areas,
both in Argentina and overseas. This would be possible by mak-
ing these lines available as a source of genetic resources for hybrid
development. The objectives of this study were to (i) estimate
GCA and SCA effects for MRC disease tolerance and GY in
twelve corn inbred lines, and (ii) identify best hybrid combina-
tions and possible heterotic relationships among these lines.

MATERIALS AND METHODS

Twelve corn flint lines were selected based on their perfor-
mance to MRC disease (Table 1). Seeds were supplied by the
“Instituto de Genética” at INTA Castelar (Argentina). Flint
lines were crossed in the spring of 2008, following a diallel
mating design without reciprocals to create 66 F, hybrids. The
ears were obtained by cross fertilization to only one tassel,
and then were harvested, dried, manually shelled, and kept in
a controlled environment for later use in the trials. Parental
lines and 66 F, hybrids were grown in the following growing
season at a Rio Cuarto location in the area where the MRC
disease is endemic. Trials were irrigated throughout the grow-
ing season, and weed control was performed according to nor-
mal field practices. The experiment was replicated twice in a
randomized complete block design.

Table 1. Origin and particular traits for each parental flint line.
Tabla 1. Origen y caracteristicas de las lineas de maiz utilizadas.

In order to increase the scope of our study and to ensure
the MRC presence, each plant was infested with about seven
insect vectors of MRCV that were equally dispatched be-
tween the seedlings, avoiding inoculation escape. Previous to
the infestation, the insect vectors were maintained in winter
oat crops, which constitute virus reservoirs and hosts of vector
populations.

Disease symptoms were recorded at 60 days after planting
(initial male flowering). Plots were scored for MRC disease
tolerance based on the severity grade (SG) scale proposed by
Ornaghi et al. (1999). Ten to fifteen plants in the centre rows
of a plot were individually rated on a scale of 0 to 3. The fol-
lowing disease grades were established: 0 = no symptoms; 1 =
mild symptoms: presence of enations; 2 = shortened superior
internodes, enations and ‘hockey pole’ ears; 3 = severe dwarf-
ing, enations and small ears with few or no kernels. Grain yield
was evaluated by harvesting all ears from each plot. Moisture
content for each seed sample was measured using an electrical
hygrometer, and yield was expressed in kg/ha.

An analysis of variance (ANOVA) for combining ability
(CA) was performed to have the genotypic effect partitioned
into GCA and SCA, respectively, according to Griffing (1956)
method 2 model I. The software package developed by Magari
& Kang (1994) was utilized. Heterosis values were estimated
in terms of deviation from parental averages. Student’s T-test
was used to assess heterosis significance, genotypic effect, and

Inbred Line Tester Origin MRC Grain Cob

Line code  code tolerance  colour  Colour

06-805 (BLS61) A A Population consisting of a mixture of commercial hybrids re- HT Reddish Red

leased in 90s along with BLS1 and BL.S14 lines
06-806 (BLS91) B B “Colosal” open-pollinated variety HT Orange  White
06-807 (BLLS101) C C Cross between composite population “A and B” of INTA Per- T Reddish ~ White
gamino and BLS14 line

06-808 (BLS76) D D Population consisting of a mixture of BLS1, BLS14 and BLS16 HT Reddish Red
lines

06-809 (BLS96) E E Population consisting of a mixture of BLS1, BL.S14 and BLS16 HT Orange  White
lines

06-810 (BL.S104) F F F1 between N28 north american public line and BLS14 line LT Orange  White

06-811 (BLS16) G G “Colorado La Holandesa mejorado” open pollinated variety LT Yellowish ~ White

06-812 (BLS14) H H “Colorado La Holandesa mejorado” open pollinated variety HT Orange  White

06-813 (BLS1) I I “Colorado La Holandesa mejorado” open pollinated variety HT Reddish ~ White

06-814 (LLP109) ] J INTA Pergamino line T Reddish Red

— Pale
06-815 (LP521) K K INTA Pergamino line T Orange Red
06-816(LP125R) L L INTA Pergamino line T Yellowish ~ Red

HT: high tolerance; T: tolerant; LT: low tolerance.
HT: tolerancia alta, T: tolerante, LT tolerancia baja
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combining ability (Melani & Carena, 2005). Visualization
of CA among parental lines was obtained by using princi-
pal component analysis (PCA), as proposed by Yan & Hunt
(2002). The GCA and SCA effects of the entries were exam-
ined by defining an average tester coordinate (ATC). Polygon
view biplots were generated, partitioning the biplot into sec-
tors, with entries farthest from the center of the biplot repre-
senting the vertices of the polygon. Relative contribution of
GCA and SCA was estimated according to Baker (1978).The
MRC eftect on grain yield was evaluated through coeflicients
of phenotypic correlation between SG and GY.

RESULTS AND DISCUSSION

During the 2009/10 growing season, environmental con-
ditions in Rio Cuarto location were favorable for the disease
development. Plants were infested with insect vectors of
MRCYV, allowing a strong disease pressure, and the discrimi-
nation between the different tolerance levels of the lines and
the hybrids. Line BL.S14 (red flint line, source of tolerance to
MRC) showed good performance for both severity grade of
MRC and grain yield traits. In contrast, the genotypes with
low tolerance, such as line BLLS104, showed a poor behavior
for tolerance to MRC and grain yield (Tables 2 and 3).

A strong disease pressure represents a stress to assess
grain yield. It implies a limitation on the scope of our re-
sults because of the difficulty to simultaneously breed for
both tolerance to MRC and grain yield. Selection for grain
yield under a strong disease pressure resulted in a different
response of the evaluated lines and hybrids. Therefore, the
same genotypes should be evaluated in other environments
under optimal conditions, and without disease pressure or
in areas where the disease is non endemic, for a more ad-
equate selection for grain yield. On the other hand, factors
that are of economic relevance may be related to complex or
polygenic characteristics, and show a high influence of the
environment. Because of this, in breeding programs, various
experiments are conducted in several locations to evaluate
grain yield and detect changes in the relative performance
of the genotypes in different environments. This phenom-
enon is called genotype x environment interaction (G x E).
This study was conducted at a single testing environment. It
means that the study should be replicated in multiple loca-
tions to evaluate the stability of grain yield and to estimate
G x E. Kandus et al. (2010) reported statistical models for
evaluating the G x E interaction in materials conformed by
six BLS lines and two INTA Pergamino lines. They observed
G x E interaction in these materials, and suggested that their
evaluation in representative conditions of the crop area is
very important for identifying genotypes that are more sta-
ble and have long-term yields. Lorenzo et al. (1992) also
reported G x E for resistance to MRC and grain yield in
eight INTA Pergamino lines and their crosses.

This study was conducted using fixed effects models. For
this reason, the following results should be taken with caution.
An analysis of the variance mean squares of diallels for sever-
ity grade (SG) and grain yield (GY') was performed (data not
shown). Significant differences (p<0.01) were detected among
genotypes for both SG and GY. Regarding SG (MRC toler-
ance), significant effects (p<0.01) for GCA and SCA effects
were observed, suggesting that both additive and non-addi-
tive inheritance modulate this trait. On the other hand, GY
showed significant effects only for SCA (p<0.01), indicating
that only non-additive genetic effects (dominance, epistasis)
are responsible for its mode of inheritance.

MRC tolerance (SG). The variance component ratio 20: /
(20g2 + 20?) discussed by Baker (1978) offers some insight into
the relative importance of additive and dominance genetic vari-
ance for a given set of parents or a defined population. A value of
1 indicates that all the genetic variance is additive. For SG, this
ratio was (.15, indicating that non-additive eftects predominated
in the inheritance of this trait. Marino & Teyssandier (1982) and
Di Renzo et al. (2002, 2004) reported similar ratios, and these
authors concluded that the MRC tolerance was dominantly in-
herited. However, Morata et al. (2003), Presello et al. (1995) and
Lorenzo (1992, 1993) concluded that additive and non-additive
actions have significant effects in the inheritance of MRC toler-
ance.

With regards to the individual effects for each line com-
bination, the ANOVA showed significant differences among
genotypes. Considering this result, GCA and SCA effects
for each line and hybrid were evaluated (Table 2). Significant
differences were also observed for midparent heterosis values
(Table 2). Negative values of GCA, SCA and heterosis sug-
gest tolerance to MRC, whereas positive numbers suggest sus-
ceptibility. The lines showed significant positive (p<0.01) and
negative (p=<0.05) GCA effects. BLS104 was the most posi-
tive line (0.37), indicating low tolerance for the disease, and
BLS1 was the most negative line (-0.39), indicating a good
performance for MRC and could be therefore considered in
future breeding efforts for tolerance to the disease. These re-
sults are consistent with the information reported in Table 1,
where lines BLS104 and BLS1 are characterized by low and
high tolerance, respectively. While the GCA effects are gener-
ally not significant (Table 2), lines BLS76 and BLS96, both
derived from populations consisting of a mixture of BLS1,
BLS14 and BLS16 lines, showed negatives eftects, supporting
the expected results according to previously information pre-
sented. Di Renzo et al. (2002) observed tolerance to MRC in
the line BLS14. In our study, this line showed negative values
for SCA effects, indicating a good performance for severity
grade of MRC. In fact, BLS14 produced superior hybrids that
were more tolerant than the line itself. Line BLS16, charac-
terized by low tolerance, showed a negative value for GCA
effects. Therefore, this line together with BLS14 and BLS1
(same origin, Colorado La Holandesa improved) presented
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a good performance to MRC. In contrast, genotypes LP521,
LP109 and LP125R from INTA Pergamino showed a poor
performance to MRC.

Grain yield (GY). According to our results, relative con-
tribution of additive effects for GY inheritance was null,
indicating that non-additive effects are responsible for the
inheritance of this trait in the genotypes evaluated in the
environment located within the area where MRC disease
is endemic. Although Melani & Carena (2005) and De la
Cruz Lézaro et al. (2010) found that SCA for GY was non-
significant, our data match the results reported by Bhatnagar
et al. (2004), Nestares et al. (1999), Malik et al. (2004) and
Srdic et al. (2007), because they concluded that SCA effects
were highly significant for GY. SCA effects and midparent
heterosis values for GY for individual genotypes are shown
in Table 3. Negative numbers for CA and heterosis suggest
low GY, whereas positive values imply higher GY. Significant
differences were observed between the lines for grain yield.
The line BLS14 showed the highest values of parent means
for grain yield (10700), and lines BLS96, BLS1 and BLS76
also presented high values of parent means for this trait (9427,
4630, and 1865, respectively). Kandus et al. (2010) reported
that the BLS14 line showed a greater specific adapation in
the environment evaluated, and obtained a greater yield. Line
BLS104 showed one of the lowest values of parent means
(936). These results suggest a possible positive relationship
between tolerance of MRC and grain yield.

SG-GY. Tables 2 and 3 show crosses with significant posi-
tive (p<0.01) and negative (p<0.05) SCA effects for the traits
under analysis, SG and GY. The hybrids with the highest and
most significant (p<0.01) SCA effects for SG and GY were
BLS101 x BLS104 (-0.89) and LP109 x LP125R (8913).The
hybrid combination with the best SG performance in terms of
virus tolerance also showed a significant positive effect for GY
(2398™), and the hybrid with the highest GY effect showed a
significant positive effect for SG (0.63**). Midparent heterosis
values emphasized these results. Hybrids BLS101 x BL.S104
(-2.13**) and BLS91 x BLS101 (-2.16™) presented the high-
est performance in terms of virus tolerance for SG, and hybrid
LP109 x LP125R (19140™) was the best for GY. Kandus et
al. (2010) found a type of hybrid formed by INTA Pergamino
lines (LP109 x LP521) with a good performance for GY, and
Lorenzo et al. (1992) also reported other hybrid formed by
INTA Pergamino lines with tolerance to MRC and a good
performance for GY.

GGE / Grifling analysis. §G. GGE biplot for SG data
explained 59% (38 and 21% by PC1 and PC2, respectively) of
total variation (Figs. 1A and B). GCA effects for the different
entries resulted as follows: D>1>G>C>E>B>K>A>H
> L >J > F (Fig. 1A), which is roughly consistent with Table
2.'The projections of the entries onto the ATC ordinate must
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Fig. 1. Biplot based on diallel data of twelve maize genotypes for
Severity Grade; (A) average tester ordination view, (B) polygon
view. Codes of the genotypes are: A = BLS61, B = BLS91, C
= BLS101, D = BLS76, E = BLS96, F = BLS104, G = BLS16,
H=BLS14, | =BLS1, J = LP109, K= LP521 and L = LP125R.
Genotypes are labeled with upper-case letters when viewed as
entries and with lower-case letters when viewed as testers. The
circle indicates the average tester.

Fig. 1. Biplot GGE basado en datos dialélicos de doce lineas de maiz
para grado de severidad, (A) Coordenadas del tester promedio, (B)
Vista del poligono. Los codigos para los genotipos son: A = BLS6T,
B = BLS91, C = BLS101, D = BLS76, E = BLS96, F = BLS104,
G =BLS16, H = BLS14, | = BLS1, J = LP109, K = LP521, y L =
LP125R. Los genotipos se indican como entradas cuando estan en
letras mayusculas y como testers cuando estan en letras mindsculas.
En A el circulo indica el tester promedio.
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Fig. 2. Biplot based on diallel data of twelve maize genotypes
for Grain Yield; (A) average tester ordination view, (B) polygon
view. Codes of the genotypes are: A = BLS61, B = BLS91, C
=BLS101, D = BLS76, E = BLS96, F = BLS104, G = BLS16,
H=BLS14, | =BLS1, J =LP109, K =LP521 and L = LP125R.
Genotypes are labeled with upper-case letters when viewed as
entries and with lower-case letters when viewed as testers. The
circle indicates the average tester.

Fig. 2. Biplot GGE basado en datos dialélicos de doce lineas de
maiz para rendimiento de grano; (A) Coordenada del Tester pro-
medio, (B) vista del poligono. Los cédigos para los genotipos son:
A =BLS61, B =BLS91, C =BLS101, D = BLS76, E = BLS96,
F=BLS104, G=BLS16, H=BLS14, | =BLS1, J = LP109, K =
LP521, y L = LP125R. Los genotipos se indican como entradas
cuando estan en letras mayusculas y como testers cuando estan
en letras minusculas. En A el circulo indica el tester promedio.

approximate their SCA effects, which represent the tendency
of the entries to produce superior hybrids with specific testers.
Entries B, F; A, D and I had the highest SCA effects, because
they interacted positively with testers ¢, h, j, 1, k and g, but
negatively with themselves. Two heterotic groups are suggest-
ed by Fig. 1A, genotypes B, F, A, D and I as one group, and
genotypes L, J, K, G, H and C as the other. Entry E located
near the ATC abscissa, and did not appear to belong to any of
the groups. With the GGE biplot was possible to define these
groups, complementary information to the conventional dial-
lel analysis. The biplot in Fig. 1B was divided into six sectors,
with entries B, F, J, H, C and D as the vertex entries, and are
referred to as sectors B, F, J, H, C and D, respectively. Testers
k, h and c fell within sector B, indicating that entry B was the
best mating partner for them. Moreover, since genotype B, as
a tester, was not in sector B, all the crosses within this sector
should be better than both parents. The term heterosis is used
hereafter to refer to such situations. Tester g fell in sector F;
tester d in sector J; tester i in sector H; testers a, fand b in sec-
tor C, and finally testers j and I fell in sector D. Consequently,
eleven superior hybrids were identified: B x [k, h, c]; F x g;
Jxd; Hxi; Cx[a, £, b]; D x [j, 1]. In sector B, genotype C
was considered the best mating partner. Likewise, in sector C,
genotype B was considered the best mating parent. Therefore,
B and C were identified to be the best partners for each other.
The same situation is verified for D and J; B x C and D x ]
are thus to be considered the best combinations among all
the tested lines using both Griffing model I and GGE biplot.
Entries B and D belong to the first heterotic group defined,
and C with J to the other group defined (Fig. 1A).

'The performance for these crosses can be verified from the
SCA effects and midparent heterosis (Table 2). However, con-
sistency between Griffing and GGE is not conserved across
every combination. For instance, Table 2 suggests heterosis
for crosses E x f and F x h. Such discrepancies are expected
because 41% of total variation is not accounted for by the bi-
plot approach. Predictions are probably more reliable than the
individual observations since the biplot displays and makes
predictions on the general pattern of the whole dataset (Yan
& Hunt, 2002).

GY. GGE biplot analysis for GY data explained 61% (45%
and 16% by PC1 and PC2, respectively) of total variation
(Figs. 2A and B).The biplot in Fig. 2A suggests two heterotic
groups for grain yield. Some entries of these groups coincides
with the definite entries for heterotic groups to SG, for ex-
ample entries A, B and I correspond at the first definite group
and entries L, K, H and C correspond at the second definite
group. The entries A, B and I interacted negatively with them-
selves, as SG trait, but positively with testers ¢, d, f, h,k and L.
'The biplot in Fig. 2B was divided into seven sectors, A, 1, ], D,
H, K and L. Testers i, g, ¢ and j fell within sector L, suggest-
ing that entry L was the best mating partner for these testers.
Moreover, tester 1 is located within sector J. Crosses between
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Jx L and I x K could be considered as promising. Combina-
tions H x b and A x h resulted heterotic as well. These results
agree with Griffing analysis (Table 3). Entries A, B, I and ],
and the entries H, L and K belong to the first and second
heterotic groups defined, respectively (Fig. 1A).

Coincidences between Griffing and PCA analysis are not
to be used to conclude that GGE biplot is redundant and
therefore unnecessary. On the contrary, these results show that
PCA is an excellent tool to visualize relationships that remain
unnoticed otherwise. As an example, and with regards to GY,
GGE biplot shows that lines A and L are equally fit for de-
veloping hybrid combinations with testers ¢ and d. The biplot
approach has two advantages: the first of them is its graphical
presentation of the data, which greatly enhances our ability to
understand the patterns of the data and the second advantage
of the biplot approach is that it tries to interpret the pheno-
typic variation of the crosses by understanding the parents.

A significant and negative (r = -0.26™) correlation between
SG and GY was observed under strong disease pressure, thus
suggesting that these characters have some degree of inter-
dependency. It also indicates that lines with low values SG
(high tolerance) tended to produce higher yields than lines
with high values SG (low tolerance). Morata et al. (2003)
obtained similar results. They found that under a moderate
disease pressure, correlation coefficient for SG and GY was
-0.29; under a high disease pressure such correlation increased
up to -0.65, and under low disease pressure the severity of the
MRC did not influence grain yield. All these results illustrate
the significance of MRC disease as a very important factor in-
fluencing GY in the study population, and this relation should
be considered when breeding for MRC tolerance. This study
showed that the coefficient correlation between SG and GY
depends of the disease pressure as well as the genetic structure
genetics, as reported by Morata et al. (2003).

In agreement with Soengas et al. (2003), our results showed
heterosis for crosses involving difterent flint maize inbred par-
ents. This study suggests the feasibility of developing hybrid
combinations between the lines evaluated with a good per-
tormance for grain yield and favorable performance for MRC
tolerance.

CONCLUSIONS

The results of this experiment were obtained from a fixed
effects model, therefore the conclusions are for the materials
tested in the environment of evaluation. Both GCA and SCA
effects were significant for SG, suggesting additive and non-
additive type of inheritance for MRC tolerance. GCA effects
were detected for GY, suggesting that only non-additive fac-
tors determine the inheritance for this trait.

The present study was successful at detecting flint corn
hybrids with MRC tolerance and reasonably good GY. The
crosses showing good agronomic and sanitary performance
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should be further evaluated, in order to establish whether they
remain heterotic across different productive environments.

It is interesting to note that both conventional diallel anal-
ysis (Griffing) and PCA methodologies were useful and com-
plementary for detecting lines and crosses with good GCA
and SCA, respectively, for MRC tolerance and grain yield.

'This work attempted to identify germplasm with both
MRC tolerance and good grain yield with the aid of a cross
diallel design, which has enabled the generation of genetic
estimates that may be considered preliminary, but extremely
valuable for practical breeding.
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