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ABSTRACT

The objective of this study was to evaluate the adaptability and stability of wheat
genotypes simultaneously in unbalanced Multi-Environment Trials (MET) in four
different regions of Brazil, using the method of harmonic means of the relative
performance of genetic values. Mixed model was applied to the analysis of Genotype-
Environment Interaction (GEI) in wheat. Grain yield data were obtained from a network
of MET carried out at seven locations from 2008 to 2010. A joint of experiments in
complete randomized blocks design with some common treatments was used in all 21
experiments. Adaptability and stability parameters were obtained by several different
methodologies, based on prediction, Harmonic Mean, and of the Relative Performance of
Genotypic Values (HMRPGV). These methodologies ranked in a very similar way the
studied genotypes and indicated the genotypes CD0950, CD0857, CD0667, CD0915,
CD0914, CD0669, CD0859, and CD0851 as the superior ones for grain yield, adaptability,
and stability in all environments. Dourados-MS (2010) was the worst environment with
lowest mean (1,560.26 kg ha™) and S&o Gotardo-MG (2008) was the best environment
with highest mean (5,687.08 kg ha™). The genotype more stable by HMRPGV across 21
environments tested was CDO085; in the best environment, it was ranked the sixth
(6,319.30 kg ha™), but changed your values in the worst environment and was ranked the
fifth (2,051.53 kg ha™). The HMRPGYV proved to be a practical and useful statistical tool
in the determination of the Value for Cultivation and Use (VCU), particularly in the
selection of genotypes’ reliability when genotypes are selected for the environments
evaluated. This method has the advantage of providing results that are directly
interpreted as breeding values for yield, stability, and adaptability.
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INTRODUCTION

Multi-Environment  Trials (MET) are
assays to assess Vvariation in relative
performance of genotypes in different
environmental conditions and frequently
show significant fluctuation in yield
performance resulting from Genotype-by-
Environment interaction (GE). The nature of
GE can be assessed by partitioning the total
GE variability into two components: (i)

Change in scale of a trait measured in
different environments, that is, heterogeneity
of wvariances, and (ii) Imperfect genetic
correlation of the same trait across
environments (or genotypes) (Yang and
Baker, 1991).

The use of cultivars with wide adaptability
and stability is an alternative to overcome
some problems arising from the GE
interaction in breeding programs.
Adaptability is the ability of the material to
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be high-yielding with respect to a given
environment or given conditions. Stability is
related to the maintenance of performance
and to the production predictability in
different environments (Annicchiarico et al.,
2005; Ceccarelli, 1989; Khalili and Pour-
Aboughadareh, 2016; Lin and Binns, 1988).
There are various methods to analyze the
genetic stability and adaptability, which
differ in conceptual terms and biometric
procedures (Khalili and Pour-
Aboughadareh, 2016; Mohammadia et al.,
2015; Sayar et al., 2013).

The number of genotypes included in
MET for recommending superior cultivars in
relation to stability and adaptability tends to
be very large. Under these conditions, it may
be difficult to ensure a correct distribution of
genotypes in the experimental area, due to
the effect of soil heterogeneity within the
blocks, which increases the experimental
error (Cochran and Cox, 1957). METs also
are used in the process of crop cultivar
registration for assessing the Value for
Cultivation and Use (VCU). In MET, it is
common that breeders add, remove, or
replace certain genotypes over the years.
This causes an unbalance of genotypes in the
experimental network.

Estimation methodologies based on the
least square method, as those applied in the
analysis of variance, are not very
recommendable when the experiments are
unbalanced or in experiments with different
number of treatments or replications (Piepho
et al., 2003; Piepho and Mdhring, 2006).

The processing of experimental data by
mixed models provides great flexibility in
analysis and can usually overcome these
difficulties by the estimation of variance
components  through  the  Restricted
Maximum Likelihood (REML) method
(Patterson and Thompson, 1971). They are
able to handle complicated data structures
and they possess the properties of
consistency and asymptotic normality of the
estimators desirable for hypothesis testing
(Searle et al., 1992).

New methodologies based on mixed
models are being used for a better
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understanding of the GE interaction.
However, the use of methods based on
mixed models (REML/BLUP - Best Linear
Unbiased Prediction) in the study of
adaptability and stability is still relatively
rare (Piepho and Mohring, 2006; Viana et
al., 2011).

The use of HMRPGV proposed by
Resende (2007a) is an alternative analysis
based on mixed models for adaptability and
stability studies. The HMRPGV method
provides information on adaptability,
stability, and yield in the same measured
unit and on the same scale as the assessed
trait. According to Resende (2007a), the
lower the standard deviation of the
genotypic behavior at the locations, the
greater will be the harmonic mean of their
genotypic values across locations. Thus,
selection for the highest values of HMGV
allows a simultaneous selection for yield and
stability.

Studies using HMRPGV methodology
have been carried out for grain yield with
various species such as sorghum (Almeida-
Filho et al., 2014), corn (Mendes et al.,
2012; Rodovalho et al., 2015), and upland
rice (Colombari-Filho et al., 2013).

The aim of this study was to apply mixed
models in the analysis of groups of
experiments in randomized blocks with
common treatments at unbalanced multi-
environment trials, in order to study the GE
interaction with proper methodologies to
analyze wheat adaptability and stability
genotypic.

MATERIALS AND METHODS
Experiments

In this work, all the analysis were
performed with the grain yield data obtained
from the VCU experiments carried out by
the wheat breeding program of Coodetec

(Central  Cooperative of  Agricultural
Research), Cascavel - Parana, Brazil.
Unbalanced  Multi-Environment  (MET)
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Trials were performed between 2008 and
2010 at seven locations, thus adding up to 21
environments. Wheat map and geographic
data of adaptation regions for the VCU trial
and location and altitudes of the
environments were evaluated
(Supplementary Figure 1).

All the experiments were statistically
designed in joint of experiments in complete
randomized blocks with some common
treatments (Pimentel Gomes and Guimaraes,
1958), with three replications
(Supplementary Figure 2). In 2008, three
groups of experiments with 3 replications
and 21 genotypes per test resulted in 63
regular genotypes, with

three cultivars in common in all
experiments. In 2009, four experimental
groups with 21 genotypes each were carried
out, resulting in 84 regular genotypes and 3
cultivars present in all experiments. In 2010,

two groups of experiments with 22
genotypes each were carried out, with 44
regular genotypes and two cultivars in
common per group.

Statistical Procedures

The mathematical model for experimental
groups in randomized blocks with common
treatments in several environments in
scheme 3 is given by Equation (1).
Statistical procedures for the mixed
modeling consisted of deviance analysis of
data. The parameters b, g and ge were
considered random, and the matrix form of
the mathematical model was represented by:

y=Xa+Zg+Wb+Ti+e (1)

Where, y: Is the data vector; a: Vector of
experiment A at environment effects
(assumed as fixed) plus the overall mean,

Brazil - VCU Wheat Map
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=3 vCU Il - hathumidfow
WCU Il - moderate hotidrylow

YCU IV - hotidry - cerrado vegetation
[_I Notrecommended for cultivation

& 1 - Campo Mourdo-PR /630m M5 - Palotina-PR/332m
24°02'44" S [52° 22' 40" W 24°17'02"S/53° 50" 24"W
Sowing data May 7,2008; May 5,  Sowing data April 18, 2008;
2009; May 5, 2010. April 23 2009; April 20, 2010.
o Soil type: Red dystrophic Latosol  Soil type: Cambisols+Latosols
| Conditions: No-irrigation Conditions: Irrigation*

# 6 - Rolandia-PR/730m
@ 2 - Cascavel-PR/785m 23°18'35"S/51°22' 09" W
24°57'21"S/53°27'19" W Sowing data April 28, 2008;
Sowing data April 28, 2008; April  April 25, 2009; April 28, 2010.
25, 2009; April 25, 2010. Soil type: Nitisols + Litholic
Soil type: Red dystrophic Latosol Neosols
Conditions: Irrigation* Conditions: No-irrigation

4.3 - Dourados —MS/430m
22°13'16" S/54° 48' 20" W
Sowing data April 23, 2008; April
25, 2009; April 22, 2010.

Soil type: Ultisol
Conditions: No-irrigation
& 4 - S3o Paulo — SP/840m
24°53'35"S/52°12'10" W
Sowing data April 24, 2008; April
23, 2009; April 24, 2010.
Soail type: Ultisol
Conditions: No-irrigation

& 7 - Sdo Gotardo-MG/1055m
19° 18'40" S/ 46° 02' 56" W
Sowing data May 21, 2008;
May 18, 2009; May 26, 2010.
Soil type: Red/Yellow Latosol
Conditions: Irrigation

Figure 1. Adaptation regions for the Value for Cultivation and Use (VCU) trial and location and altitudes from
environments evaluated. State Abbreviations: PR- Parand, MG- Minas Gerais, MS- Mato Grosso do Sul, SP- Séo
Paulo. (* Irrigated only until germination; Source: Cunha et al., 2006).
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Figure 2. Resume diagram of an experiment group in randomized block design with common treatments with
three replications. The letters represent the treatments in common given by (c) and the numbers represent the
regular treatments (regular treatments are not repeated between experiments) given by (z), all assigned randomly
within the blocks.
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the vector a includes all experiments of all
environments (fits experiments-
environments combinations); g: Vector of
genotypic effects (assumed as random); b:
Vector of block within experiment within
environment effects (assumed as random); i:
Vector of genotype-environmental
interaction effects ge (assumed as random),
and & The error or residue vector, random
effect of experimental error, assuming NID
(0, 9.

In the above model (2), the capital letters
X, Z, W, and T represent the incidence
matrices for the effects of «, g, b and i,
respectively. We used model 52 Software
Selegen REML/BLUP (Resende, 2007b) to
represent this model, for the incomplete
block design for groups of experiments, with
GE interaction to study the stability and
adaptability by the HMRPGV method.

The means and variances were structured
and distributed as follows:

y/r V N (Xa, V)

al % ~N (0,17 ‘)
b/”b ~N (0, |‘Tb)

|/= ~N(0, I =)

/ #,~N(O1I EI)
The mlxed model equations provided the
genetic values:
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Solution Model

The model effects were estimated by
analysis of deviance. The statistical
significance of the model was tested by the
Likelihood Ratio Test (LRT). The deviances
were obtained by both analysis, with and
without the effects of b, g, and ge. Each
effect was subtracted from the deviance of
the full model and compared with the chi-
square value with one degree of freedom, at
1% probability by the LRT. Thus p.. was
obtained, which refers to the general mean
in all environments; g: predicted genotypic
values, g+ge: Genotypic effects with
interaction; u+g+ge: Genotypic values with
mean interaction, and u+g+gey,: Genotypic
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values capitalizing the mean environmental
effect.

Genotypic Stability and Adaptability

The genotypic values of stability were
obtained from the Harmonic Mean of
Genotypic Values (HMGV), according to
Equation (2). Adaptability was evaluated
based on the Relative Performance of
Genotypic Values (RPGV), by Equation (3).
In the next step, Equation (4) was used for
the simultaneous evaluation of stability,
adaptability, and yield, by calculating the
harmonic mean of the relative performance
of genotypic values (HMRPGV) for all
genotypes.

The Equations (2), (3), and (4) are:

HMGV = |

L1
i=1 Gvij (2)
GV,
RPGV =}£Z ”]
oA ®)
I
HMRPGV = |271
1=1 RPGV” (4)

Where, 1 is the general mean for each
environment j; |- Number of environments;
GVi: ui+gi+gej- In which GVij genotypic
value of genotype i in a specific
environment j, u; represents the mean of
environment j, and g; and ge;; are the BLUP
values of genotype i and the interaction
between genotype i and or environment j,
respectively.

Correlations

The degree of association between the
estimated mean and the parameters of
adaptability and stability from the different
methods was checked by Spearman's rank
correlation coefficient (r). The assumption
of normality for each environment and data
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analysis by mixed modeling were checked
using software SAS (SAS Institute, 2003).

RESULTS
Genotype-Environment Interaction

The results of the combined analysis of
deviance, coefficients of variation, and the
general mean are shown in Table 1. The
variance of genotype effect was highly
significant (P< 0.01) by the Chi-square test
for the Likelihood Ratio (LTR), indicating
significant differences among the tested
cultivars.

Similarly, as for the effect of genotypes,
the variance of the GE interaction was also
highly significant, showing a different
behavior of genotypes in the tested
environments. Thus, there were changes in
the ranking of genotypes or changes in the
magnitude of differences between them at
the studied locations.

The wvalues of genotype-environment

T
correlation ( = 0.25) indicate the
predominance of a complex correlation and
that genotypic performance of genotypes
was not exactly the same over the
environments.

The estimated accuracy value was
. . Tsg .
relatively high ("= 0.87), which
maximizes selection of the best genotypes

tested across many environments.

Genotypic Values Recommendation

The genotypes with highest predicted
genotypic values (utg) free from any
interaction with environments and the mean
genotypic value (ptgtgen) in different
environments were CD0857, CDO0667,
CD0914, and CDI0809 and had high
genotypic values, which exceeded the best
check (Quartzo) (Table 2). The predicted
genotypic value for the best line (CD0857)
was 3843.0 kg ha™*, with a gain of 372.2 kg
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Table 1. Combined analysis of deviance in 21 environments involving 118 genotypes, which were tested for three

years (2008-10).

21 Environments

Estimated parameters®

Effects 5 2 z. .

Deviance LRT (x) Op - 17790.83** Gg- 0.87
Blocks/Exp/environm s A
ents (E) 59015.17 285.9**  Ug- 41752.21** Pge 0.25
Genotypes (G) 60010.78  1281.51**  Yge 122519.52** hg: 0.1483 +0.0162
GE 59939.31  1210.04**  &Z: 99983.78 gm- 0.77
Complete model 58729.27 df : 282046.35 Cge! 0.43

CVios : 5.88 CVey: 9.11 jr..:3470.88

2 Components of variance, coefficients of determination and correlations. ® Deviance from the adjusted model
without the corresponding effects. * and **: Significant by the Chi-square test with 1 degree of freedom:; At 5%

(3,84) and 1% (6,63) respectively.
Effects corresponding to:

(&%) Component of block variance (ér‘;) Genotypic variance {ér‘_gzgj Variance of the genotype -
environment interaction

(&3) Error variance (67) Phenotypic variance (f54) Accuracy

(Fge) Correlation of genotypes with (E;) Genotypic (Eg:m) Mean genotypic heritability
environment heritability

(E;E); Coefficient of determination (CV4e) Coefficient of (CVe,) Coefficient or variation of
of the GEI genotypic variation the error

(..} General mean.

Table 2. Ranking of the genotypes in all environments evaluated for the genotypic prediction of wheat

genotypes assessed in 21 environments at 7 locations (2008-10).2

Or Gen g u+g Gain N Mean u+g+gen
1 CDO0857 372.2 3843.0 372.2 3843.1 3895.1
2 CD0667 323.2 3794.0 347.7 3818.5 3839.2
3 CD0914 304.2 3775.1 333.2 3804.1 3817.6
4 CDI10809 296.4 3767.3 323.9 3794.9 3808.7
5 Quartzo 288.7 3759.5 316.9 3787.8 3799.9
6 CD0950 272.9 3743.8 309.6 3780.5 3781.9
7 CD0915 262.6 3733.5 302.9 3773.8 3770.2
8 CDO0513 228.3 3699.1 293.5 3764.4 3731.0
9 CDO0959 227.8 3698.7 286.3 3757.1 3730.5
10 CD0814 227.8 3698.6 280.4 3751.3 3730.5
11 CD0647 217.2 3688.0 274.7 37455 37184
12 CD0669 214.1 3684.9 269.6 3740.5 3714.9
13 CD154 213.7 3684.6 265.3 3736.2 37145
14 CDI10902 203.1 3673.9 260.9 3731.7 3702.3
15 CDO0910 201.9 3672.8 256.9 3727.8 3701.0
118 CD0817 -512.7 2958.1 0 3470.8 2886.5

£ 3470.88

2 Or: Increasing Order; Gen: Genotype ranking. Genotypic effects, interaction free (u+g), prediction of genotypic
values, capitalizing on the mean interaction (u+g+gey). ° General mean of all environments; the parameters are

expressed in grain yield (kg ha).
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ha™. The new mean was 3,843.1 kg ha™ and its
mean genotypic value in all environments
reached 3,895.1 kg ha™. The worst genotype
was CDO0817, whose predicted genotypic
value was only 2,958.1 kg ha™ (u + g). The
gain of this genotype was zero and its new
mean reached 3,470.8 kg ha®, with a mean
genotypic value for all environments of
2,886.5 kg ha™.

The cultivar Quartzo was the best check,
with a mean genotypic value of 3,799.9 kg ha
in all environments. As Quartzo occupied the
fifth position, the results indicated a certain
number of  genotypes  suitable  for
recommendation, since the new genotypes
were able to perform better than the check
cultivars. The genotypic values of these four
genotypes were higher than those of the best
control in all environments and their yield
stability was considered high.

The patterns of stability and adaptability
identified in the genotypic analysis using
mixed models are shown in Figure 3. It should
be noted that even those genotypes with a high
phenotypic mean might have negative
prediction estimates; the reason for which
plant breeders should not use the phenotypic
mean as the only criterion for recommending
genotypes.

Genotype CD0857 and CD0914 were tested
in 21 and 14 environments, respectively. Their
genotypic values in relation to the mean effect
of the environment (u+g+ge,) exceeded the
general mean of all genotypes in all
environments (Figures 3a and b). Genotypes
CD0857 and CD0914 were regarded as stable
and adaptable, for their capacity to respond to

the environmental improvement and because
they  maintain  stable  yields  under
environmental alterations. The genotypes
CD0911 and Onix had variations in the
predicted genotypic values (g+ge), both in a
positive and in a negative direction across
environments. Thus, the genotypic mean
values advantage of the environmental effect
(utg+gen) is offset by the general phenotypic
mean p .. (Figures 3-c and -d). The standard
values of u+g+ge, below the line of the
general mean p .. are presented by genotypes
CD0844 and CD0913 (Figures 3-e and -f), in
which the values prediction (g+ge) were
negative in most environments.

The  method (HMRPGV*-u .)  offers
simultaneously  genotypic  stability and
adaptability. The results of its application to
experimental data were highly consistent in the
ranking of genotypes, when compared to the
results from the methods (u+g+ge), HMGV

and RPGV*.. (Supplementary Table 3).

The estimated values of coefficients had a
high positive and significant correlation
(0.99*)  with  Spearman’s  correlation
coefficients, at a probability level of 1%. The
high Spearman’s correlation coefficient for

comparing HMRPGV**.. with HMGV (0.84%)
shows the small difference in the ranking of
these methods, due to the stricter ranking of
HMGV, which penalizes instability of the
genotypes.

Based on the results of the measure of
stability and adaptability (HMRPGV) (Table
4), the top four genotypes that performed
better than check Quartzo were CD0950,

Table 3. Spearman’s correlation coefficients for the estimated parameters of adaptability and/or genotypic
stability obtained by four methods for the trait grain yield tested in 21 environments.

Methods® 21 Environments

HMGV RPGV*.. HMRPGV*A..
+g+gen 0.82* 0.99%
HMGV 0.84*
RPGV*i.. 0.99*

W i+g+gen: Prediction of the genotypic values capitalizing on the mean interaction; HMGV: Stability of
Genotypic Values; HMRPGV*i..: Harmonic Mean of the Relative Performance of the Predicted Genotypic

Values (adaptability and stability), and RPGV*i..: Adaptability of Genotypic Values. * Values different
from zero at 1% probability
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Figure 3. Genotypic values of grain yield at seven locations, genotypes that have positive BLUP values, high stability

and adaptability: (A) Genotype CD0857 (2008, 2009 and 2010); (B) Genotype CD0914 (2009 and 2010). Genotypes that
have intermediate ranking with positive, negative and null BLUP values: (C) Genotype CD0911 (2009 and 2010); (D)
Genotype Onix (2008, 2009 and 2010); genotypes without stability with negative BLUP values; (E) Genotype CD0913

(2009 and 2010), (F) Genotype CD0844 (2008 and 2009). .., g+ge, u+g+ge, and u+g+ge,, are defined in the text.

CD0857, CD0915, and CD0914. The
products of HMRPGV and the general mean

(HMRPGV*F' ..) of these four genotypes were
3905.47, 3,902.42, 3,869.54 and 3,841.64 kg
ha™, respectively. Assuming the selection of
the four best-ranked genotypes for grain yield,
an increase of 11.78% over the general mean
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should be expected for this trait (in this case
3,470.88 kg ha™). It is important to measure
HMRPGV because it expresses both stability
and adaptability, indicating the capacity of a
positive genotypic response to environmental
improvements and the stability of genotypes
over the tested environments.
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Genetic Value Recommendation in
Contrasting Environments

The adjusted means of the 21
environments with the ranking of the 10 best
genotypes in contrasting environments are
shown in Table 5. S&o Gotardo-MG was
considered the best environment in 2008,
with the highest mean (5,687.08 kg ha™). It
should be noted that wheat is produced at
high technological level in that location,
growing under irrigation and in a no-tillage
system.

Dourados-MS was the worst environment
in 2010, with the lowest mean (1,560.26 kg
ha™) considered. In 2008, the environment
was below the general mean again. In fact,
Dourados is a location where wheat is
produced under low technical level and dry
spells commonly occur during the crop
cycle. However, Dourados was regarded as
the second best environment in 2009.

For the sub-region (Dourados—MS in year

2010), the best genotypes recommended
were CD0914, CD0647, CD0854, CD0803
and CDO0857 by exploitation of specific
adaptation in rainfed condition. Moreover,

these genotypes were stable in all
environments tested (Table 4).

Genotypes CDO0647, CD0857, and
CD0854 had high genotypic means

(utgtge), and ranked among the top 10
genotypes in both the best and in the worst
environment (S8o Gotardo in 2008 and
Dourados in 2010, respectively). This result
allows indicating them as highly stable and
adaptable genotypes.

The genotype tested in the best and worst
environments and considered stable by
HMRPGV across 21 environments tested
was CDO0857, which, in the best
environment, was ranked the sixth (6,319.30
kg ha®) and changed your values in worst
environment that was ranked the fifth
(2,051.53 kg ha?).

The stability of genotype CD0803 was

Table 4. Ranking of the genotypes in all environments evaluated for adaptability parameters of genotypic values
for the trait grain yield of wheat genotypes evaluated in 21 environments.?

Or Gen HMGV Gen RPGY RPGV*i.. Gen HMRPGY  HMRPGV*i..
1 CD0669 3758.22 CD0857 1.1318  3928.46 CD0950 1.1252 3905.47
2 CD0667 3748.57 CD0950 1.1294  3919.96 CD0857 1.1243 3902.42
3 CD0857 3656.09 CD0914 1.1186  3882.57 CD0915 1.1149 3869.54
4 CD0859 3633.16 CD0915 1.1182  3881.21 CD0914 1.1068 3841.64
5 CD0851 3594.05 CD0667 1.1131  3863.45 QUARTZO 1.1045 3833.42
6 CD0668 3563.97 QUARTZO 1.1092  3849.74 CD0667 1.1012 3822.11
7 CD0810 3552.61 CD0959 1.1025  3826.77 CD0959 1.1006 3820.11
8 CD0807 3541.09 CDI10809 1.1020  3824.88 CDI0809 1.0898 3782.62
9 CD0814 3514.22 CD0669 1.0929  3793.43 CD0669 1.0887 3778.50
10 CD0914 3508.12 CD0910 1.0880  3776.40 CD0910 1.0847 3764.86
11 CDI0809 3507.95 CDI0902 1.0878  3775.76 CDI0902 1.0840 3762.20
12 QUARTZO  3506.78 CD0814 1.0850  3765.85 CD0814 1.0827 3758.08
13 CD0655 3493.81 CD0513 1.0836  3761.12 CD0513 1.0758 3734.11
14 CD0846 3469.27 CD0952 1.0804  3750.06 CD0952 1.0728 3723.53
15 CD0853 3467.88 CD0647 1.0751  3731.44 CD0961 1.0634 3690.94
20 CD0860 3426.78 BRSGUAMIRIM 1.0623  3687.07 CDO0803 1.0565 3666.91

118 CD0913 2497.76 CD0918 0.8302  2881.36 CD0913 0.8047 2792.96

a0 3470.88

. 20r: Increasing Order; Gen: Genotype ranking. Performance Genetic Value (RPGV); RPGV*..": Stability of
Genotypic Values (HMGV), Adaptability and stability of Genotypic Values (HMRPGV); (HMRPGV*i..)
® General mean of all environments; the parameters are expressed in kg ha™*, except for RPGV and HMRPGV.

1533


https://dorl.net/dor/20.1001.1.16807073.2018.20.7.16.0
https://jast.modares.ac.ir/article-23-20190-en.html

[ Downloaded from jast.modares.ac.ir on 2025-07-08 ]

[ DOR: 20.1001.1.16807073.2018.20.7.16.0]

Coan et al.

Table 5. General means of the genotypes evaluated in each environment and rank of the 10 best genotypes
with high genotypic values in contrasting environments.

Adjusted means of the environments—,ﬁj— kg ha™'/- Year-Mean rainfall (mm) (RCy/RHFM)?

Location 2008
1 - Campo Mourio-PR 3585.44 (687 /317 )
2 - Cascavel - PR 3821.07 (665 /224 )
3 - Dourados —~MS 2456.35 (340 /26)

4 - Sdo Paulo-SP

3696.31 (377 /80)

2009 2010
2549.25 (933 /300)  4759.82 (422 /150 )
3040.87 (747 /240)  4127.40 (840 /158 )

3278.47 (509 /210)
2939.13 (644 /282 )

1560.26 (245 /57 )
3206.31 (401 /95)

5 - Palotina-PR 2694.42 (403 /133) 2761.75 (512 /128)  3530.95 (551 /234 )
6 - Rolandia-PR 3579.70 (550 /209) 2669.85 (776 /340)  3047.48 (446 /120 )
7 - Sdo Gotardo-MG" 5687.08 (750 /250 ) 5461.85 (750 /250)  5417.51 (750 /250 )

Best environment (Sdo Gotardo-MG 2008)
Condition: Irrigated

Worst environment (Dourados —MS 2010)

Condition: Rainfed

Ord  Gen g+ge putg+ge Ord Gen g+ge utg+ge
1 CDO0667  1498.04 7185.13 1 CD0914 782.27 2342.54
2 CD151 961.18 6648.27 2  CD0647 776.89 2337.16
3 CD0647 897.82 6584.91 3 CD0854 631.91 2192.18
4 CDI0809 725.96 6413.05 4  CD0803 603.46 2163.73
5 CDO0668 708.04 6395.13 5 CD0857 491.26 2051.53
6 CDO0857 632.21 6319.30 6 CD0911 411.68 1971.90
7 CDI0809 612.25 6299.34 7  CD0961 321.59 1881.86
8 CDO0854 578.03 6265.12 8 CD0953 307.87 1868.13
9 CDO0845 549.45 6236.54 9 CD0908 199.50 1759.77
10 CD0858 549.41 6236.50 10  CD0960 198.05 1758.32
31 CD0803 61.29 574838 31 IPR85 -158.49 1401.77
118 CD0644 -1652.17 4034.92 118 CD0614 -619.72 940.54

2 Adjusted by the recovery of inter-block information-kg ha®. RCy: Rainfall total Cycle; RHFM=
Rainfall wheat stage Heading, Flowering and Milk. ® Condition: Irrigated.

considered to be high in all 21 environments
(Table 3), with a HMRPGV of 1.0565,
showing a 5.6% increase in grain yield over
the general mean, and ranked 20" among the
118 genotypes. CDO0803 had a high
genotypic value in the most unfavorable
environment (Dourados-MS 2010), where it
ranked fourth. However, this genotype did
not show a high grain yield in response to
the best environment (Sd8o Gotardo-MG
2008), where it ranked 31st. Our results
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suggest that a continuous evaluation of
genotypes for several years at the same
locations should be appropriate.

DISCUSSION
Genotype-Environment Interaction

GenotypexEnvironment Interaction (GEI)
is very important for plant breeding
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programs (Yang and Baker, 1991;
Mortazavian et al., 2014; Sayar and Han,
2015). GEI stemmed from changing of
ranking of genotypes because of changing
environmental conditions (Kendal, 2015).
The assessment of genotypes in many
locations and years could increase the
reliability of plant breeding programs (Sayar
et al., 2013; Sayar and Han, 2016; Kendal
and Sayar, 2016). The GE interaction often
causes some concern because it contributes
to some mistakes during the selection of
superior  genotypes,  especially  when
breeders work with pure lines, since the
inbred lines do not behave in a similar way
in different environments (Yang and Baker,
1991; Viana et al., 2011; Kendal, 2015). The
low correlations can occur when a type
performance of genotypes in a certain
environment cannot be seen in other
conditions, preventing a reliable
recommendation (Yang and Baker, 1991;
Mortazavian et al., 2014). The low value
found in this study for correlation was
considered complex and indicated some
changes in rank order of genotypes.
Genotype-environment correlations are
commonly reported in the literature.
Rodovalho et al. (2015) found a GE

T

correlation of 4= 0.47 when studying
genotypic stability and adaptability for
selecting corn hybrids. Working with grain
yield corn, Mendes et al. (2012) found a
correlation of 45%, which was reported as a
result of a complex interaction, confirming
the different genotypic behavior over the
environments.

The assessment of genotypes in potential
strategic environments across randomly
occurring cycles of normal and extreme
conditions and the analysis of stability
parameters allows the identification of
promising materials from the experimental
network where they are evaluated.
Genotypes identified to be stable in dynamic
sense can have wide adaptation if they show
simultaneously high yield potential (high
mean yield across environments), or they do
not show this agronomic attribute if they do
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not have high yield potential (Khalili and
Pour-Aboughadareh, 2016).

Accuracy in the Genotype Ranking

The accuracy indicates the precision of the
inferences concerning genotypic means
because the higher it is, the more accurate
will be the ranking of cultivars for selection
purposes (Piepho et al., 2008; Resende,
2002; Viana et al., 2011). Thus, accuracy
measures the correlation between the
predicted value and the true genotypic value.

According to Piepho et al. (2008), the
lower the value of the Predicted Error
Variance (PEV), the greater will be the
accuracy and precision. Therefore, in the
class of unbiased estimators/predictors, the
strategy of minimizing PEV also results in
maximized accuracy. In general, the
reduction of the residual mean square is
important since the residues quantify the
differences between the genetic parametric
values and the predicted values used in plant
breeding. The high accuracy value that was
found in this study indicates an excellent
experimental quality and a high reliability in
the selection of genotypes with more
stability and adaptability (Thomason and
Phillips, 2006).

The BLUP is a predictor with maximum
correlation with the true genotypic value (g),
fulfilling the assumption that there are no
departures from trait normality, while x is
the major criterion of selection, for its role in
the ranking of the genotypes that maximize
the genotypic population mean (Duarte et
al., 2001; Searle et al., 1992). For Resende
(2007a), the use of predicted genotypic
values (utg) for the evaluated genotypes
allows their recommendation even in not-
yet-evaluated environments, i.e., out of the
network and maybe with a different GE
interaction pattern. The predicted genotypic
values are also wuseful in case of
environmental heterogeneity, since
genotypes are ranked based on genotypic
values free of GE interaction. These aspects


https://dorl.net/dor/20.1001.1.16807073.2018.20.7.16.0
https://jast.modares.ac.ir/article-23-20190-en.html

[ Downloaded from jast.modares.ac.ir on 2025-07-08 ]

[ DOR: 20.1001.1.16807073.2018.20.7.16.0]

L

Coan et al.

show the great advantage of using the
proposed methodology.

For balanced tests in randomized complete
blocks, in which means are not adjusted by
the recovery of inter-block information, the
genotypic values obtained by BLUP can
differ from those of phenotypic means due
to the shrinkage effect. However, the
ranking of treatments will be the same as the
one based on BLUP or on phenotypic means
(Duarte and Vencovsky, 2001). If the
heritability is taken as a regression function,
the predictions of random effects start to be
targeted towards the general average, by the
effect of shrinkage, and this compromises
the predictions made from small samples.

Genotypic Stability and Adaptability
Recommendation

The breeder can select a genotype for the
higher ranking of genotypic values, without
comparing means. With the acceptance of
the treatment effects as random and/or use of
shrinkage estimators, multiple-comparison
tests between treatment means are not
recommended because such tests are
designed under the assumption of fixed
treatment effects (Resende, 2007a).

The importance of adaptability in plant
breeding justifies the effort of breeders to
identify this desirable behavior in the new
developing cultivar (Ceccarelli, 1989).
According to Resende (2007a), the
HMRPGV method is similar to that of Lin
and Binns (1988). However, unlike the
method of Lin and Binns, which is based on
phenotypic results, the HMRPGY method
processes simultaneously grain vyield,
adaptability, and stability data, in a
genotypic context. Stability is important to
allow the identification of those genotypes
less affected by the environmental variation,
which may be recommended for a wide
range of environments (Ceccarelli, 1989;
Thomason and Phillips, 2006; Sayar et al.,
2013).

According to Smith et al. (2001) and
Resende (2007a), as the genotypic values of
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cultivars cannot be observed, they are
unknown random variables. On the other
hand, the future performance of these
random variables can be predicted when the
genotypic effects are regarded as random.
Thus, the results of this conception are more
consistent during the growing seasons.

The observation from Table 4 assumes
that stability is associated with higher grain
yield and a greater tolerance to
environmental changes (Annicchiarico et al.,
2005). However, plant breeders may
eventually eliminate stable genotypes when
such materials have a homogeneous
performance in different environments, but
fail to express a high grain yield in response
to environmental improvements.

The Dourados-MS environment had high
contrast of means between years, forming a
sub-region across years: considered as
favorable in 2010 and unfavorable in 2008
and 2009. Ceccarelli (1989) defined an
environment “favorable” when characterized
by low stress and high mean vyield and
“unfavorable” with high stress and low
yield. This difference is explained by the
variation of the weather conditions during
the evaluation time. According to Fietz et al.
(2005), the water stress is a major cause of
crop losses in Dourados (MS), where
droughts are frequent due to the irregular
rainfall distribution. Sub-regions may be
defined for genotype recommendation, in
which each sub-region coincides with a
recommendation domain, grouping those
environment with the same best-performing
genotypes (Gauch and Zobel, 1997). The
definition of sub-regions is not just
geographical, but may also encompass
farming practices (e.g. irrigated or rainfed
cropping).

The predicted genotypic value for the
mean of the 21 environments is useful not
only to take advantage of the mean effect of
the (u+g+ge) interaction, but also to indicate
genotypes in other environments, provided
that they have the same pattern of GE
interaction verified on the test network
(Resende, 2004). The indication based on
the general phenotypic mean (Figure 3)
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usually favors those genotypes with high
behavior in the best environments, but does
not discriminate genotypes particularly
adapted to a better or worse environmental
condition. Knowledge about the behavior or
adaptability of genotypes to certain
environments is essential for the agronomic
evaluation of cultivars (Ceccarelli, 1989;
Lins and Binns, 1988).

According to Piepho and Mdéhring, (2006),
the values of BLUP obtained from all
environments are more accurate than those
from the individual analysis of each
environment, due to the quality of
information generated from the entire
experimental network.

The methods adopted in this study had a
high correlation in the ranking of genotypes
across environments. The use of one or more
stability parameters obtained by different
methodologies for the study of the effect of
environmental variations on genotypic
performance requires a level of association
between such estimates (Duarte and
Zimmermann 1995).

The predicted genotypic values can be
used in relation to the environments with the
same pattern of GE interaction observed in
the experimental network, otherwise the
superior genotypes should be selected based
on their genotypic means (u+g), a safer
procedure for being free of the GE-
interaction.

CONCLUSIONS

The mixed models proved to be adequate
to analyze GE-interaction and genotypic
adaptability and stability study. Wheat
genotypes CDO0950, CDO0857, CD0667,
CDO0915, CD0914, CD0669, CD0859 and
CD0851 had the best grain vyield
performance, adaptability, and stability. The
HMRPGV method has the advantage of
providing results that are directly interpreted
as breeding values for yield, stability, and
adaptability. The high value of accuracy

T .
(99), over 87%, revealed a satisfactory
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experimental quality and a higher reliability
when genotypes were selected for each
environment.

The grain yield obtained in this study was
determined at which intervals among all of
the 21 environments tested the most stable
by HMRPGV was CD0857 (3,902.42 kg ha’
1), in the best environment, was ranked the
sixth (6,319.30 kg ha™) and changed your
values in the worst environment that was
ranked the fifth (2,051.53 kg ha™).
Dourados-MS  (2010) was the worst
environment with lowest mean vyield
(1,560.26 kg ha') and Sdo Gotardo-MG
(2008) was the best environment with
highest mean yield (5,687.08 kg ha™). The
classification of genotypes resulting from
the application of the methods (u+g+gen),
HMGV, RPGV, and HMRPGV was very
similar in all the evaluated environments.
The predicted genotypic values based on
genotypic means (u+g), can be used in
relation to the environments with the same
pattern of GE interaction observed in the
experimental network, for being free of the
GE-interaction.

ACKNOWLEDGEMENTS

The authors wish to acknowledge the
financial support of the National Counsel of
Technological and Scientific Development
(CAPES-Conselho Nacional de
Desenvolvimento Cientifico e Tecnol6gico)
from Brasilia, Distrito Federal, Brazil, and
Cooperative of  Agricultural Research
(Coodetec—Cooperativa Central de Pesquisa
Agricola) from Cascavel, Paran4, Brazil.

Appendix  A.  Supplementary data
Supplementary data related to this article
can be found at...LINK FROM JAST

REFERENCES

1. Annicchiarico, P., Bellah, F. and Chiari, T.
2005. Defining Sub-Regions and Estimating
Benefits for a Specific-Adaptation Strategy


https://dorl.net/dor/20.1001.1.16807073.2018.20.7.16.0
https://jast.modares.ac.ir/article-23-20190-en.html

[ Downloaded from jast.modares.ac.ir on 2025-07-08 ]

[ DOR: 20.1001.1.16807073.2018.20.7.16.0]

Coan et al.

10.

11.

by Breeding Programs: A Case Study. Crop
Sci., 45: 1741-1749.

Ceccarelli, S. 1989. Wide Adaptation: How
Wide? Euphytica, 40: 197-205.

Cochran, W. G. and Cox, G. M. 1957.
Experimental Designs. Second Edition, John
Wiley and Sons, New York, USA.
Colombari-Filho, J. M., Resende, M. D. V.,
de Morais, O. P., Castro, A. P., Guimaraes,
E. L., Pereira, J. M., Utumi, M. M. and
Breseghello, F. 2013. Upland Rice Breeding
in Brazil: A Simultaneous Genotypic
Evaluation of Stability, Adaptability and
Grain Yield. Euphytica, 192:117-129.
Cunha, G. R., Scheeren, P. L., Pires, J. L. F.,
Maluf, J. R. T., Pasinato, A., Caierdo, E.,
Silva, M. S., Dotto, S. R., Campos, L. A. C,,
Felicio, J. C., Castro, R. L., Marchioro, V.,
Riede, C. R., Rosa Filho, O., Tonon, V. D.
and Svoboda, L. H. 2006. Regifes de
Adaptacdo para Trigo no Brasil. Trigo
Embrapa, Passo Fundo, Brazil, (Circular
Técnica Online, 20). Awvailable at:
http://www.cnpt.embrapa.br/biblio/ci/p_ci20
.pdf. Accessed in November 4, 2016.

Duarte, J. B. and Vencovsky, R. 2001.
Estimation and Prediction Using Linear
Mixed Models: The Ranking of Means of
Genetic Treatments. Sci. Agric., 58: 109-
117.

Duarte, J. B., Vencovsky, R. and Dias, T. S.
2001. Estimators of Variance Components
in the Augmented Block Design with New
Treatments from One or More Populations.
Pesq. Agropec. Bras., 36: 1155-1167.
Duarte, J. B. and Zimmermann, M. J. O.
1995. Correlation among Yield Stability
Parameters in Common Bean. Crop Sci., 35:
905-912.

Fietz, C. R., Sousa, P. G. and Urcher, M. A.
2005. Analise da Epoca de Semeadura Para
Trigo na Regido de Dourados, MS. Ver.
Bras. Agromet., 13: 59-63.

Almeida—Filho, J. E., Tardin, F. D,
Resende, M. D. V., Silva, F. F., Granato, I.
S. C. and Menezes, C. B. 2014. Genetic
Evaluation of Grain Sorghum Hybrids in
Brazilian ~ Environments  Using  the
REML/BLUP Procedure. Sci. Agric., 71:
146-150.

Gauch, H. G. and Zobel, R. W. 1997.
Identifying Mega-Environments and
Targeting Genotypes. Crop Sci., 37: 311-
326.

1538

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

Kendal, E. 2015. Determination of
Relationship between Chlorophyll and Other
Features in  Durum Wheat (Triticum
turgidum L. var. durum) Using SPAD and
Biplot Analyses. J. Agr. Sci. Tech., 17:1873-
1886.

Kendal, E. and Sayar, M. S. 2016. The
Stability of Some Spring Triticale
Genotypes Using Biplot Analysis. J. Anim.
Plant Sci., 26(3): 754-765.

Khalili, M. and Pour-Aboughadareh, A.
2016. Parametric and Non-Parametric
Measures for Evaluating Yield Stability and
Adaptability in Barley Doubled Haploid
Lines. J. Agr. Sci. Tech., 18:789-803.

Lin, C. S. and Binns, M. R. 1988. A Method
of Analyzing CultivarsxLocationxYear
Experiments: New Stability Parameter.
Theor. Appl. Genet., 76: 425-430.

Mendes, F. F., Guimardes, L. J. M., Souza,
J. C., Guimarées, P. E. O., Pacheco, C. A.
P., Machado, J. R. A., Meirelles, W. F.,
Resende, A. and Parentoni, S.N. 2012.
Adaptability and Stability of Maize Varieties
Using Mixed Models Methodology. Crop
Breed. Appl. Biotechnol., 12: 111-117.
Mohammadia, R., Farshadfara, E. and
Amric, A 2015. Interpreting
GenotypexEnvironment  Interactions  for
Grain Yield of Rainfed Durum Wheat in
Iran. Crop J., 3: 526-535.

Mortazavian, S. M. M., Nikkhah, H. R,
Hassani, F. A., Hosseini, S., Taheri, M.,
Mahloohi, M. 2014. GGE Biplot and AMMI
Analysis of Yield Performance of Barley
Genotypes across Different Environments in
Iran. J. Agr. Sci. Tech., 16: 609-622.16.
Patterson, H. D. and Thompson, R. 1971.
Recovery of Interblock Information When
Block Sizes Are Unequal. Biometrika, 58:
545-554.

Piepho, H. P., Blchse, A. and Emrich, K.
2003. A Hitchhiker's Guide to Mixed
Models for Randomized Experiments. J.
Agron. Crop Sci., 189: 310-322.

Piepho, H. P. and Méhring, J. 2006.
Selection in Cultivar Trials: Is It Ignorable?
Crop Sci., 146: 193-202.

Piepho, H. P., Mohring, J., Melchinger, A.
E. and Bichse, A. 2008. BLUP for
Phenotypic Selection in Plant Breeding and
Variety Testing. Euphytica, 161: 209-228.
Pimentel Gomes, F. and Guimares, R. F.
1958. Joint Analysis of Experiments in
Complete Blocks Designs with Some


https://dorl.net/dor/20.1001.1.16807073.2018.20.7.16.0
https://jast.modares.ac.ir/article-23-20190-en.html

[ Downloaded from jast.modares.ac.ir on 2025-07-08 ]

[ DOR: 20.1001.1.16807073.2018.20.7.16.0]

Genotypic Stability and Adaptability

24.

25.

26.

217.

28.

29.

JAST

Common Treatments. Biometrics, 14: 521—
526.

Resende, M. D. V. 2002. Genética
Biométrica e Estatistica No Melhoramento
de Plantas Perenes. Embrapa Informacédo
Tecnoldgica, Brasilia, Brazil.

Resende, M. D. V. 2007a. Matemética e
Estatistica na Analise de Experimentos e No
Melhoramento Genético. Embrapa Florestas,
Colombo, Brazil.

Resende, M. D. V. 2007b. SELEGEN-
REML/BLUP: Sistema Estatistico e Selecao
Genética Computadorizada viam Modelos
Lineares Mistos. Embrapa  Florestas,
Colombo, Brazil.

Rodovalho, M. A., Coan, M. M. D., Scapim,
C. A, Pinto, R. J. B. and Contreras-Soto, R.
I. 2015. Comparison of HMRPGYV, Lin and
Binn's, and Annichiarico's Methods for
Maize Hybrid Selection for High and Stable
Yield. Maydica, 60: 1-7.

SAS INSTITUTE INC., 2003. Statistical
Analysis System User's Guide. Version 9.1,
Ed. Cary, SAS Institute, NC, USA.

Sayar, M. S., Anlarsal, A. E. and Basbag, M.
2013. Genotype—Environment Interactions
and Stability Analysis for Dry-Matter Yield
and Seed Yield in Hungarian Vetch (Vicia
pannonica CRANTZ.). Turk. J. F. Crops.,
18(2): 238-246.

30.

31.

32.

33.

34.

35.

36.

Sayar, M. S. and Han, Y. 2015.
Determination of Seed Yield and Yield
Components of Grasspea (Lathyrus sativus
L.) Lines and Evaluations Using GGE Biplot
Analysis Method, Tarim Bilimleri Dergisi-
J. Agri. Sci., 21(1): 78-92.

Sayar, M. S. and Han, Y. 2016. Forage
Yield Performance of Forage Pea (Pisum
sativum spp. arvense L.) Genotypes and
Assessments Using GGE Biplot Analysis. J.
Agr. Sci. Tech.., 18 (6):1621-1634.

Searle, S. R., Casella, G. and McCulloch, C.
E. 1992. Variance Components. John Wiley
and Sons, New York, USA.

Smith, A., Cullis, B. and Thompson, R.
2001. Analyzing Variety by Environment
Data Using Multiplicative Mixed Models
and Adjustments for Spatial Field Trend.
Biometrics, 57: 1138-1147.

Thomason, W. E. and Phillips, S. B. 2006.
Methods to Evaluate Wheat Cultivar Testing
Environments and Improve  Cultivar
Selection Protocols. Field Crops Res., 99:
87-95.

Viana, J. M. S., Faria, V. R., Silva, F. F. and
Resende, M. D. V. 2011. Best Linear
Unbiased Prediction and Family Selection in
Crop Species. Crop Sci., 51: 2371-2379.
Yang, R. C. and Baker. R. J. 1991.
Genotype—Environment Interactions in Two
Wheat Crosses. Crop Sci., 31: 83-87.

S Jow il odliin!l b puis™ S Cuigi) 30 (983 G 3l 9 Solly comsd

bl 5 bl

Tl gl Oz 0 9CIB8 1.0 . B gzl w.9Olg e e

‘Mu\"ﬁ ‘YO

o>

Jalazal (gla 0 53T 53 (.,uf b G55 Gl 5 65l Olesen ool iass oul s

Gl oSle oy Sl shie ol Gl e by sl aibie Hlex 55 (MET) Jasws s
sl 5, (harmonic means of the relative performance ) .. s Ses S0 )le
S 4 bglone Ja (puE (GED Lmn — (555 Jals 5 2Ky Jowt 53 o oslizl (S0


https://dorl.net/dor/20.1001.1.16807073.2018.20.7.16.0
https://jast.modares.ac.ir/article-23-20190-en.html

[ Downloaded from jast.modares.ac.ir on 2025-07-08 ]

[ DOR: 20.1001.1.16807073.2018.20.7.16.0]

L

Yo e BYeoA gla Jlo s Jows a3 S MET i gl & 1 415 5 Shee (sl o305 s 4 S
joint of ) w2 & (sla 2l3T 51 alT YY) (ol s el s @ 3 0 1]
Al s eslizal oS 2t sl (S s (Bl Dl gla STk - b L (EXperiments
oo 3 ke 5 8 s05ln 80l (i St s Dslite ) i b 6ol 5 6,8 Sl sla
slin b ods O5aT sl gl s S, opl bl Cws 4 (HMRPGV) 555 55,
CD0950 slo s 53 ©yp sl 5 Bl o el 51 5 ad gy o,
el ,> CD0851, CD0859 CD0669 £D0914 LCD0915 L£D0667.LD0857
Ske g geS g 5 bow o s DoUrados- MS (2010 ) ailae s KT b o
Lo o 2o S80 Gotardo — MG (2008 U5 csls 1, (1560.26 kg ha™) 5 Shes
HMRPGV _:,, | CD0857 s} .(5687.08 kg ha) 5 Sles Sl o s L 5
s S o5 5l Qg onl casee G 55 5 3 odd adllls e VY 3 i (soluL s
> Slas iy 035 4 5l s U cama oy 54 53 5 Sl 1 ik o3, (6319.30 kg ha™h
I3l 5 ks 25 HMRPGV 25, &8 s bt il ol by (205153 kg ha™)
value for cultivation and USe ) (s ae 5 CslS 2550 um 5 Sl giie g LT
Sl L sl b o 55T 62050 00 b 5 Dbl B bl (s 055 4 ((VCU
A 1A s o s a1y el Sl OT 53 Sy o) Cuge Nisd oo bl eds b

s L6 (658 5l 5 el 3 Shas (gl Loitens (5,8 31500 3]

1540

Coan et al.


https://dorl.net/dor/20.1001.1.16807073.2018.20.7.16.0
https://jast.modares.ac.ir/article-23-20190-en.html
http://www.tcpdf.org

