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ABSTRACT. The harmonic mean of the relative performance of 
genotypic predicted value (HMRPGV) method has been used to measure 
the genotypic stability and adaptability of various crops. However, its 
use in cotton is still restricted. This study aimed to use mixed models 
to select cotton genotypes that simultaneously result in longer fiber 
length, higher fiber yield, and phenotypic stability in both of these traits. 
Eight trials with 16 cotton genotypes were conducted in the 2008/2009 
harvest in Mato Grosso State. The experimental design was randomized 
complete blocks with four replicates of each of the 16 genotypes. In each 
trial, we evaluated fiber yield and fiber length. The genetic parameters 
were estimated using the restricted maximum likelihood/best linear 
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unbiased predictor method. Joint selection considering, simultaneously, 
fiber length, fiber yield, stability, and adaptability is possible with the 
HMRPGV method. Our results suggested that genotypes CNPA MT 
04 2080 and BRS CEDRO may be grown in environments similar to 
those tested here and may be predicted to result in greater fiber length, 
fiber yield, adaptability, and phenotypic stability. These genotypes may 
constitute a promising population base in breeding programs aimed at 
increasing these trait values.

Key words: Gossypium hirsutum; Genotype x environment interaction; 
REML/BLUP

INTRODUCTION

Upland cotton (Gossypium hirsutum L. r. latifolium Hutch.) is one of the main 
economically important crops in Brazil (Farias et al., 2016). In Brazil, which is the world’s fifth 
largest cotton seed producers with 4.4 million tons produced during the 2013/2014 harvest, the 
production is concentrated to the Midwest region. In this region, 66% is produced in the Mato 
Grosso State, the largest national producer. In the Northeast, the Bahia State stands out as the 
largest producer of this crop (Conab, 2015).

Genotype x environment (GE) interactions are one of the greatest challenges in plant 
breeding, both in the selection procedures and in the recommendation of cultivars. This is 
because plant breeders typically look for stable genotypes with improved performance in 
relation to a particular trait (Ramalho et al., 2012; Cruz et al., 2014). Studies on GE interactions 
for agronomic traits in cotton are scarce in Brazil (Souza et al., 2006; Suinaga et al., 2006; 
Silva Filho et al., 2008; Carvalho et al., 2015b). In general, these studies have revealed the 
presence of GE interactions for fiber length and fiber yield. These studies have succeeded in 
maximization of genotype performance in different environments, thus significantly exploiting 
the GE interaction.

Selecting cotton genotypes that provide longer fiber lengths as well as high fiber yield 
is the main goal of genetic-breeding programs. To this end, it is necessary to use methods of 
adaptability and phenotypic stability that enable the identification of genotypes with predictable 
behavior in these traits and that are responsive to both specific and general environmental 
conditions. Thus, selection methods that incorporate adaptability and phenotypic stability in 
a single parameter can be advantageous, compared to methods involving only production as a 
selection criterion (Resende, 2007).

Restricted maximum likelihood/best linear unbiased predictor (REML/BLUP) analysis 
allows for consideration of correlated errors within sites as well as stability and adaptability 
in superior genotype selection. Thus, in the genetic values this analysis provides, instability 
has already been accounted for and the values may be applied to any number of environments. 
In addition, this method generates results in the unit or scale of the assessed trait that can be 
directly interpreted as genetic values, which is something other methods do not allow for. 
Thus, selection by harmonic mean of the relative performance of genotypic predicted values 
(HMRPGV) implies selection, simultaneously, for productivity or fiber length and stability. 
In terms of adaptability, this refers to the relative performance of the genotypic values in the 
environment. In this case, the predicted genotypic values are expressed as a proportion of the 
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overall average for each site and, subsequently, an average value of this ratio for all sites is 
obtained. Simultaneous selection for productivity or fiber length, adaptability, and phenotypic 
stability in the context of mixed models can be performed using the HMRPGV method (Silva 
et al., 2011; Rosado et al., 2012).

This methodology has been used for interpreting the genotypic stability and 
adaptability of crops such as the common bean (Carbonell et al., 2007), sugarcane (Bastos et 
al., 2007), cashew (Maia et al., 2009), eucalyptus (Rosado et al., 2012), rice (Regitano Neto 
et al., 2013), and cowpea (Torres et al., 2015, 2016). However, its application in cotton is still 
scarce and restricted to a single study by Moiana et al. (2014). In the present study, we aimed 
to use mixed models to select cotton genotypes that simultaneously have longer fiber lengths, 
high fiber yield, and phenotypic stability in these traits.

MATERIAL AND METHODS

Eight trials with cotton genotypes were conducted in the 2008/2009 harvest; the 
environmental edaphoclimatic characteristics are shown in Table 1. The experimental design 
was randomized complete blocks with 16 genotypes (BRS ARAÇA, BRS BURITI, BRS 
286, FMT 701, FM 993, FM 910, DELTA OPAL, IPR JATAI, LD CV 05, LD CV 02, BRS 
CEDRO, NUOPAL, CNPA MT 05 1245, CNPA MT 04 2080, CNPA MT 04 2088, and BRS 
293) and four replications. The experimental unit consisted of four 5.0-m long rows, with 0.90 
m spacing between rows, and a density of nine plants/m. At harvest, cotton fiber yield (kg/
ha) and fiber length (mm) were evaluated, following the method described by Carvalho et al. 
(2015a).

Table 1. Edaphoclimatic features of the eigth environments evaluated in Mato Grosso State.

Environments Altitude (m) Latitude Longitude Annual rainfall (mm) 
Primavera do Leste 636 15°33' 54°17' 1713 
Pedra Preta 850 16°37' 54°28' 1558 
Campo Verde 736 15°32' 55°10' 1529 
Lucas do Rio Verde 399 13°03' 55°55' 1970 
Sapezal 387 12°59' 58°45' 2082 
Campo Novo dos Parecis 564 13°40' 57°53' 1939 
Nova Ubirata 396 13°00' 55°15' 1990 
Primavera do Leste II 636 15°33' 54°17' 1713 

 

To evaluate the GE interaction effect on fiber length and yield, we used the REML/
BLUP statistical model:

Y = Xb + Zg + Wc + e (Equation 1)

where Y, b, g, c, and e correspond to the data vector, the effect of blocks within different 
environments (fixed), genotype effects (random), effects of GE (random), and random errors, 
respectively. X, Z, and W are the incidence matrices for b, g, and c, respectively. The genetic 
parameters were estimated using the REML/BLUP method.

Joint selection considering, simultaneously, fiber length, fiber yield, stability, and 
adaptability is given by the HMRPGV method, as follows:
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where n is number of environments (N = 8) in which the genotype was assessed, Vgij is 
the value of the genotype i in environment j, expressed as a proportion of the mean in that 
environment (Resende, 2007). This analysis was performed using model 54 in the Selegen 
software (Resende, 2007).

RESULTS AND DISCUSSION

The coefficient of experimental variation (CVe) was 12.86% for fiber yield and 2.42% 
for fiber length (Table 2). These values are lower than those observed in other studies on cotton 
crop (Souza et al., 2006; Suinaga et al., 2006; Hoogerheide et al., 2007; Silva Filho et al., 2008; 
Moiana et al., 2014; Carvalho et al., 2015a). According to Cruz et al. (2014), for continuously 
distributed phenotypic traits, CVe values lower than 20% reflect excellent experimental 
accuracy. In contrast, the coefficient of genetic variation (CVg) quantifies the magnitude of 
genetic variation for selection and, therefore, higher values are desirable. The CVg values 
obtained here were 6.71% for fiber yield and 1.41% for fiber length, which indicates that the 
median fraction of the genetic variance was extracted from the total phenotypic variation. The 
joint evaluation of CVg and CVe is reflected in the ȓgĝ statistics (Resende and Duarte, 2007). 
The accuracy of >90% obtained for both traits indicates good experimental quality, and hence, 
accurate selection of superior genotypes for both traits.

1ni

ijj l

nHMRPGV

Vg−

=
∑

(Equation 2)

Table 2. Estimates of variance components (individual REML) for fiber yield and fiber length of 16 cotton 
genotypes evaluated in seven environments in the Mato Grosso State.

Parameter Fiber yield (kg/ha) Fiber length (mm) 
2
gσ̂  

17,995.48 0.19 

2
cσ̂  

15,072.09 0.06 

2
eσ̂  

66,086.92 0.55 

2
fσ̂  

99,154.50 0.80 

2
gĥ

 
0.18 0.24 

2
mgĥ

 
0.82 0.89 

ĝgr̂  
0.91 0.94 

c2 0.15 0.07 

glocr̂
 

0.54 0.77 

CVg (%) 6.71 1.41 
CVe (%) 12.86 2.42 
 1999.66 30.82 

 Estimates of genotypic variance (σ2
g); genotype x environment interaction variance (σ2

c); residual variance 
between plots (σ2

e); individual phenotypic variance (σ2
f); individual heritability coefficient in the broad sense (ĥ2

g); 
heritability coefficient of the genotype average (ĥ2

mg); accuracy in the selection of genotypes (ȓgĝ); coefficient of 
determination of genotype x environment interaction effects (c2); genotypic correlation through the environments 
(ȓgloc); coefficient of genetic variation (CVg); coefficient of experimental variation (CVe); overall mean (M).
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Heritability of the genotype mean (ĥ2
mg) is estimated when using block averages as 

evaluation and/or selection criterion (Resende, 2007). Given the values obtained for both 
traits (>0.80), the selection of cotton genotypes based on the predicted genotypic values can 
be performed with relative ease. The variance of the genotypic effects (σ2

g) obtained was 
>0.80 for both traits. This suggests that selection of cotton genotypes based on the predicted 
genotypic values may be performed with relative ease. The σ2

g was similar than the variance in 
the GE interaction effect (σ2

c), the latter constituting 15.20 and 7.50% of the total phenotypic 
variability for fiber yield and length, respectively. These results suggest that for both traits, the 
interaction is of the simple type, i.e., the genotypes respond differently to the environment, but 
there are no changes in the rankings.

Due to the greater or lesser adaptability/genetic individual stability, the σ2
c can inflate 

the phenotypic expression of a trait (Bastos et al., 2007). This measure quantifies the fraction 
of the total variation that is due to the GE interaction. Small estimates of σ2

c indicate that the 
GE interaction has little influence on the phenotypic value (Maia et al., 2009). In this context, 
a genotype with greater fiber length or fiber yield in a certain environment tends to maintain 
similar levels in other environments as well. This genotype responds favorably to environmental 
variability (through a correlation between the genotypic values among enviroments), and 
also shows considerable predictability in the face of environmental variation. In our case, 
the σ2

c estimates can be considered low for both traits, which favored the obtained moderate 
phenotypic correlation (ȓgloc > 0.50) between the environments.

The phenotypic value corresponds to the values obtained in field evaluations, which 
are influenced by the genotypic, environmental, and the GE interaction effects. In the latter, 
the sum of genotypic variance (the residual variance between plots (σ2

e) and the σ2
c) results in 

the individual phenotypic variance (σ2
f). In our study, the σ2

e represented the majority of σ2
f for 

both traits, suggesting a need to improve the experimental precision in experiments with cotton.
The five genotypes that stood out as providing the highest fibers yield, adaptability, 

and phenotypic stability were CNPA MT 04 2080, FM 993, BRS BURITI, FM 910, and BRS 
CEDRO (Table 3). On the other hand, genotypes BRS 293, CNPA MT 04 2088, CNPA MT 04 

Genotype Fiber yield Fiber length 
BRS ARAÇA 1960.60 30.19 
BRS BURITI 2118.15 30.19 
BRS 286 1875.51 30.32 
FMT 701 2078.99 30.59 
FM 993 2119.97 30.60 
FM 910 2093.27 30.60 
DELTA OPAL 1830.32 30.64 
IPR JATAI 1934.07 30.67 
LD CV 05 2045.22 30.79 
LD CV 02 1598.70 30.88 
BRS CEDRO 2089.93 31.18 
NUOPAL 1945.44 31.14 
CNPA MT 05 1245 1992.73 31.16 
CNPA MT 04 2080 2133.14 31.30 
CNPA MT 04 2088 2051.03 31.43 
BRS 293 2078.29 31.56 

 Highlighted in bold are the five genotypes that yielded the highest fiber yields and fiber lengths, respectively.

Table 3. Harmonic means of the relative performance of predicted genotypic values (HMRPGV) for fiber yield 
(kg/ha) and fiber length (mm) of 16 cotton genotypes as predicted by a BLUP analysis.
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2080, CNPA MT 05 1245, and BRS CEDRO provided the highest fiber length, adaptability, 
and phenotypic stability. Thus, using the values obtained from the HMRPGV method, it is 
possible to select genotypes CNPA MT 04 2080 and BRS CEDRO as those that provide greater 
yield in terms of both fiber length and fiber yield, as well as high adaptability and phenotypic 
stability for these traits (Table 3). Hence, these genotypes may be used in environments similar 
to those used in this study (simple GE interaction type), because the mixed-model method 
penalizes the predicted genotypic values (Maia et al., 2009).

Identification of upland cotton genotypes that meet high productivity in terms of 
fiber yield and fiber length are the major goals of the breeding programs in Brazil. Based 
on our results, new strategies to improve this crop could be applied using genotypes CNPA 
MT 04 2080 and BRS CEDRO. These strategies may include obtaining segregated and/or 
experimental hybrid populations.

Conflicts of interest

The authors declare no conflict of interest.

ACKNOWLEDGMENTS

We thank the National Council for Scientific and Technological Development (CNPq) 
for financial support.

REFERENCES

Bastos IT, Barbosa MHP, Resende MDV, Peternelii LA, et al. (2007). Avaliação da interação genótipo x ambiente em 
cana-de-açúcar via modelos mistos. Pesq. Agropec. Trop. 37: 195-203.

Carbonell SAM, Chiorato AF, Resende MDV, Dias LAS, et al. (2007). Estabilidade de cultivares e linhagens de 
feijoeiro em diferentes ambientes no Estado de São Paulo. Bragantia 66: 193-201. http://dx.doi.org/10.1590/S0006-
87052007000200003

Carvalho LP, Farias FJC, Morello CL, Rodrigues JIS, et al. (2015a). Agronomic and technical fibers traits in elite genotypes 
of cotton herbaceous. Afr. J. Agric. Res. 10: 4882-4887. http://dx.doi.org/10.5897/AJAR2015.10515

Carvalho LP, Salgado CC, Farias FJC and Carneiro VQ (2015b). Estabilidade e adaptabilidade de genótipos de algodão 
de fibra colorida quanto aos caracteres de fibra. Cienc. Rural 45: 598-605. http://dx.doi.org/10.1590/0103-
8478cr2013023

Conab (2015). Companhia Nacional de Abastecimento. Acompanhamento de safra brasileira: grãos, décimo segundo 
levantamento, Setembro/2015. http://www.conab.gov.br. Accessed November 30, 2015.

Cruz CD, Carneiro PCS and Regazzi AJ (2014). Modelos biométricos aplicados ao melhoramento genético. 3rd edn. UFV, 
Viçosa.

Farias FJC, Carvalho LP, Silva Filho JL and Teodoro PE (2016). Biplot analysis of phenotypic stability in upland cotton 
genotypes in Mato Grosso. Genet. Mol. Res. 15: http://dx.doi.org/10.4238/gmr.15028009

Hoogerheide ESS, Vencovsky R, Farias FJC, Freire EC, et al. (2007). Correlações e análise de trilha de caracteres 
tecnológicos e produtividade de fibra de algodão. Pesq. Agropec. Bras. 42: 1401-1405. http://dx.doi.org/10.1590/
S0100-204X2007001000005

Maia MCC, Resende MDV, Paiva JR, Cavalcanti JJV, et al. (2009). Seleção simultânea para produção, adaptabilidade e 
estabilidade genotípicas em clones de cajueiro, via modelos misto. Pesq. Agropec. Trop. 39: 43-50.

Moiana LD, Vidigal Filho PS, Gonçalves-Vidigal MC, Maleia MP, et al. (2014). Application of mixed models for de 
assessment genotype and environment interactions in cotton (Gossypium hirsutum) cultivars in Mozambique. Afr. J. 
Biotechnol. 13: 1985-1991. http://dx.doi.org/10.5897/AJB2013.12926

Ramalho MAP, Abreu AFB, Santos JB and Nunes JAR (2012). Aplicações da genética quantitativa no melhoramento de 
plantas autógamas. Universidade Federal de Lavras, Lavras.



7Mixed models in upland cotton

Genetics and Molecular Research 15 (3): gmr.15038439

Regitano Neto A, Ramos Júnior EU, Gallo PB, Freitas JG, et al. (2013). Comportamento de genótipos de arroz de terras 
altas no estado de São Paulo. Rev. Cienc. Agron. 44: 512-519. http://dx.doi.org/10.1590/S1806-66902013000300013

Resende MDV (2007). Selengen-REML/BLUP: sistema estatístico e seleção genética computadorizada via modelos 
lineares mistos. Embrapa Florestas, Colombo.

Resende MDV and Duarte JB (2007). Precisão e controle de qualidade em experimentos de avaliação de cultivares. Pesq. 
Agropec. Trop. 37: 182-194.

Rosado AM, Rosado TB, Alves AA, Laviola BG, et al. (2012). Seleção simultânea de clones de eucalipto de acordo com 
produtividade, estabilidade e adaptabilidade. Pesq. Agropec. Bras. 47: 964-971. http://dx.doi.org/10.1590/S0100-
204X2012000700013

Silva GO, Carvalho ADF, Veira JV and Benin G (2011). Verificação da adaptabilidade e estabilidade de populações 
de cenoura pelos métodos AMMI, GGE biplot e REML/BLUP. Bragantia 70: 494-501. http://dx.doi.org/10.1590/
S0006-87052011005000003

Silva Filho JL, Morello CL, Farias FJC, Lamas FM, et al. (2008). Comparação de métodos para avaliar a adaptabilidade 
e estabilidade produtiva em algodoeiro. Pesq. Agropec. Bras. 43: 349-355. http://dx.doi.org/10.1590/S0100-
204X2008000300009

Souza AA, Freire EC, Bruno RLA, Carvalho LP, et al. (2006). Estabilidade e adaptabilidade do algodoeiro herbáceo no 
cerrado do Mato Grosso e Mato Grosso do Sul. Pesq. Agropec. Bras. 41: 1125-1131. http://dx.doi.org/10.1590/
S0100-204X2006000700008

Suinaga FA, Bastos CS and Rangel LEP (2006). Phenotypic adaptability and stability of cotton cultivars in Mato Grosso 
state, Brazil. Pesq. Agropec. Trop. 36: 145-150.

Torres FE, Teodoro PE, Sagrilo E, Ceccon G, et al. (2015). Genotype x environment interaction in semiprostrade cowpea 
genotypes via mixed models. Bragantia 74: 255-260. http://dx.doi.org/10.1590/1678-4499.0099

Torres FE, Teodoro PE, Rodrigues EV, Santos A, et al. (2016). Simultaneous selection for cowpea (Vigna unguiculata L.) 
genotypes with adaptability and yield stability using mixed models. Genet. Mol. Res. 15: http://dx.doi.org/10.4238/
gmr.15028272


