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Abstract - Data from 11 years of a breeding program for upland rice of the partner institutions Embrapa arroz
e feijdo, Epamig and UFLA conducted in 11 regions of Minas Gerais, were analyzed by the mixed model
methodology. The genotypic correlations between environments ranged from medium to high, suggesting the
predominance of simple interaction, but with differentiated ranking of genotypes at the different locations.
Lines with specific performance, as well as lines of broad adaptation were identified. The performance of
cultivar BRSMG Caravera, released in 2007, was superior to the others in terms of grain yield at all sites
assessed, in other words, broad adaptation, in addition to a high genotypic performance.
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INTRODUCTION in a randomized complete block design with species-
specific number of replications, locations and years
(Brazil 2001). In the VCU tests, inferences should be
. . drawn on individual environments, medium
be conducted at representative locations of the environments and new environments outside the

producing regions for the testing and subsequent oy 0rimental network (Resende 2007a). Hence, for a
recommendation of cultivars with specific or broad  f¢re release of cultivars, it is important to know the
adaptation. For the release of cultivars in Brazil, the  -grrelation between genotypes across the
Ministry of Agriculture recommends tests of Value for  environments, the coefficients of determination of the
Cultivation and Use (VCU), which ought to be laid out  effects of genotype and of the interactions with other

The main objective of any improvement program
is to breed cultivars. Accordingly, experiments should

2 Universidade Federal do Acre, Centro de Ciéncias Biolégicas e da Natureza, C.P.2018, 69.920-900, Rio Branco, AC, Brazil
3 Universidade Federal de Lavras, Departamento de Agronomia, C.P. 37, 37.200-000, Lavras, MG, Brazil

4 Embrapa Florestas/Universidade Federal de Vigosa, Departamento de Engenharia Florestal, 36.570-000, Vigosa, MG, Brazil
5 Empresa de Pesquisa Agropecuéaria de Minas Gerais, C.P. 176, 37.200-000, Lavras, MG, Brazil

6 Empresa de Pesquisa Agropecuaria de Minas Gerais, C.P. 216, 37.570-000, Vicosa, MG, Brazil

Crop Breeding and Applied Biotechnology 12: 25-33, 2012 25



V Borges et al.

effects such as locations, years, seasons, etc. and of
the components of total phenotypic variance.

Based on the magnitude of the correlations
between genotypes across the environments the type
of interaction and its influence on the classification of
genotypes and selection of superior plant material can
be determined. The components of variance, in turn,
help determine how much each component contributes
to the total phenotypic variance. In multi-environment
experiments, these components are represented by the
genetic variance, variance of genotype — location (GL)
interaction, variance of genotype — year (GA)
interaction, variance of genotype - location - year (GLA)
interaction and by the residual variance.

The statistical-genetic aspects of VCU
experiments in Brazil have usually been analyzed using
the least squares method. However, in several countries
e.g., England and Australia, the mixed model
methodology applied in plant research has been used
for annual plants (Smith et al. 2005, Smith et al. 2001),
Brazil (Carvalho et al. 2008, Fritsche Neto et al. 2008), Canada
(‘YYan and Rajcan 2003) and Germany (Piepho et al. 2007), to
select the best genotypes based on their genotypic values
for cultivar recommendation. Details on the methodology
of mixed models applied in plant experimentation are given
by Resende et al. (1996), Smith etal. (2001), Resende (2002,
2007a) and Piepho and Mohring (2005). The use of the mixed
model methodology for the recommendation of superior
rice genotypes is still scarce.

The aim of this study was to use the mixed model
methodology in the tests of cultivation value of upland
rice from 1997/98 to 2007/08.

MATERIALAND METHODS

The results of grain yield used here were
obtained in the tests of Value for Cultivation and Use
(VCU) of the cooperative improvement program of
upland rice, developed in partnership by the partners
UFLA (Universidade Federal de Lavras), EPAMIG
(Empresa de Pesquisa Agropecuaria de Minas Gerais)
and Embrapa/CNPAF (Empresa Brasileira de Pesquisa
Agropecudria/Centro Nacional de Pesquisa de Arroz
e Feijdo), from 1997/98 to 2007/08, in Minas Gerais.
At 11 different sites, 107 lines were assessed for 11
growing seasons (Table 1), using the model:
Vign =U+ & +b, 4, +a, +1, + gay + gl + gla,, +gbal,;,,,,

where: iy, isthe value of the observation of treatment i in
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replication j, in year k, at location n; u is the general mean;
gi is the effect of genotype i; by, is the effect of block j
within year k at location n; a, is the effect of year of planting
k; 1, is the effect of location n; ga; is the effect of the
genotype-year interaction; gl;, is the effect of genotype-
location interaction; gla;, is the effect of the genotype-
location-year interaction; gbalij,k,n is the random
error or residue.

In matrix form, the corresponding model is:
y = Xb + Zg + Qga + Tgl + Ugla + e where: y is the
observation vector; b the vector of effect combinations
of block-location-year (fixed effects) added to the
general mean; g is the vector of genotypic effects
(random effects), ga the vector of effects of genotypes-
year interaction (random effects); gl the vector of effects
of genotypes-location interaction (random effects); gla
the vector of the triple genotypes-location-year
interaction (random effects), and e the error vector
(random). X, Z, Q, T and U represent the incidence
matrices for these effects, respectively.

The effects of year, location and block/year/
location, which are purely environmental effects, were
grouped in effect b, and the lines were considered
unrelated. The structure of means and variances was
presented as proposed by Resende (2002, 2007a). The
equations of the mixed model for the model adopted
are:

b) (x'x Xz X' X'T xu Y x
2| |zx zz+n, 20 z'r zvu z
ga|=|Q'X QZ QQ+I QT [ oy .
d| |T'x 12 7’0  TT+In, TU il where:
Jda) \UX  UZ o ur  uu+n,) \Up
2 2 2 2 2 2 2 2 2
6. “heCuCaCua ol =h,CuCuCu
}\4|:72: 2 y >\427 2 2
G, n, O . c
1 2 2 2 2 N N N
P *hﬁcw.;cgﬁcw Ol Thieldich oo
Gy Cy c c

h;: broad-sense heritability.
c;: Coefficient of determination of the effects of
genotype-year interaction.
c:,: Coefficient of determination of the effects of
genotype-location interaction.
¢ ;.- Coefficient of determination of the effects of
genotype-location-year interaction.

The estimation of variance components by REML
and prediction of breeding values by BLUP were
described by Resende (2002, 2007a). Analyses were
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Table 1. List of growing seasons and experimental locations

Growing season Locations

1997/98 Lambari, Lavras, Patos de Minas

1998/99 Felixlandia, Lambari, Lavras, Patos de Minas, Patrocinio and Uberaba

1999/00 Felixlandia, Lambari, Lavras, Paracatu, Patos de Minas, Patrocinio and Uberaba
2000/01 Felixlandia, Lambari, Lavras, Patos de Minas, Patrocinio and Uberaba

2001/02 Felixlandia, Lambari, Patos Minas, Uberaba, Uberlandia and Vigosa

2002/03 Lambari, Lavras, Patos de Minas, Patrocinio, Uberaba, Uberlandia and Vigosa
2003/04 Felixlandia, Lambari, Patos de Minas, Patrocinio, Piumhi and Vigosa

2004/05 Felixlandia, Lambari, Lavras, Patos de Minas, Patrocinio and Vigosa

2005/06 Lambari, Lavras, Patos de Minas, Patrocinio and Piumhi

2006/07 Lambari, Lavras, Patos de Minas, Patrocinio, Piumhi and Sdo Sebastido do Paraiso
2007/08

Lambari, Lavras, Patos de Minas, Patrocinio, Piumhi and Sao Sebastido do Paraiso

performed using the program SELEGEN REML/BLUP
(Resende 2007b).

RESULTSAND DISCUSSION

Analysis of deviance indicated statistical
significance for all random effects of the model, except
for the triple interaction of genotype-location-years
(represented for G-L-A) (Table 2). The estimate of the
coefficient of determination of the genotypic effects

(given by the broad-sense heritability (h; ) free of the
interactions of a given genotype at a given location
and year was 0.097 (Table 2). Considering the effects of
the interaction, involving genotypes, locations and
years together, this value and its deviations are
considered low, since it is free of all interactions. In
other words, the heritability is not inflated by the

interaction G-L, G-A and G-L-A. This was expected and
is consistent with the quantitative nature of the trait.
However, this deflation was minimal, since all GE
interaction components were low.

The coefficients of determination of the effects
of genotype-year (c; ), genotype -location (c; ) and
genotype-location-year (c;a) were, respectively,
0.047,0.051and 0.019, or 4.68 %, 5.08 % and 1.96 %.
These values refer to the proportion of total
phenotypic variation (Vp) explained by the
interaction. Therefore, the interactions G-A and G-L
were higher than the triple interaction G-L-A. For this
reason, the triple interaction G-L-A influenced Vp less
than the interactions of G-A and G-L. For common
bean, Carbonell et al. (2007), observed correlation
coefficients ranging between 0.165 and 0.325 for 15

Table 2. Analysis of deviance (ANADEYV), variance of components and determination coefficients of the global combined analysis of
107 cultivars and lines tested at 11 locations and in 11 years, 1997/1998 to 2007/2008

Effect Deviance LRT (xz) Components of variance  Determination of coefficients
Genotype (G) 19453.87"  15.20%* 57742.19%* 0.09%*
Genotype-location (G-L) 19444.21" 5.54%* 30266. 24* 0.05*
Genotype-year (G-A) 19443.79" 5.12% 27878.57* 0.05*
Genotype-location-year (G-L-A)  19438.58" 0.08 11352.16 0.02

Error - 468824.32 0.84

Full model 19438.67 - - 1.00

*: Deviance of the adjusted model without corresponding effects;

* and **: Significant by the chi-square test to 5 % (3.84) and 1 % (6.63) of probability, respectively.
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locations in two years, with values that clearly exceed
those found in this study.

The genotypic correlations across environments
called rgl, rga, rgl_a, rga_I, rgl_ma, and rga_ml, and
rgla were, respectively, 0.656, 0.674, 0.739, 0.759, 0.669,
0.682, and 0.454 (Table 3). These values are considered
medium to high (correlation mean 0.66), indicating
moderate to high interaction levels. Therefore, the
genotypes across environments were not classified
exactly equally, ie, the genotypes performed differently
in the studied environments. Since most correlation
values were close to 0.8, the interaction was
predominantly simple (Cruz and Castoldi 1991). Thus,
the cause of this interaction is mainly due to differences
in variability between lines in the different
environments. This type of interaction causes no
problems, since the genotypes that perform best in one
environment are the best in others as well (Cruz and
Carneiro 2003). The low to medium values of genetic
correlations across locations, valid for any year (rgl),
indicate a change in genotype ranking at different
locations, since a low or medium genetic correlation
indicates a high GE interaction, which affects the
genotype ranking at the locations. The low magnitude
of rgla (0.454) found in this study suggests a moderate
level of complex interaction, confirming the assumption
that the genotypes performed differently at different
locations. Thus, the notably high yields of a given
genotype at a particular location were not necessarily
as high at others.

The genetic correlation between sites in a given
year (rgl_a) was 0.739, indicating that the genotypes
performed very similarly at the sites, which facilitated
the selection of lines among locations. Similarly, the

genetic correlation over the years, at a given location
(rga_l) was 0.759, indicating that the genotype
performance was little affected by the effect of the year.
This was somewhat unexpected since upland rice is
exposed to very varying weather conditions. The values
of the genotypic correlations across locations for the
annual mean (rgl_ma) and genotypic correlations across
the years for the mean of all locations (rga_ml) were
moderate (0.669 and 0.682, respectively). It is therefore
important to test the genotypes at several locations
and in different years. The slightly higher rga_ml over
rgl_ma expresses the effect of a slightly lower influence
of years than of locations on genotype performance.
This finding corroborates the results of Atroch et al.
(2000).

For sugarcane, Bastos et al. (2007) studied the
trait of brix tons per hectare in seven environments,
and found rgl = 0.49, considered moderate by the
authors. For bean grain yield, Carbonell et al. (2007)
found rgl = 0.085 which, according to Resende (2007a),
is a complex type and high interaction. For the trait ton
of cane per hectare (TCH) in sugar cane, Oliveira et al.
(2005) detected, rgl = 0.62 at three sites, considered by
the authors as medium. In pine, for the trait diameter at
breast height (DBH), Pinto Jr. et al. (2006) reported rgl
values from 0.63t0 0.76, considered by the authors as
low for the trait, which was confirmed by the
determination coefficient of interaction effects, of 0.0099
to0 0.0229. For mate, Sturion and Resende (2005) reported
rgl = 0.402, in the study interpreted as low genetic
correlation and high interaction.

It is important to point out that the predicted
genotypic values (u+g) are free of G — E interaction and
the mean genotypic values at different locations

Table 3. Estimates of the correlations between locations and years for grain yield (kg ha?) of 107 rice cultivars and lines tested at 11

locations and in 11 years (1997/1998 to 2007/2008)

Estimates Values
rgl (genotypic correlation between locations, for any year) 0.66
rga (genotypic correlation between years, for any location) 0.67
rgl a (genotypic correlation between locations, in a given year) 0.74
rga_1 (genotypic correlation between years, at a given location) 0.76
rgl _ma (genotypic correlation between locations, for the mean of all years) 0.67
rga_ml (genotypic correlation between years, for the mean of all locations) 0.68
rgla (genotypic correlation between locations and years) 0.45
Overall mean 3521.72
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(u+g+gem) inflate the mean interaction in all
environments (Table 4). Interestingly, the classification
of 25 cultivars and lines follows the same order by both
criteria (u+g e u+g+gem). However, based on
u+g+gem, the values are higher, exactly by the inclusion
of the mean interaction. The predicted genotypic value
(u+g) of the best five cultivars and lines (Table 4) for
recommendation was 3773.78 kg ha1, i.e., an increase of
344.90 kg halin the overall mean of all cultivars. To
obtain this increase in percentage, it is simply divided
by the mean of the group of lines, indicating an increase
of 8.92 % by the recommendation of the five cultivars
and lines. If only BRSMG Caravera were recommended,
the increase would be 12.147 %.

Importantly, by the u+g values, cultivars can be
recommended for locations that were not tested in the
experimental network, since the performance of the

genotypes is free of G-E interaction. On the other hand,
the recommendation based on u+g+gem is limited to
test sites of the network, or, in the case of other sites,
will only be effective if they have the same pattern of
G-E interaction as evaluated in the experimental net.
Otherwise, the recommendation based on the criterion
of u + g is safer. The emphasis of this study was the
demonstration of the excellent performance of BRSMG
Caravera, released in 2007 for cultivation in Minas
Gerais. This variety was superior to all other genotypes
in terms of grain productivity, suggesting good
performance in commercial plantations, with increases
of up to 502.17 kg ha! over the overall mean.

An important aspect is that the 25 best genotypes
comprise all cultivars recommended for the State of
Minas Gerais in the last decade (BRS Primavera,
Carisma, BRS Talento, BRS Colosso, BRSMG Conai,

Table 4. Ranking, genotype, genotypic effect (g), predicted genotypic values (u+g), and increase in the general mean of the cultivars
and the mean genotypic values in the different environments (u+g+gem), considering the 107 genotypes, 11 locations and 11 growing

seasons (1997/98 to 2007/08)

Ranking Line utg Increase u+gtgem
1 BRSMG Caravera 502.17 4023.89 502.168 4047.82
2 Curinga-3 436.06 3957.78 469.11 3978.56
3 MG 1089 273.61 3795.32 403.94 3808.35
4 MG 1097 260.63 3782.35 368.11 3794.77
5 CNA 8436 252.06 3773.78 344.90 3785.79
6 BRA 01506 221.40 3743.12 32431 3753.67
7 CNA 8983 220.00 3741.73 309.41 3752.21
8 Guarani 209.53 3731.25 296.93 3741.24
9 Carisma 198.67 3720.39 286.01 3729.85
10 CNA 8536 195.32 3717.04 276.94 3726.35
11 CNA 01596 192.84 3714.56 269.29 3723.75
12 BRS Colosso 188.62 3710.34 262.57 3719.32
13 CNA 8824 183.27 3704.99 256.47 3713.72
14 CRO 97505 179.34 3701.05 250.96 3709.60
15 CNA10227 178.72 3700.44 246.14 3708.95
16 1AC 202 177.60 3699.32 241.86 3707.78
17 CNA 8541 176.74 3698.46 238.03 3706.88
18 BRS Primavera 176.63 3698.32 234.61 3706.73
19 MG 1084 168.93 3690.65 231.16 3698.70
20 CG3-118-6 155.88 3677.60 227.39 3685.03
21 BRS Pepita 150.37 3672.09 223.73 3679.26
22 BRSMG Conai 146.92 3668.64 220.24 3675.64
23 MG 1044 143.67 3665.39 216.91 3672.24
24 BRS Talento 137.13 3658.85 213.58 3665.38
25 BRSMG Relampago 131.68 3653.40 210.31 3659.67
107 CNAs 8822 -414.34 3107.38 0.00 3087.64
Overall mean 3521.7240

Crop Breeding and Applied Biotechnology 12: 25-33, 2012

29



V Borges et al.

BRS Pepita, BRSMG Caravera, and BRSMG
Reldmpago), with the only exception BRSMG Curinga.
This cultivar, whose cycle is a little late for upland
conditions, is more exposed to the effects of the
frequent dry spells between February and March. Two
other lines that are about to be released are MG 1097
and CG3-118-6 (Table 4). This indicates that the
partnership breeding program for upland rice
developed in Minas Gerais by UFLA/Epamig/Embrapa
Arroz e Feijdo was efficient.

Considering the ranking of eight lines,
corresponding to genotypic selection per location,
in the 11 years of study, the genotypic effects (g+ge)
and the predicted genotypic values for each location
(u+g+ge), observed that for the five best lines and
cultivars, at least four (BRSMG Caravera, Curinga-3,
MG 1089 and MG 1097), coincided in at least 7 of the
11 environments with highest mean grain yields. Lines
of specific and broad adaptation were also identifed,
e.g., the broadly adapted BRSMG Caravera with good
performance at eight sites (Lambari, Lavras, Patos de
Minas, Patrocinio, Felixlandia, Vigosa, Piumhi, and
S&o Sebastiao do Paraiso), ranking first or second in
the ranking per location (Table 5). The three locations
where BRSMG Caravera does not stand out are
therefore Paracatu, Uberaba and Uberlandia. The
reason is that this cultivar was not tested at these
three locations, since it was only included in the
testing network as of 2003/04, when those sites were
no longer part of the test network. Another genotype
of broad performance is Curinga-3, a line derived from
BRSMG Curinga and included in the tests as of 2004/
05 and standing out as the best at seven sites (at the
same as BRSMG Caravera, except for Sao Sebastido
do Paraiso). The absence of Curinga-3 among the
most productive at the other four sites (Paracatu,
Uberaba, Uberlandia, and S&o Sebastido do Paraiso)
was probably due to the fact that it was not tested
there. This line was discarded in view of the
characteristics high gelatinization temperature and
low amylose content that cause clogging of the
cooked rice.

Site-specific lines were identified in Uberlandia,
where BRSMG Conai performed particularly well and
CNA 8436 in Uberaba and BRA 01596 in Sao Sebastido
do Paraiso. The exploitation of the favorable effects of
G-E interaction requires the use of the most adapted
line for each environment (Chaves 2002). At locations
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where the first three genotypes coincided (Lambari,
Patos de Minas and Piumhi) the values of the new mean
or improved mean and selection gains of BRSMG
Caravera, Curinga-3 and MG 1089, differed (3609.31 kg
ha'l,4195.37 kg ha-land 4038.09 kg ha1, respectively).
Patos de Minas and Piumhi contribute to higher and
similar mean genotypic values, although the increase,
considering these three lines, was lower than in Lambari.
This was based on the values of g+ge, which were
superior in Lambari (Table 5).

Paracatu is the location where the mean genotypic
value of the genotypes was third-lowest (258.57 kg ha1)
for the five best genotypes, only ahead of Uberaba
(254.02 kg ha'1) and Uberlandia (211.18 kg ha'1), although
the predicted genotypic values (u+g+ge) were highest
(5629.40 kg hatand 5682.43 kg hal, respectively). Thus,
in Paracatu the genotype yield is most positively
influenced and the interaction is most exploited.
However, the highest mean increase was observed in
Lambari (440.87 kg ha® for the five best), although their
genotypic values were intermediate, compared with
other locations. BRSMG Caravera was most often
ranked first in the classification, when considering all
sites, followed by Curinga-3, MG1089, CNA8436 and
MG1097. The performance of these genotypes
confirmed the highest genotypic values predicted for
each site (Table 5).

Dias and Resende (2001) and Fritsche Neto et
al. (2008) emphasized that the REML method allows
an efficient use of the data obtained in the proper
breeding programs, which as a rule, are unbalanced;
and that REML or BLUP are considered optimal to
predict breeding values. In view of its accuracy and
precision, the REML/BLUP (or mixed models
methodology) is highly useful for data analysis in
VCU tests of plant breeding programs, particularly in
the selection or dropping of lines for each growing
season, especially with different numbers of
locations, years, replications, and treatments,
resulting in non-orthogonal data.
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V Borges et al.

Experimentos de valor de cultivo e uso de arroz de terras altas

Resumo - Dados de 11 anos do programa de melhoramento de arroz de terras altas das parceiras Embrapa arroz e
feijdo, Epamig e UFLA conduzidos em 11 municipios de Minas Gerais, foram analisados via metodologia de modelos
mistos. As correlagdes genotipicas por meio dos ambientes apresentaram magnitudes que oscilaram de média a alta,
sugerindo a predominancia da interacdo simples, porém, com ordenamento diferenciado dos genétipos nos varios
locais. Houve linhagens de comportamento especifico, assim como linhagens de comportamento amplo. O cultivar
BRSMG Caravera, langada em 2007, foi superior aos demais no quesito produtividade de graos em relagdo a todos os
locais avaliados possuindo comportamento amplo além de alto desempenho genotipico.

Palavras-chave: Oryza sativa, modelos mistos, valor genotipico.
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