CLEITON RENATO CASAGRANDE

SELECAO DE LINHAGENS DE TRIGO EM ENSAIOS MULTI-AMBIENTES:
ENVIROTIPAGEM, ADAPTABILIDADE E ESTABILIDADE E MODELAGEM DE
(CO)VARIANCIAS

Tese apresentada a Universidade Federal de
Vicosa como parte das exigéncias do Programa
de  Po6s-Graduagdo em  Genética ¢
Melhoramento, para obten¢ao do titulo de
Doctor Scientiae.

Orientador: Maicon Nardino

Coorientador: Aluizio Borém de Oliveira

VICOSA - MINAS GERAIS
2024



Ficha catalografica elaborada pela Biblioteca Central da Universidade

Federal de Vicosa - Campus Vicosa

C334s
2024

Casagrande, Cleiton Renato, 1995-

Selecdo de linhagens de trigo em ensaios multi-ambientes:
envirotipagem, adaptabilidade e estabilidade e modelagem de
(co)variancias / Cleiton Renato Casagrande. — Vigcosa, MG,
2024.

1 tese eletronica (75 f.): il. (algumas color.).

Inclui anexo.
Orientador: Maicon Nardino.

Tese (doutorado) - Universidade Federal de Vigosa,
Departamento de Agronomia, 2024.

Inclui bibliografia.
DOI: https://doi.org/10.47328/ufvbbt.2024.335
Modo de acesso: World Wide Web.

1. Triticum aestivum. 2. Trigo - Selecao. 3. Trigo -
Rendimento. 4. Modelos multiniveis (Estatisticas). I. Nardino,
Maicon, 1988-. II. Universidade Federal de Vicosa.
Departamento de Agronomia. Programa de P6s-Graduacao em
Genética e Melhoramento. III. Titulo.

CDD 22. ed. 633.112

Bibliotecdrio(a) responsdvel: Alice Regina Pinto Pires CRB-6/2523




CLEITON RENATO CASAGRANDE

SELECAO DE LINHAGENS DE TRIGO EM ENSAIOS MULTI-AMBIENTES:
ENVIROTIPAGEM, ADAPTABILIDADE E ESTABILIDADE E MODELAGEM DE
(CO)VARIANCIAS

Tese apresentada a Universidade Federal de
Vicosa, como parte das exigéncias do Programa
de  Po6s-Graduagdo em  Genética ¢
Melhoramento, para obten¢ao do titulo de
Doctor Scientiae.

APROVADA: 31 de Maio de 2024.

Assentimento:

Documento assinado digitalmente

“b CLEITON RENATO CASAGRANDE
g Data: 18/07/2024 08:07:44-0300

Verifique em https://fvalidar.iti.gov.br

Cleiton Renato Casagrande
Autor

Documento assinado digitalmente

“b MAICON NARDINO
g Data: 18/07/2024 08:45:57-0300
Verifique em https://validar.iti.gov.br

Maicon Nardino
Orientador



AGRADECIMENTOS
- A Deus, por sempre me guiar € me conduzir pelos melhores caminhos;

- A minha familia, em especial meus pais, Ivaldo Casagrande (in memoriam) e Ignés
Casagrande, que sempre lutaram, incentivaram e me forneceram o alicerce para que eu chegasse
até aqui;

- A minha esposa, Skarlet Steckling, que, ao longo destes anos, sempre demonstrou amor,
cuidado e carinho e, incessantemente me apoiou durante essa jornada;

- A Universidade Federal de Vigosa (UFV), ao Centro de Ciéncias Agrarias (CCA), ao
Departamento de Agronomia (DAA) e ao Programa de Pos-graduagdo em Genética e
Melhoramento (PPGGM) pela oportunidade de realizacdo do doutorado;

- A Cooperativa Agropecuéria do Alto Paranaiba (COOPADAP) pela parceria na condugio dos
experimentos;

- Ao Conselho Nacional de Desenvolvimento Cientifico e Tecnologico (CNPq) pela concessao
da bolsa de estudo;

- Aos meus orientadores, Prof. Dr. Maicon Nardino e Prof. Dr. Aluizio Borém, que nao
pouparam ensinamentos, orientagdes e incentivo durante todo esse periodo;

- A todos os professores do PPGGM da UFV e, em especial aos professores Kaio, Pedro
Carneiro, Paulo Savio, Cosme, Léo Bhering, Ceccon, Felipe e Z¢ Eustaquio;

- A todos os funcionarios do Vale da Agronomia, e, em especial ao Paulo Paiva e Eduardo;

- Aos colegas do Programa Trigo UFV e, em especial, ao Henrique, Caique, Gabriel, Victor,
Crislene, Diana, Tiago e Willian;

- A todos os amigos conquistados durante a estadia em Vigosa, em especial ao Henrique,
Andreia, Renan, Dalton, Xico, Fabiola, Igor, Fernanda, Martha, Z¢ Dique, Lucas, Bruninho,
Ruane, Caique, Luciane, Adriel, Nathan, Jacque e Bruna;

-Aos secretarios do PPGGM, Marco Tulio e Odilon, pelo grande profissionalismo e
competéncia na condugdo do programa;

-A empresa BASF, e, em especial, ao meu time de melhoramento de soja em Porto Nacional e
a minha lider, Gabriela Andrade;

- Ao grande melhorista considerado pai da soja no Brasil: Romeu Kiihl.

- O presente trabalho foi realizado com apoio da Coordenagdo de Aperfeicoamento de Pessoal
de Nivel Superior — Brasil (CAPES) — Codigo de Financiamento 001.

Muito obrigado!
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RESUMO

CASAGRANDE, Cleiton Renato, D.Sc., Universidade Federal de Vigosa, Maio de 2024.
Selecdo de linhagens de trigo em ensaios multi-ambientes: envirotipagem, adaptabilidade
e estabilidade e modelagem de (co)varidncias. Orientador: Maicon Nardino. Coorientador:
Aluizio Borém de Oliveira.

A produgdo de trigo no Cerrado brasileiro ¢ um dos maiores desafios do pais para alcancar a
autossuficiéncia nacional na produg¢do e consumo desse cereal. Nosso estudo focou em
identificar linhagens de trigo altamente produtivas e estaveis em ambientes do Cerrado
brasileiro. Para isso, avaliamos 36 genotipos ao longo de oito experimentos durante os anos
agricolas de 2018, 2019 e 2020. As analises conduzidas integraram técnicas de ambiente,
adaptabilidade, estabilidade e modelagem de diferentes estruturas de matrizes de co(variancias)
genotipicas e residuais para a recomendagado de genotipos. Para tal, foi realizado o estudo de 14
variaveis climatologicas no entendimento do comportamento diferencial produtivo através dos
métodos de estabilidade e adaptabilidade por modelos mistos ¢ GGE Biplot. Além disso, oito
diferentes estruturas de co(variancias) foram modeladas com o objetivo de realizar uma selegao
com maior acurdcia € com maiores ganhos preditivos. O modelo de melhor ajuste de
co(variancias) apontou para correlacdo heterogénea para os efeitos genotipicos e diagonal para
os efeitos residuais. Os genoétipos VI 14127, VI 14197, VI 14026 ¢ BRS 264 destacaram-se
como os mais promissores. Essas descobertas sdo essenciais para avancar na selecdo de
linhagens adaptadas ao Cerrado e resultam em beneficios para os programas de melhoramento
de trigo no Brasil.

Palavras-chave: Triticum aestivum L.. Modelos mistos. Produtividade de graos. GGE Biplot.



ABSTRACT

CASAGRANDE, Cleiton Renato, D.Sc., Universidade Federal de Vigosa, May, 2024.
Selection of wheat lines in multi-environment trials: envirotyping, adaptability and
stability and (co)variance modeling. Advisor: Maicon Nardino. Co-adviser: Aluizio Borém
de Oliveira.

The production of wheat in the brazilian Cerrado is one of the country's biggest challenges in
achieving national self-sufficiency in the production and consumption of this cereal. Our study
focused on identifying highly productive wheat lines obtained in environments of the brazilian
Cerrado. We evaluated 36 genotypes throughout eight experiments during the agricultural years
of 2018, 2019 and 2020. The analyzes carried out integrated environmental, adaptability,
stability and modeling techniques of different structures of genotypic and residual co(variance)
matrices for the genotype recommendation. Therefore, a study of 14 climatological variables
was carried out to understand the differential productive behavior through the stability and
adaptability methods using mixed models and GGE Biplot. Furthermore, eight different
covariance structures were modeled with the objective of carrying out a selection with greater
accuracy and greater genetic gains. The best-fit model of co(variances) presented for
heterogeneous correlation for genotypic effects and diagonal for residual effects. The genotypes
V114127, V114197, VI 14026 and BRS 264 stand out as the most promising. These discoveries
are essential to advance the selection of lines adapted to the Cerrado and result in benefits for
wheat breeding programs in Brazil.

Keywords: Triticum aestivum L.. Mixed models. Grain yield. GGe Biplot.
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1. INTRODUCAO GERAL

O trigo € uma das culturas de maior relevancia no mundo, principalmente para o quesito
de seguranga alimentar quando na sua forma processada de farinha (Pereira et al., 2019). Desde
que a cultura do trigo surgiu no Oriente Préximo, ha 11 mil anos atras, ela mostrou-se de
extrema importancia na alimenta¢do dos povos originarios € anos depois para a economia
global. No entanto, no Brasil, essa cultura ainda precisa ser mais bem explorada. O trigo,
juntamente com os fertilizantes, ¢ um dos principais produtos de importacdo do agronegdcio
brasileiro, onerando a balanga comercial nacional em 10 bilhdes/ano. Historicamente, o Brasil
consegue suprir com a produgdo interna 50 a 60% do que o mercado interno consome (CONAB,
2023). Diante do exposto, a expansao do trigo, para regides tropicais, € uma etapa crucial para
o Brasil tornar-se autossuficiente. Essa expansao pode ser viabilizada economicamente com a
redugdo de custos com a importacao do cereal, além de resultar em geracdo de renda com a
diversificacdo produtiva no Brasil Central.

A expansdo de trigo, para regidoes ainda nao tradicionais no cultivo dessa graminea,
depende basicamente de trés fatores: cultivares adaptados e produtivos (genética), praticas de
manejo adequadas e estruturacdo de cadeias produtivas de insumos e recebimento. A
identificacdo de cultivares adaptados e produtivos depende de esforcos de programas de
melhoramento focados na regido. Para tal, necessita-se de uma rede de ensaios robusta com o
intuito de identificar as linhagens mais promissoras em produtividade, adaptadas e estaveis aos
diferentes ambientes (Bornhofen et al., 2017; Woyann et al., 2019). Nesse cenario, ha a
ocorréncia de interacao genotipos X ambientes (G X E), que surge em fungdo do comportamento
diferencial que os gendtipos apresentam quando sdo avaliados em varios ambientes, ocorrendo
devido a expressdo diferencial dos genes pelos diferentes estimulos ambientais (Nehe et al.,
2019).

A necessidade de avaliar as linhagens em vérios ambientes (MET) aumenta a
complexidade e dificuldade das andlises estatisticas de selecdo. A utilizagdo de métodos
tradicionais, baseados em andlise de varidncia (ANOVA) por minimos quadrados ortogonais
pode ndo ser adequada na maioria das vezes. Isso ocorre devido ao fato que MET geralmente
englobam uma série de ambientes com caracteristicas climaticas, de solo e de manejo muito
distintas, mesmo aqueles com proximidade geografica. Essa dissimilaridade de ambientes
aumenta a ocorréncia de desbalanceamento genético e/ou estatistico e 0 ndo atendimento de um

dos pressupostos basicos para a ANOVA, a homoscedasticidade de variancias. Para contornar
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esse problema, os programas de melhoramento de trigo tém usado a metodologia REML/BLUP
(Patterson and Thompson 1971; Henderson 1975), para os melhores preditores lineares nao-
viesados serem estimados através do método de estimacdo de variancias maxima
verossimilhanga restrita.

A integracdo de dados climaticos ambientais para entendimento da performance de
genoétipos tem despertado interesse de grande parte de pesquisadores em todo o mundo. A
envirotipagem € um processo que trata a caracterizagdo ambiental por meio da tipagem
ambiental para micro ou macroambientes. Em melhoramento de plantas, os esforgos
concentraram-se na interpretacdo das respostas das plantas aos sinais ambientais € na
compreensao das interagdes dos gendtipos com os ambientes (Resende et. al, 2022).

A utilizagdo da metodologia REML/BLUP permite a sele¢do simultdnea para um
genotipo com adaptabilidade, estabilidade e com produtividade de graos pelo método da média
harmoénica do desempenho relativo dos valores genéticos (MHPRVG) preditos (RESENDE,
2002). Tal método tem como vantagem, além de selecionar para os trés atributos: 1) considerar
efeitos genotipicos como aleatorios, oferecendo assim estabilidade e adaptabilidade genotipica
e ndo fenotipica; i1) permite lidar com heterogeneidade de varidncia; iii) considera erros
correlacionados dentro de ambientes; iv) fornece valores genéticos descontados da
instabilidade; v) pode ser aplicado para qualquer nimero de ambientes; vi) gera resultados na
propria escala da variavel estudada.

Outra robusta metodologia, explorada nesse estudo ¢ a GGE Biplot. A metodologia
GGE biplot, proposto por Yan et al. (2000), considera o efeito principal de genotipo (G) mais
a interacdo genotipo-ambiente (GE). O modelo GGE explora com mais eficacia a interagao
genodtipos por ambientes, possibilitando maior acuricia a identificagdo de mega-ambientes.
Quando diferentes genotipos estdo adaptados a diferentes grupos de ambientes e a variacao
entre grupos ¢ maior do que dentro de cada grupo, tem-se a formagdo de um mega-ambiente, o
que torna possivel a estratificagdo desses grupos de ambientes como singular. Além disso,
permite a selecdo de gendtipos estaveis e adaptados a ambientes especificos e a mega-
ambientes, através da informag¢do “Quem Venceu Onde” ou Who Won Where” (Yan e Kang,
2003; Balestre et al., 2009; Silva e Benin, 2012; Mattos et al., 2013).

A metodologia REML/BLUP permite aos melhoristas a modelagem da interagdo G x E
por meio de uma matriz de (co)varidncias dos efeitos genéticos entre os diferentes ambientes
em que os gendtipos foram avaliados (Piepho et al., 2008). Além disso, a matriz de

(co)variancias residuais pode ser modelada mais adequadamente (Padua et al., 2016; Rocha et
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al., 2019). Essa abordagem permite a obten¢do de um modelo mais realista na selecdo de
linhagens em MET, uma vez que ocorre a heterogeneidade de variancias genéticas e residuais
e a falta de correlagdo de genotipos entre pares de ambientes (Araujo et al., 2022; Melo et al.,
2020).

Nesse sentido, o objetivo principal deste estudo foi integrar técnicas de envirotipagem,
adaptabilidade e estabilidade e modelagem de matrizes de co(variancias) genotipicas e residuais
para melhor compreender a interacio GXE e subsidiar informagdes importantes para

recomendacao de genotipos de trigo na nova fronteira de producao no Brasil.
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2. CAPITULO 1: ENVIROTYPES APPLIED TO EVALUATE THE ADAPTABILITY
AND STABILITY OF WHEAT GENOTYPES IN THE TROPICAL REGION IN
BRAZIL

2.1 Abstract

Global climate changes can dramatically impact wheat production in Brazil's Cerrado biome,
considered a new wheat farming frontier. Therefore, new approaches are needed to better un-
derstand the GxE interaction in environments that are highly dissimilar in terms of climate
variables. Here, we integrate envirotyping, adaptability, and stability techniques to better un-
derstand the GXE interaction and provide new insights for the recommendation of tropical
wheat genotypes that can perform well in hotter and drier environments. Thirty-six wheat gen-
otypes were evaluated for grain yield in eight field trials in 2018, 2019, and 2020 in the Brazil-
ian tropical region. There is strong evidence that even in irrigated conditions, temperatures >
30 °C during the booting and heading/flowering stages dramatically reduce the grain yield. Two
lines, V114774 (GY = 3800 kg ha™!), and V114980 (GY = 4093 kg ha!) had better performance
in the hotter environment (~22% and ~32% higher than the grand mean) and are potential
germplasm sources for warmer environments at the boosting and heading/flowering stages. In
this study, the REML/BLUP and GGE Biplot methods highly correlate in terms of genotype
classification for selection and recommendation purposes. The genotypes VI 14127, VI 14197,
VI 14026, and BRS 264 are the closest to a hypothetical ideal genotype. Overall, this study
provides new insights on how the environment typing can be useful to better understand the
genotype-by-environment interaction and help to breed new climate-resilient wheat cultivars
for the Brazilian tropical region.

Keywords: envirotyping, Triticum aestivum L., G x E interaction, principal components, mixed

models

2.2 Introduction

The per capita consumption of wheat flour in Brazil is 40.62 kg inhabitant™ year™
(USDA 2021). This figure is higher than that of traditional staple foods such as rice and beans,
with 35.2 kg inhabitant year and 15.2 kg inhabitant™! year™, respectively (EMBRAPA 2020).

Although Brazil is a major consumer of wheat, with an approximate consumption of 12 million

Artigo publicado no periddico Euphytica (2024), 220: 27. https://doi.org/10.1007/s10681-023-03286-y
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tons (CONAB 2021), it is not self-sufficient and produces only 50% of the demand. Of the six
million tons of wheat produced in Brazil, 86% are produced in the southern States of Brazil,
such as Parana and Rio Grande do Sul. However, Brazil has a high potential for expanding the
cultivation of wheat, especially into regions of lower latitude, such as the Brazilian Cerrado
(Casagrande et al. 2020; Mezzomo et al. 2021a; Pasinato et al. 2018).

Bornhofen et al. (2018) studied the genetic progress of wheat breeding programs in
Brazil between 2004 and 2013 and found that the coldest and wettest regions of Brazil resulted
in a genetic gain for grain yield of 115.53 kg ha™! year! (3.14% year '), while in tropical, hot
and dry regions the genetic gain was considerably lower: 61.59 kg ha™! year! (1.68% year™).
The lower performance in the Cerrado region can be explained by the presence of acidic soils
with toxic aluminum (Boff et al. 2019), lower water availability (Pereira et al. 2019), high
incidence of rice blast fungus (Goddard et al. 2020), and high temperatures that result in heat
stress (Mezzomo et al. 2021b; Thungo et al. 2021). However, wheat production in this region
has some economic advantages, such as greater proximity to the largest wheat consuming center
in Brazil (the Southeast region), cultivation in the off-season, low relative humidity and low
incidence of fungal diseases common to producing areas in the South region, which together
lead to a high production potential and make it an alternative to produce high-tech wheat for
the bakery industry (Pasinato et al. 2018; Oliveira et al. 2021).

The potential area for wheat production in Brazil is 7.27 million ha (Mingoti et al. 2014).
As a result, the expansion and development of the national wheat chain, currently estimated at
2.6 million ha, could triple. However, this requires the development of new cultivars to increase
productivity and contribute to a sustainable production (Johansson et al. 2020). It is necessary
not only to develop new cultivars adapted to these environments, but also to identify already
developed lines that are stable and adapted to this growing region. This task is not simple since
there is an interaction between genotypes x environments (G x E), a complicating factor for
breeders, especially of a complex nature, constituting a difficulty in the selection and
recommendation of genotypes (Jarquin et al. 2017).

Several studies have reported a significant G X E interaction for grain yield of wheat
(Beche et al., 2018; Mohammadi et al. 2018; Nehe et al. 2019; Rapp et al. 2018). This mainly
occurs due to the differential response of a given genotype to a given environment in stimulated
by both biotic, abiotic, or an interaction between them (Nardino et al. 2022a). For example,
wheat plants exposed to very high temperature, have accelerated senescence, decreased
chlorophyll of leaves, lower CO, assimilation, and increased photorespiration (Nuttall et al.

2018). High temperatures (>32°C) around anthesis can induce a non-recoverable reduction in

Artigo publicado no periddico Euphytica (2024), 220: 27. https://doi.org/10.1007/s10681-023-03286-y
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yield by adversely affecting ovary development as well as pollen and floret viability (Pradhan
et al. 2012). Therefore, even if the two environments are strictly similar (eg., in terms of soil
fertility, average temperatures, and rainfall), extreme values can affect the plants differently,
mainly depending on the crop stage they occur.

Reduced precipitation and increases in the maximum and minimum temperatures
between 1961 and 2019 were recorded in the Cerrado (Hofmann et al. 2021), creating a cascade
effect with a delay in the onset of the wet season and changes in important atmospheric
parameters such as the reduction in relative humidity and evaporation and increase in the vapor
pressure deficit (Marengo et al. 2022). The observational evidence of increasing climatic
pressure in this area and unencouraging climate change projections (Reboita et al. 2022) put at
risk the breeding efforts that generated wheat cultivars for this area and increase the challenges
of breeding programs that aim to release new cultivars. Therefore, there is an urgent need to
better understand the GxE interaction in this region, identifying climate-resilient genotypes that
can perform well under warmer conditions. This can be one of the most effective ways for
increasing wheat production in Brazil under new challenges from climate change.

Numerous methodologies are used with the objective of estimating the nature of G X E
interactions, including parametric and non-parametric ones. These differ in terms of estimation
concepts and procedures (Rad et al. 2013; Silva et al. 2012). However, a robust methodology
is to use REML/BLUP mixed models (Restricted Maximum Likelihood/Best Unbiased Linear
Predictor). The method proposed by Resende and Duarte (2007), which uses the harmonic mean
of genotypic values (HMGYV), allows selecting simultaneously for productivity and stability, in
addition to adaptability, through the relative performance of the genotypic values of genotypes
in environments.

Studies on adaptability and stability of wheat often combines different strategies such
as harmonic mean of genotypic values (HMGV), Additive Main effects and Multiplicative
Interaction (AMMI), and Genotype plus Genotype-Environment interaction (GGE) to identify
stable genotypes and delineate mega-environments (Machado e Silva et al., 2021; Woyann et
al. 2019; Verma and Singh 2021). Most of them, however, seem to not explore the climatic
information in each environment. As previous studies have shown (Costa-Neto 2021a),
envirotyping analysis (e.g., environmental covariables) can be an alternative to better
understand the GXE interaction, mainly in a region/environment with high variations among
the locations/seasons (Costa-Neto and Fritsche-Neto 2021; Xu et al. 2022). A better

understanding of the lines response to environmental variations can be very useful for breeding
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programs, in characterizing the GXE interaction, a major complicating factor for breeders
(Resende et al. 2022).

In this sense, the main goal of this study is to integrate envirotyping, adaptability, and
stability techniques to better understand the GXE interaction and provide new insights for the

recommendation of spring wheat genotypes in the new frontier of production in Brazil.

2.3 Material and Methods

2.3.1 Environments, Genotypes, and Experimental Design

From 2018 to 2020, eight field experiments were conducted in four different locations
in the State of Minas Gerais, Brazil (Table 01). The trials were made from a partnership between
the Federal University of Vigosa (UFV) and the Cooperativa Agropecuaria do Alto Paranaiba
(COOPADAP). All test environments were in the Brazilian tropical wheat region, with dry
winter characteristics. The three environments located in Vigosa are in a transition region from
the Atlantic Forest to the Cerrado. The other environments are all Cerrado. In environment 6,
there was inoculation with the fungus Magnaporthe oryzae pat. Triticum, which causes blast.
This procedure was performed as described by Gomes et al. (2019). The purpose of artificial
inoculation was to select promising strains for this type of situation, common in dry

environments in tropical Brazil.
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Table 01 List of eight environments in the study and climatological and experimental variables
during the trial period.

Environment Year Condition Koppen Sowing date Trial period
| RioParanaiba 2018 Imigated W~ dryclvlvrg‘;g tropical 5 65/2018 May - August
2 RioParanaiba 2019  Trrigated W~ dryclvlvrg‘;g tropical  69,052019 May - August
3 Vigosa 2019 Irrigated Cwa - d Ty winter 10/06/2019 June - September
subtropical climate
4 Vigosa 2020 Irrigated Cwa - d Ty winter 10/06/2020 June - September
subtropical climate
. Cwa - dry winter
5 Vigosa 2020 Dry subtropical climate 16/06/2020 June - September
6 Sdo Gotardo* 2020 Dry AW - drycmxll;fer tropical 34,0370 April - July
7 SioGotardo 2020  Irrigated V" dr};lv:/;il;g tropical 661052020 May - August
8 Sete Lagoas 2020 Irrigated Aw - dr;;l\g?;g tropical 16/07/2020 July - October
Environment Altitude Latitude Longitude Tenf]p med Relatlveohumldlty
(W9 (%)
1 Rio Paranaiba 1,150 m 19°21°31”S 46°07°22”W 18.1 81.7
2 Rio Paranaiba 1,150m 19°21°31”S 46°07°22"W 17.8 85.5
3 Vigosa 648 m  20°45°14”S 42°52°55"W 18.6 76.5
4 Vigosa 648 m  20°45°14”S 42°52°55"W 18.2 79.2
5 Vigosa 648 m  20°45°14”S 42°52°55"W 18.2 79.2
6 Sdo Gotardo* 1,083 m 19°13°21”S 46°05°28"W 18.4 80.2
7 Sao Gotardo 1,083 m 19°13°21”S 46°05°28"W 18.7 82.3
8 Sete Lagoas 796 m  19°28°34”S 44°11°42°W 21.8 58.9

* Genotypes used in this environment were inoculated with blast.

The treatments consisted of 31 lines from the UFV Wheat Breeding Program and five

commercial cultivars from different institutions or companies (Table 2). The treatments were

arranged in a completely randomized blocks design with three replications. The plots consisted

of five lines, five meters in length, spaced at 17 cm, in the trials of Rio Paranaiba and Sao

Gotardo and 20 c¢m in the other environments. The population density was 350 seeds m™. For

evaluation purposes, the three central lines were considered as the useful plot. The experimental

management was carried out according to the technical recommendations for wheat cultivation

in the Brazilian Cerrado (Technical information for wheat cultivation: EMBRAPA, 2020).

Grain yield (GY) was determined in kg ha™', with correction for 13% moisture.
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Table 02 Genealogy, breeding institution, and year of release of the commercial genotype or
year of crossing for recombinant inbred lines (RILs) of the genotypes used in the trials.

Class Genotype Genealogy Developer Year
Gl Cultivar BRS 264 Buck Buck/Chiroca//Tui Embrapa Trigo 2005
G2 Cultivar CD 151 BRS 120/0ORL 95282 Coodetec 2011
G3 Cultivar ORS 1403 Inia Tijereta/Alcover//Abalone OR Sementes 2014
G4 Cultivar TBIO Aton TBIO Mestre/Fuste//TBIO Mestre Biotrigo Genética 2018
G5 Cultivar TBIO Duque Toruk#3/Celebra//Noble Biotrigo Genética 2018
G6 RILs VI 09004 Unknown UFV 2009
G7 RILs V109007 Unknown UFV 2009
G8 RILs VI 09031 Unknown UFV 2009
G9 RILs V109037 Unknown UFV 2009
G10 RILs VI 130679 Unknown UFV 2013
Gl11 RILs VI 130755 Unknown UFV 2013
G12 RILs VI 130758 Unknown UFV 2013
GI3 RILs VI 131313 Unknown UFV 2013
Gl14 RILs VI 14001 Embrapa 42/ Pioneiro UFV 2014
G15 RILs VI 14022 BRS254/Alianga UFV 2014
Glé6 RILs VI 14026 BRS254/Alianga UFV 2014
G17 RILs VI 14050 IAC364/BRS207 UFV 2014
G18 RILs VI 14055 IAC364/BRS207 UFV 2014
G19 RILs VI 14088 IAC364/BRS207 UFV 2014
G20 RILs VI 14118 IAC364/BRS207 UFV 2014
G21 RILs VI 14127 BRS264/V198053 UFV 2014
G22 RILs VI 14194 BRS264/V198053 UFV 2014
G23 RILs VI 14197 BRS264/V198053 UFV 2014
G24 RILs VI 14204 BRS264/V198053 UFV 2014
G25 RILs VI 14208 BRS264/V198053 UFV 2014
G26 RILs VI 14214 BRS264/V198053 UFV 2014
G27 RILs VI 14239 IAC364/V198053 UFV 2014
G28 RILs VI 14327 Sel. Rec. 9-16 UFV 2014
G29 RILs VI 14426 BRS264/BRS207 UFV 2014
G30 RILs VI 14668 Unknown UFV 2014
G31 RILs VI 14708 Unknown UFV 2014
G32 RILs VI 14774 Unknown UFV 2014
G33 RILs VI 14867 Unknown UFV 2014
G34 RILs VI 14881 Unknown UFV 2014
G35 RILs VI 14950 Unknown UFV 2014
G36 RILs VI 14980 Unknown UFV 2014

2.3.2 Envirotyping

For each location/season, we collected weather data on a daily basis using the R package

EnvRtype (Costa-Neto et al. 2021a). EnvRtype is a very practical package to acquire and
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process weather data. Based on geographical coordinates (WGS84), plant date, and harvest
date, the package collects and processes remote weather data from “NASA’s Prediction of
Worldwide Energy Resources” (NASA POWER, https://power.larc.nasa.gov/). The following
variables were gathered using the get wheater() function: average air temperature (TMED, °C
d!), minimum air temperature (TMIN, °C d!), and maximum air temperature (TMAX, °C d™!),
2 m above the surface of the earth, rainfalls (RAINFALL, mm), wind speed at 2 meters (WS,
km h'), and relative humidity (RH, %). Using the function parm temperature(),
parm_atmospheric(), and parm_radiation(), the following parameters were computed: thermal
parameters: Growing Degree Day (GDD, °C d”!, considering a base temperature of 5°C), daily
temperature range (TRANGE, °C d!), effect of temperature on radiation use efficiency (FRUE,
from 0 to 1); atmospheric parameters: potential evapotranspiration (ETP, mm d), slope of
saturation vapor pressure curve (SPV, Kpa °C d), vapor-pressure deficit (VPD, kPa), and
dewpoint temperature (TDEW, °C); and radiation parameter: extraterrestrial radiation (RTA,
MJ m? day™).

We used the function W_matrix() of the EnvRtype package (Costa-Neto et al., 2021a) to
create a covariate matrix (W), as proposed by (Costa-Neto et al., 2021b). To better capture the
temporal variation of the environmental information across crop development, the crop cycles
were divided into five-time intervals: from 0 to 30 DAE (tillering); from 31 to 55 DAE
(boosting); from 56 to 70 DAE (heading/flowering); from 71 to 94 DAE (kernel milk stage);
and from 95 to 130 DAE (physiological maturity). These time intervals were defined based on
agronomic knowledge of how wheat grows in the Brazilian Cerrado. For each variable—
phenology combination, we calculated the first quartile (25%), median (50%), and third quartile
(75%) of each combination of environmental variable x time interval across different
environments. Therefore, each one of the 210 combinations of environmental variable x time
interval x quantile has become an envirotype descriptor of the environmental relatedness.

Using the W matrix, we calculated an enviromic kernel (equivalent to a genomic
relationship), using the function env_kernel() of the EnvRtype package (Costa-Neto et al.,
2021a). In order to identify mega-environments, a hierarchical clustering (average method) was

applied to W, producing a heat map.

Artigo publicado no periddico Euphytica (2024), 220: 27. https://doi.org/10.1007/s10681-023-03286-y



19

2.3.3 Statistical analysis
2.3.3.1 Deviance analysis and genetic parameters

The REML/BLUP methodology was used to estimate variance components and predict

the effects of genotypic values and the G X E interaction. The model used was
y=Xr+Zg+Wge+e

where y is the vector of phenotypic data, r is the vector of repetition effects (assumed
as a fixed effect), which includes all repetitions of all environments and encompasses the effect
of environment and repetitions within environments plus the general average, g is the vector of

genotypic effects (assumed to be random) (g ~ N (0, 0'5 ), where 05 represents genotypic
variance, ge is the vector of effects of the G x E interaction (assumed to be random) (ge ~ N
(0, cfie ), where Gée is the variance of the G x E interaction and e is the vector of errors or
residuals (assumed to be random) (e ~ N (0, 02 ), where 62 is the matrix of residual variance.

The letters X, Z, and W mean the incidence matrices for the described effects.

The likelihood ratio test (LRT) was performed in order to test the random effects of the
model through deviance analysis considering the complete model without the effect of genotype
and G x E interaction. Using the REML methodology, the variance components and genetic
parameters were obtained: genetic variance (o), variance of the G X E interaction (02, ),

residual variance (0Z), phenotypic variance (02), heritability of the mean of genotypes

(fl,zng), selective accuracy (fy4) coefficient of determination of the G x E interaction (Rg,),
genotypic correlation of genotype performance across the evaluated environments (7, ), genetic

variation coefficient (CV,q,), and environmental variation coefficient (CV,y,), as follows:

Grd . .
a) h,zng = ——3—— where E is the number of environments evaluated.
Gg+0get Oe
()
P N
b) Tog = [Ning
2 =2
2 Oge _ %ge
C) Rge &§E+ a§+ 05 G2
32
— g
) Tge 8%+ 62
e
e) CVyy, = % 100, where J is the overall average (3,739.17 kg ha™!)
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f) CVe% = 7 x 100

The genotypic values free of the genotype x environment interaction were obtained and
given by the formula {i; + §;, where {i; is the general mean of all environments and §; is the
free genotypic effect of the G x E interaction. For each individual environment, the genotypic

values were predicted using the formula {i; + g; + ge;;, where {i; is the mean of the
environment j, g; is the genotypic effect of the genotype i in the environment j, and ge;is the

effect of the G x E interaction relative to the genotype i. For the eight environments considered
in the study, an environmental stratification analysis was performed via least squares in order
to identify groups of environments in which the G x E interaction is not significant.
Furthermore, the G x E interaction was decomposed into its simple and complex parts using

two methodologies: Robertson (1959) and Cruz and Castoldi (1991).
2.3.3.2 Stability analysis

For the stability and adaptability analysis, the model 54 (Stability, Adaptability and
Productivity) of the Selegen software (Resende 2016) was used, which corresponds to the
design of complete blocks in various environments with one information per plot. The concept
of stability is based on the harmonic mean of genotypic values (HMGV). The concept of
adaptability refers to the relative performance of genotypic values (RPGV). Thus, the
conception of the analysis by stable, adaptable, and productive genotypes occurs through the
analysis of the harmonic mean of the relative performance of genotypic values (HMRPGV),
which considers both information together.

ﬁ, where E is the number of environments (E = 8), where the genotype
j=1Gv;;

a) HMGV =

i was evaluated, GV;; is the genotypic value of genotype i in the environment j, ex-

pressed in relation to the mean of that environment.

E
2j=1GVi'

b) RPGV = % X ~, where {i; is the mean grain yield of the wheat genotypes in the en-

]

vironment j.

E
HMRPGV = ————
©) (XE,x1)/6vy;
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The genotypic adaptability (PRGV) and the simultaneous stability and adaptability
(HMRPGYV) are multiplied by the general mean of the environments, PRVG*{i and
HMRPVG*{i, respectively.

To account for the mean performance and stability of genotypes, we also computed the
WAASB index (Weighted Average of Absolute Scores), which allows weighting between the
mean performance Y and stability (WAASB). This index was computed considering an weight

of 65 for mean performance and 35 for stability (Olivoto et al. 2019).

2.3.3.3 Graphical approach

The GGE Biplot method was constructed using the information on the genotypic values
of each genotype. This method is based on a graphical visualization of the data matrix, which
considers the main effect of each genotype together with the effect of the G x E interaction.

This methodology was described by Yan et al. (2000) and consists of:
Yij — w— B;j = 4éunij + A282im2j + &5

where Y;; is the predicted genotypic value for the GY of genotype i in the environment
J» w is the overall mean, B; is the effect of the environment j. 4; and A, are Eigenvalues
associated with PC1 and PC2, &;;and &,; are the scores for the PC1 and PC2 axes for the
genotype i, ,; and 1,; are the scores for the PC1 and PC2 axes for genotype the j. g;; is the
error associated with the two-dimensional model, that is, the percentage of G + G + E effects

not explained by the first two PCs. These analyses were processed using the Metan package in

the R software (Olivoto and Lucio, 2020).

2.3.3.4 Relationships between mean performance, stability, and climate variables

We used the WAASB index (Olivoto et al. 2019) for each environment to quantify the
genotypic variation within each environment. Environments with higher WAASB are
considered more discriminative, i.e., the variation among genotypes is assumed to be higher in
such an environment. To study the relationships between environmental variables and how they
could be related to mean performance and stability, we conducted a Principal Component
Analysis with a two-way table containing the environmental variables, the WAASB index, and

the average grain yield for each environment. The biplot was produced using the function
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fviz_pca_biplot() of the R package factoextra (Kassambara and Mundt 2020) in order to show
the relationships between studied traits.

Finally, to better understand the distribution of the maximum temperature across the
crop cycle in each environment, we used the function env_typing() of the EnvRtype package
(Costa-Neto et al. 2021a) to create a plot with the relative frequency of occurrence. Therefore,
it was possible to compare how environments (and mega-environments) are similar or not

related to this environmental covariable.

2.4 Results and Discussion

2.4.1 Envirotyping

From the environmental covariates we performed the similarity analysis considering 14
enviromic kernels (Figure 01), where we can visualize the formation of four groups (mega-
environments), which we worked on individually. In the similarity analysis, we visualize that
environments E6 (Sao Gotardo* - dry) and E8 (Sete Lagoas) are contrasting in relation to the
other environments that did not group with any other environment, where such environments
represent a mega-environment. On the other hand, environments E3 (Vigosa irrigated 2019),
E4 (Vicosa irrigated 2020) and E5 (Vigcosa dry 2020) have greater similarity for the
environmental covariates analyzed, indicating that the relative performance of genotypes in a
same city did not change as a function of the water regime. This indicates that the variance
components of the G x E interaction between these environments are not significant. This

information can be seen in table 04, which describes the environmental stratification.
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Fig. 01 Nonlinear enviromic kernels (Gaussian) based on 14 environmental covariates over

eight tropical wheat environments (E1, E2, E3, E4, E5, E6, E7 and E8) shown in Table 1.
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E1: Rio Paranaiba 2018 Irrigated, E2: Rio Paranaiba 2019 Irrigated, E3: Vigosa 2019 Irrigated, E4: Vigosa 2020
Irrigated, ES: Vigosa 2020 Dry, E6: Sdo Gotardo 2020 Dry, E7: Sdo Gotardo 2020 Irrigated, ES: Sete Lagoas 2020
Irrigated.

The environment E1 (Rio Paranaiba - irrigated 2018), E2 (Rio Paranaiba - Irrigated
2019) and E7 (Sao Gotardo irrigated 2020) have greater similarity, these environments formed
another subgroup, possibly explained by the proximity between the three environments.

Figure 02 shows the biplot for the Principal Component Analysis between
environmental variables, grain yield, and genotypic variation in the environments. The two
principal component axes explained 88.6% of the total variation. There was a positive
correlation between TMED, TMAX, SPV, and ETP, and a negative correlation of these climate
variables with RH.
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Fig. 02 Principal Component Analysis with a two-way table containing the environmental
variables, the WAASB index, and the average grain yield for each environment/season for 36
tropical wheat genotypes in eight environments considering G x E interaction as evaluated in
the 2018, 2019, and 2020 crops seasons in the Brazilian Cerrado.
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E1: Rio Paranaiba 2018 Irrigated, E2: Rio Paranaiba 2019 Irrigated, E3: Vigosa 2019 Irrigated, E4: Vigosa 2020
Irrigated, ES: Vicosa 2020 Dry, E6: Sdo Gotardo 2020 Dry, E7: Sdo Gotardo 2020 Irrigated, E8: Sete Lagoas 2020
Irrigated.

tmean, °C d!: average air temperature, tmin, °C d': minimum air temperature, tmax, °C d': maximum air
temperature, rh: relative humidity, gdd: growing degree day, trange: daily temperature range, frue: effect of
temperature on radiation use efficiency, etp: potencial evapotranspiration, spv: slope of saturation vapor pressure
curve, vpd: vapor-pressure deficit, tdew: dewpoint temperature, rta: extraterrestrial radiation, prec: precipitation,
ws: wind speed, GY: grain yield, WAASB: Estimated values of weighted average of stability.

The PCA scores suggest that E3, E4, ES, and E8 were mainly characterized as having a
higher TMD, TMAX, TMIN, a lower RH, and consequently a higher VPD, which is the
difference (deficit) between the volume of moisture in the air and how much moisture the air
can hold when it is saturated. The VPD can be then used as an accurate indicator of current air
evaporative capacity. The combination of higher temperatures with high VPD resulted in higher
rates of ETP observed for E4, E5, and E8. Therefore, it can be concluded that in warmer
environments, the loss of water by evapotranspiration is greater than in cooler environments.
This is supported by the positive association between ETP and environment temperatures
(mean, minimum, and maximum).

The positive association of TMAX, TRANGE, and VPD and the negative association
of RH with WAASB suggest that these environmental variables play a key role in the
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manifestation of genotypic variation in each environment. Therefore, good prospects for the
selection of climate-resilient wheat genotypes for the Cerrado are expected.

Figure 03 shows the distribution of the maximum air temperature within each mega
environment. It is observed that maximum temperature (TMAX °C d!) showed a variable
distribution, especially in mega environment four, which showed low average grain yield values

(see the distribution for other variables in Supplementary material S1).

Fig. 03 Workflow for a scale envirotyping analysis for maximum air temperature (TMAX, °C
d!) effects variable at 8 environmental level and 4 Mega Environment at 5 development stages
(tillering, boosting, flowering final, kernel milk stage and physiological maturity) in wheat
(total 112 ECs).
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M1: E5, E4 and E3 (Vigosa 2019 and 2020 Irrigated and Vigosa 2020 Dry) ; M2: E7, E2 e E1 (S@o Gotardo 2020
Irrigated and Rio Paranaiba 2018 and 2019 Irrigated); M3: E6 (Sao Gotardo 2020 Dry); M4: E8 (Sete Lagoas 2020
Irrigated).

Investigating the maximum air temperature in each of the five development stages
(tillering, boosting, final flowering, kernel milk stage and physiological maturity) it was
observed that the higher temperatures of the E8 (Figure 04) were mainly observed during
boosting, heading/flowering, and kernel milk stage with temperatures between 29 and 39°C
during more than 75% of the days in these stages. On the other hand, environment E1 (Rio

Paranaiba -irrigated), in which the wheat genotypes showed the highest BLUP for grain yield,
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we were able to analyze in the workflow that the relative frequency of maximum air temperature
in the development stages was reduced, which contributed to the excellent results obtained in
this environment. Similar results for grain yield and maximum air temperature, we can observe
for environments E3 (Vigosa irrigated 2019), E4 (Vigosa irrigated 2020) and E7 (Sao Gotardo
irrigated).

Wheat is cereal of the most important food crops worldwide in terms of production and
human nutrition. Brazil is a major consumer of wheat, with an approximate consumption of 12
million tons (Conab 2021), it is not self-sufficient and produces only 50% of the demand. Brazil
has a high potential for expanding the cultivation of wheat, especially into regions of lower
latitude, such as the Brazilian Cerrado (Casagrande et al. 2020). However, in the Brazilian
Cerrado we need to develop and release cultivars with tolerance to heat, once those high
temperatures same that for short periods have the potential to significantly reduce grain
production (Nuttal et al. 2018). In the research by Hofmann et al. (2021) the importance and
potential of the Brazilian Cerrado is highlighted with a prediction of maximum air temperature
for 2050. The authors highlighted an increase in maximum temperature of 4.0, 3.4, 4.4, and 6.0
°C in the months of July, August, September and October, respectively. During these months,
the wheat crop will be in full development in the field in this region. In parallel, the increase in
maximum air temperature, the study also indicates a ~15% decrease in relative humidity.

Of the eight environments evaluated, in three (E6, E8 and ES5) the wheat genotypes
showed grain yields below the general average of the other environments, where E§ and ES
were environments with maximum air temperatures greater than 29°C at critical development
stages, such as heading/flowering. The high temperature at anthesis or after anthesis decreased
chlorophyll content, individual grain weight and grain yield of wheat (Pradham et al. 2012).
High temperature stress decreases chlorophyll content as a result of damaged thylakoid
membranes or lipid peroxidation of chloroplast membranes (Ristic et al. 2007; Djanaguiraman
et al. 2010).

With these data, we understand that the development cycle of the genotypes was
accelerated in this environment, which reduces the time for the accumulation of photo-
assimilated reserves in the stalk and leaves that would be translocated to the grain later. High
temperature, especially above 34 °C at flowering, as we observed, increases flower sterility in
the spikelets, reducing the number of grains per spike and thus grain yield. Once, that reduced
grain number may only be partially compensated by increased grain filling due to proportionally
greater allocation of assimilate to the remaining kernels (Jenner et al. 1991; Nuttall et al. 2018).

At growth stage (double ridge), high temperature adversely affects spikelet formation (Shpiler

Artigo publicado no periddico Euphytica (2024), 220: 27. https://doi.org/10.1007/s10681-023-03286-y



27

and Blum 1986), at meiosis decreases grain number per spike by inducing ovule and pollen
sterility and anther indehiscence (Prasad et al 2008a), at anthesis, stress decreases the grain
number by adversely affecting ovarian development, pollen germination and pollen tube growth
(Prasad et al. 2008b) At grain filling period, high temperature decreases leaf chlorophyll content
and accelerates senescence (Zhao et al. 2007), leading to a shorter grain filling duration with an
ultimate decrease in individual grain weight and yield (Pradhan et al 2012).

Based on these results we can also highlight the huge importance of considering the
application of envirotyping in understanding the GxE interaction (Crossa et al. 2022;
Heinemann et al. 2022; Resende at al. 2021), for deciphering environmental impacts of
covariable climates on wheat genotypes. Wheat genotypes vary significantly in their sensitivity
to high temperature, where many studies have showed significant differences in the response in
heat tolerance (Pradhan et al. 2012; Farooq et al. 2011; Stone and Nicolas 1998). Thus,
considering the impact that maximum air temperature has on the wheat crop and that the
expansion area in Brazil will have an increase in maximum temperature, we need to select wheat
genotypes that are resilient to these environmental conditions. Currently, a first step can be
taken by analyzing the genetic variability of germplasm and recommending wheat genotypes

that are more resilient to higher temperature environments.

2.4.2 Deviance analysis

According to the restricted maximum likelihood test (LRT) shown in Table 03, there is
a significant effect of genotype and G x E interaction for the character GY (p < 0.01). The
genetic variability of the conjoint analysis is the arithmetic mean of genotypic variance
components of individual analyses minus the interaction (Cruz et al. 2012). In view of this, the
practice of selection based on an average of the environments is not effective and appropriate.
Therefore, it is necessary to use methods that capitalize on the effects of the G x E interaction
in order to maximize gains for a series of environments. Other recent studies on wheat have
also reported a significant effect of the G x E interaction for GY (Lozada et al. 2020; Sehgal et
al. 2020; Szareski et al. 2021).
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Table 03 Likelihood ratio test, variance components, and genetic parameters of 36 tropical
wheat genotypes as for grain yield (GY) in eight environments evaluated in the 2018, 2019, and
2020 crop seasons in the Brazilian Cerrado.

Effect Deviance LRT Variance Component
Genotype 11,973.71 8.56™ 65 33,357.93
G x E interaction 12,015.05 49.90™ Ghe 140,613.16
Residue - - 62 387,595.02
Complete model 11,965.15 - 65 561,566.11
Genetic Parameters
Heritability of mean genotype (h2,;) 0.50
Selective accuracy (SA) 0.71
Coefficient of determination of interaction G x E (R;e) 0.25
Genotypic correlation of performance in environments (64,)  0.19
Genetic variation coefficient (VCg, %) 4.88
Experimental variation coefficient VCe, %) 16.65
Mean (kg ha™!) 3,739.17

2 =663 *xZ,=3.84

The variance component 65 presented a greater contribution of components due to the
effects of the G X E interaction (6gze) and the environment (62) in relation to the genotypic
component (6g2). This situation is quite common for complex characters, such as GY, as it has

a strong environmental influence and is governed by many genes. The genetic parameters ﬁfng
and the selective accuracy were 0.50 and 0.71, respectively. Casagrande et al. (2020) reported
estimates similar as these for GY upon studying the diversity of a panel of wheat genotypes
using REML/BLUP. According to Resende and Duarte (2007), selective accuracy estimates
greater than 0.70 indicate a high experimental precision in the selection of genotypes. The CVe
estimate was 16.65%, corroborating the parameter of accuracy and study of Nardino et al.
(2022b) considering the variable GY in wheat.

The CVg/CVe ratio was lower than the unit, suggesting difficulties in multi-
environment selection. The Rf]e and 64, which Table 03 shows, were low: 0.25 and 0.19,
respectively. Low estimates for these parameters derive from the presence of a complex G x E
interaction, which indicates an inconsistency in genotype superiority with variation across
environments (Cruz et al. 2012). The lowest Cvg/Cve ratio is commonly found for polygenic

traits with a strong environmental influence, as is the case with wheat grain yield.
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2.4.3 Nature of genotype-environment interaction

Figure 04 shows the percentage of G X E interaction of the complex part. A high
predominance of the complex part over the simple part is attested by estimates higher than 50%
in both methodologies. In the comparison between the pairs of environments, there is a lack of
correlation between the best genotypes of each environment. The lowest estimates are from the
E1 x E6 environments in both methodologies. These environments are those with the highest
and lowest means, respectively. These results indicate that there is a trend towards less change

in the ranking of genotypes between these environments.

Fig. 04 Percentage of G x E interaction of the complex part according to (A) Robertson (1959)
and (B) Cruz and Castoldi (1991).
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2.4.4 Genotypic mean performance

The BLUPs represented in Table 04 refer to the mean genotypic value in the various
environments and capitalizes the average interaction with all evaluated environments. There is

a high environmental variability according to the estimates of the genotypes evaluated. The
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environment with the highest average was El, in Rio Paranaiba 2018, followed by the
environments E3 and E7, Vigosa 2019 and Sao Gotardo 2020, with mean yields per
environment of 5,029.03, 4,292.80, and 4,265.80 kg ha™!, respectively. These environments,
classified as favorable environments or with high technology, if compared to the national
average of wheat productivity in Brazil in 2020 (2,663 kg ha™!), are 1.89 (E1), 1.61 (E3), and
1.60 (E7) times superior. It is important to point out that the Brazilian average of wheat
productivity mainly reflects the South region, which historically cultivates wheat. In view of
this, it is possible to verify a high potential of these cultivation environments for the cultivation
of wheat in warmer regions. Currently, the wheat production area in tropical Brazil is still small
(295.3 thousand hectares). However, in the coming years the estimate is to expand the wheat
production area to one million hectares in an irrigated system in the Cerrado.

The least productive environment was the E6, Sao Gotardo 2020, a rainfed environment
with sowing before the end of the rainy season and with pressure by disease (blast inoculation).
Grain yield in this environment was 1,406.24 kg ha™!. The second lowest productive average
was in Sete Lagoas 2020 (ES8), followed by Vicosa 2020 (E5). Among the three most
unfavorable environments, two are environments with rainfed cultivation (E5 and E6). These
results corroborate those Pereira et al. (2019) described. The authors concluded that there is a
need for a greater drought tolerance in wheat to unlock the production potential of the Brazilian
Cerrado.

Another unfavorable environment was ES8, characterized as the environment with the
highest average temperature during the cultivation period (21.8 °C) and the lowest relative
humidity (58.9%) among all environments evaluated (Table 01). Leaf respiration is highly
associated with higher air temperature in wheat and inversely proportional to yield, especially
during the grain filling phase, with negative correlation estimates between 0.50 and 0.85 (Pinto
et al., 2017). Heat tolerance in wheat is a polygenic trait difficult to quantify, and there are still
no effective methods for selecting parents that are heat-tolerant and few molecular markers are
used for the selection of this trait (Ni et al., 2018; Zhongfu et al. 2018). However, this
characteristic, coupled with tolerance to water deficit, are essential factors for the advancement
of wheat in Brazil, especially for lower regions in the Southeast and Midwest regions and in the

North and Northeast States in general.
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Table 04 Best linear unbiased predictor (BLUP) for 36 tropical wheat genotypes in eight
environments considering G x E interaction as evaluated in the 2018, 2019, and 2020 crop
seasons in the Brazilian Cerrado.

u+g;+(ge);

Genotypes Environments Mean u + g;
E1** E2bd E3® E4b E5P E6° E7¢ E&°

BRS 264 5282.23 4375.40 4594.23 4309.59 4281.84 1388.56 4780.20 3097.16 3918.94
CD 151 5133.16 3981.86 3926.71 3794.05 3484.88 1319.71 4620.75 2623.31 3654.93
ORS 1403 4766.96 3736.36 4220.72 3889.71 3180.30 1257.97 4654.84 2338.53 3586.24
TBIO ATON 5245.11 4194.03 4931.53 4342.03 3907.79 1403.87 4381.30 3334.58 3888.73
TBIO DUQUE 4721.24 4002.78 4320.12 4029.86 3515.71 1194.67 4173.36 2472.32 3617.74
VI 09004 5405.13 3823.78 4219.48 4673.11 394529 1567.34 4064.07 4068.09 3890.86
VI 09007 5306.46 4077.72 4036.95 4251.37 3699.00 1348.74 3712.14 2862.33 3688.52
VI 09031 5113.06 3957.37 4254.31 4028.08 3583.42 1515.56 3624.16 2929.14 3664.81
VI 09037 5349.56 4144.17 3984.18 3818.95 3395.13 1322.17 4082.31 3068.60 3677.91
VI 130679 4898.96 3482.30 4240.45 4341.23 3503.98 1290.43 4090.40 2681.78 3625.88
VI 130755 4621.50 3607.51 4299.76 3979.09 3228.69 1536.86 4279.23 2956.01 3624.17
VI 130758 4420.23 3883.09 4110.79 3996.55 3162.77 1465.33 4025.40 2914.98 3580.82
VI 131313 4638.85 3365.61 4406.71 3928.31 3836.29 1027.85 4130.87 3607.03 3659.61
VI 14001 4767.34 3882.66 4113.74 4005.18 3987.86 1274.39 4414.19 3260.62 3722.19
VI 14022 5795.32 3893.18 3657.15 3906.81 3444.77 1409.05 4351.73 2821.19 3687.25
VI 14026 5587.80 4356.68 4478.56 4073.46 359093 1644.69 4746.96 3500.30 3908.31
VI 14050 5138.20 3740.85 4237.25 4146.22 3727.61 1120.71 3846.74 2737.49 3639.43
VI 14055 5317.19 3807.28 4461.51 4550.30 3900.65 1305.89 4654.96 3781.99 3891.97
VI 14088 442498 3853.66 4527.73 4318.06 3484.28 1447.72 4055.07 3289.19 3697.20
VI 14118 5104.55 4268.61 4110.80 4387.65 3901.30 1460.54 4242.79 3212.28 3802.63
VI 14127 5706.27 4364.26 4603.74 4747.49 3915.44 1740.92 4482.76 3393.77 3988.15
VI 14194 5676.27 4162.07 4961.24 4398.18 3427.17 1629.55 4427.03 2851.64 3871.78
VI 14197 5884.07 4282.66 4379.20 4424.87 3995.84 1551.62 4602.84 3402.94 3952.90
VI 14204 5459.91 3703.28 4151.58 4351.95 3572.02 1646.64 4380.79 2555.84 3731.69
VI 14208 5005.01 3947.98 4307.44 4315.33 3684.80 1439.66 4344.18 2242.44 3687.88
VI 14214 5060.30 4182.44 4368.34 4813.63 3932.94 1467.10 4521.61 2750.58 3836.07
VI 14239 4509.86 3706.07 3816.21 3738.57 3646.55 1090.03 3869.91 2648.90 3502.80
VI 14327 5206.94 3838.80 4342.12 4467.27 3680.39 1304.04 4322.40 3075.91 3765.74
VI 14426 4814.14 3970.33 3994.47 3881.57 3657.52 1469.28 4270.01 2844.01 3656.32
VI 14668 5227.38 3898.25 4148.27 4154.12 3817.16 1671.45 4182.97 3525.37 3797.43
VI 14708 4962.56 3870.11 4414.74 4199.28 3464.51 1191.21 4292.40 3077.76 3703.08
VI 14774 4384.20 4211.41 4495.34 4339.31 3882.48 1745.95 4368.15 3800.89 3846.77
VI 14867 4420.44 4165.90 4756.99 4198.06 3345.16 1515.56 4374.17 3551.35 3773.08
VI 14881 4626.01 3964.26 4359.08 4332.43 3526.44 1232.24 3906.15 2712.93 3636.52
VI 14950 4482.00 3748.62 3625.09 3651.65 3269.52 1178.56 3753.46 3359.90 3506.29
VI 14980 4581.94 4252.46 4684.44 4616.68 3972.25 1448.69 4538.37 4093.31 3925.40
Mean 5029.03 3964.00 4292.80 4205.56 3654.24 1406.24 4265.80 3095.68 3739.17

* Environments followed by the same letter show non-significant G x E interaction components at 5%
probability by F test.
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The environmental stratification grouped the environments E2, E3, E4, and E5. This
indicates that the variance components of the G x E interaction between these environments are
not significant. The three environments in Vigosa, together with the Rio Paranaiba 2019
environment, established a mega-environment (b). The environments E6 and E7, rainfed and
irrigated, of Sdo Gotardo established another subgroup (c), indicating that the relative
performance of genotypes in a same city did not change as a function of the water regime. The
environments irrigated Rio Paranaiba (2020) and irrigated Sao Gotardo (2019) formed another
subgroup, possibly explained by the proximity between the two environments. The
environments E1 and E8, with lower and higher average air temperature, did not group with
any other with non-significant G x E interaction. They are thus independent environments.

Among the ten most productive genotypes in the E1 environment, the most favorable
environment in this study, six are among the group of the ten most productive genotypes in the
E8, with artificial inoculation of blast, namely: VI 14127, VI 14204, VI 14026, VI 14194, VI
09004, and VI 14197. These results suggest the classification of these strains as an ideal
genotype due to the high performance of these materials in favorable as well as in unfavorable
environments. The VI 14127 genotype was present in the selection of the ten most productive
genotypes in all evaluated environments. Other published studies have also reported a high
performance of this genotype (Machado e Silva et al. 2021). Figure 03 shows the relationship
between climate variables, environments, and grain yield.

Table 05 shows the results of stability (HMGYV), adaptability (RPGV), stability, and
adaptability. The HMGYV results indicate that the most productive and stable genotypes were
VI 14127, V1 14774, VI 14026, VI 14197, and VI 09004. The HMGYV analysis simultaneously
brings together a selection based on two concepts: productivity and stability. Productivity is the
result of an ordering of genotypes based on their genotypic values (BLUP), and stability is
calculated through the standard deviation of the genotype behavior in the environments
evaluated. The smaller the standard deviation, the greater the harmonic mean of genotypes. The
genotypes VI 14980 and BRS 264, the 3rd and 4th most productive genotypes based on
environment means (Table 04), are not among the five genotypes with the highest estimate of
HMGV. These results indicate that, despite being productive when the average across
environments is analyzed, they present little predictable behaviors.

Genotypic adaptability (RPGV) is expressed as the mean value of the proportion of
predicted genotypic values in relation to the general mean of each environment. In this sense,
the most adapted genotypes were those with the highest estimate of HMGYV, plus the genotype
VI 14980. The genotype VI 14980 had previously the 6th highest value of HMGV. The
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HMRPGV, which combines the concepts of productivity, stability and adaptability, classifies
the genotypes exactly in the same way as the RPGV statistic informs. According to this method,
the most productive, stable, and adapted genotypes are VI 14127, followed by the genotypes
VI 14197, VI 14980, VI 14026, and VI 09004. No commercial genotype was among the top
five for each parameter evaluated. The best commercial genotype was the BRS 264, with
HMRPVG *u 3,974.48 kg ha'!. This method is very similar to the classical method proposed by
Linn and Binns (1988), but in a genotypic and not in a phenotypic context.

Other authors have already reported the use of this method for soybean (Gongalves et
al. 2020), cotton (Peixoto et al. 2020), and other oilseed species that produce biodiesel (Alves
et al. 2018). For wheat, there is only one study in the literature (Machado e Silva et al. 2021);
however, only three environments were used in it.

The first two principal components (PCl and PC2) in the GGE Biplot analysis
encompassed approximately 70% of the total variation (64.75%) present in the environments
(Figure 05 A). Other authors, in a similar study with 50 wheat genotypes and nine environments,
observed an explanation between PC1 and PC2 of 50%. According to Yan et al. (2000), PC1
indicates the degree of adaptability of the genotypes; it is correlated with the performance per
se in each environment. PC2 indicates the degree of stability of each genotype. In this type of
analysis, the cosine of the angle between two environments corresponds to the genetic
correlation between them. There is a high negative genetic correlation between the
environments E1 and E8. The high discordance between the performance of genotypes in these
environments can be explained by the agroclimatic differences existing between them (Table

01).
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Table 05 Genotypic stability (HMGV), genotypic adaptability (RPGV), simultaneous
genotypic adaptability and stability (HMRPGYV), genotypic value multiplying adaptability
(RPGV*p), and genotypic value penalized by instability and multiplied by adaptability
(HMRPGV*p) for 36 tropical wheat genotypes as for grain yield (GY) in eight environments
evaluated in the 2018, 2019, and 2020 crop seasons in the Brazilian Cerrado.

Line HMGV Line RPGV_RPGV*u Line HMRPGV HMRPGV*u

VI 14127 3670.10 VI 14127 1.1117 4156.81 VI 14127 1.1092 4147.30
VI 14774 3570.17 VI 14197 1.0872 4065.32 VI 14197 1.0857 4059.75
VI 14026 3539.64 VI 14980 1.0845 4055.24 VI 14980 1.0747 4018.48
VI 14197 3534.09 VI 14026 1.0772  4027.91 VI 14026 1.0729 4011.71
VI 09004 3507.41 VI 09004 1.0743  4017.05 VI 09004 1.0640 3978.65
VI 14980 3493.21 VI 14774 1.0711 4005.12 BRS 264 1.0629 3974.48
VI 14668 3459.32 BRS 264 1.0662 3986.57 VI 14774 1.0596 3961.97
VI 14194 3437.34 TBIO ATON 1.0568 3951.45 TBIO ATON 1.0552 3945.41
BRS 264 3399.40 VI 14055 1.0560 3948.58 VI 14055 1.0496 3924.61
TBIO ATON  3391.96 VI 14194 1.0545 3942.86 VI 14194 1.0474 3916.27
VI 14867 3356.20 VI 14668 1.0412 3893.19 VI 14668 1.0359 3873.43
VI 14118 3348.19 VI 14214 1.0364 3875.43 VI 14214 1.0317 3857.54
VI 14214 3341.72 VI 14118 1.0289 3847.26 VI 14118 1.0276 3842.32
VI 14055 3338.90 VI 14867 1.0253 3833.60 VI 14867 1.0177 3805.48
VI 14204 3291.34 VI 14204 1.0029 3749.85 VI 14327 1.0009 3742.40
VI 14088 3243.72 VI 14327 1.0024 3747.99 VI 14204 0.9933 3714.16
VI 09031 3215.70 VI 14088 0.9912  3706.27 VI 14088 0.9876 3692.79
VI 14327 3197.80 VI 14001 0.9905 3703.50 VI 14001 0.9870 3690.73
VI 14426 3190.58 VI 09031 0.9773 3654.11 VI 09031 0.9733 3639.15
VI 130755 3187.44 VI 09007 0.9752 3646.32 VI 09007 0.9716 3633.07
VI 14001 3163.61 VI 14208 0.9744 3643.62 VI 14426 0.9703 3628.11
VI 14022 3145.82 VI 14022 0.9739 3641.74 VI 14708 0.9701 3627.43
VI 09007 3140.78 VI 14708 0.9732 3638.97 VI 09037 0.9675 3617.54
VI 14208 3126.08 VI 14426 0.9722  3635.29 VI 14022 0.9670 3615.95
VI 09037 3121.60 VI 09037 0.9704 3628.36 VI 14208 0.9626 3599.26
VI 130758 3116.07 VI 130755 0.9639 3604.21 VI 130755 0.9600 3589.65
CD 151 3069.25 CD 151 0.9581 3582.51 CD 151 0.9530 3563.51
VI 14708 3064.48 VI 131313 0.9558 3573.88 VI 14881 0.9464 3538.71
VI 130679 3035.88 VI 14881 0.9499 3551.69 VI 130679 0.9439 3529.26
VI 14881 3020.73 VI 130679 0.9468 3540.24 VI 130758 0.9421 3522.56
TBIO DUQUE 2955.48 VI 130758 0.9449 3533.15 VI 131313 0.9392 3511.69
ORS 1403 2937.66 VI 14050 0.9427 3524.85 VI 14050 0.9367 3502.45
VI 14050 2935.84 TBIO DUQUE 0.9377 3506.30 TBIO DUQUE  0.9320 3484.96
VI 131313 2912.19 ORS 1403 0.9263 3463.43 ORS 1403 0.9173 3429.93
VI 14950 2900.67 VI 14950 0.9060 3387.55 VI 14950 0.9005 3367.07
VI 14239 2808.35 VI 14239 0.8932  3339.80 VI 14239 0.8891 3324.56

The comparison between mean and stability (Figure 05 B) considers the continuous

green line with the arrow, called “average-environment axis” (AEA), classifying the genotypes
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with the highest average performance across the environments; the line perpendicular to the
AEA indicates a greater environmental productivity variability (less stability) in any direction,
such that the longer the dotted green line, the less stable the genotype (Yan and Tinker 2006).
Based on these concepts, the sister lines G21 (VI 14127) and G23 (VI 14197) present genetic
superiority in relation to the others. In addition, other genotypes show high stability and
productivity: G1 (BRS 264), G16 (VI 14026), G18 (VI 14055), and G4 (TBIO ATON). The
closer to the X axis (green line with arrow to the left), the greater the stability. In this case, the
most stable genotypes are G27 (VI 14239), G34 (VI 14881), and G31 (VI 14708). However,
these genotypes have a low grain yield in most environments. In general, the less productive a
genotype is, the more stable it tends to be, as it consistently underperforms in many
environments. The G36 (VI 14980) presented the greatest distance, evidencing a low estimate
of prediction of productive behavior, which is different from the previous HMRPGYV analysis.

The genotypes derived from cultivar BRS 264 (G21, G22 and G23) in its pedigree are
among the best results for stability. Other studies have already reported the high productivity,
adaptability, and stability of this genotype under Brazilian Cerrado conditions (Albrecht et al.,
2007). This cultivar occupies 70% of the cultivated area in the Cerrado of Brazil and the world
record for daily productivity: 9,630 kg ha’!, that is, 80.9 kg ha! day'. Based on this, it is
suggested that stability and adaptability are complex traits and are confused with grain yield.
Their inheritance should be better investigated to optimize the selection of this trait in wheat
breeding programs.

Based on the graphic representation Which-won-Where (Figure 05 C), the genotypes
G21, G23, G22, G15, G3, G27, G35, G32, and G36 are the furthest from the Biplot origin and
have a better performance in one or more environments. Therefore, these genotypes delimit the
area of the polygon. The blue dotted lines leaving the center of the Biplot (0,0) delimit the
diagram in nine different sectors, with the formation of three distinct mega-environments (ME).
The first mega-environment (ME1) is composed of only El, the second mega-environment
(ME2) is composed of the environments E2, E3, E4, ES5, E6 and E7, and the third mega-
environment (ME3) is composed of the E8 environment. Each mega-environment can be
defined as a group of environments where one or more genotypes show a high adaptability,
similar to what occurs in environmental stratification analyses. The three mega environments
formed by the GGE Biplot analysis corroborate the results obtained in the environmental
stratification analysis due to the formation of subgroups with a non-significant G x E
interaction. G22 showed high adaptability to ME1, G21 and G23 showed better performance in
ME?2, while the genotypes G36 and G32 showed high adaptability to ME3. The genotypes
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present in sectors where there is no environment were not responsive to any environment
studied.

ME1 and ME3 were more discriminative, while ME2 was more representative (Figure
05 D), especially the E6, a rainfed environment with blast inoculation. Mushayi et al. (2020)
report that ideal environments for selection must be discriminatory and representative;
however, no ME in this study was classified as ideal (Figure 05 E). Discriminatory but not
representative environments can be used to select genotypes adapted to specific environments.
Representative and homogeneous environments are ideal for the selection of widely adapted
lines (Banyai et al., 2020). A genotype is considered ideal when high productive performance
is linked to high stability. The genotypes closer to the center of the concentric circles are the
most desirable and present a behavior close to that of the ideal genotype ideotype (Figure 05
F). In this study, the genotypes G21, G23, G16, G1, G4, and G22 are the closest to a
hypothetical ideal genotype according to the GGE Biplot methodology. These results
corroborate those found through the WAASBY index (Figure S2).
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Fig. 05 GGE Biplot graph (A), stability (B), polygon (C), environment discrimination (D), ideal
environment (E), and ideal genotype (F) obtained by the GGE Biplot method considering the
first two principal components (PC1 and PC2) for 36 tropical wheat genotypes as for grain yield
(GY) in eight environments evaluated in the 2018, 2019, and 2020 crop seasons in the Brazilian
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2.5 Conclusions

The genotypes VI 14127, VI14197, VI14026, and BRS 264 were selected
simultaneously by the HMRPGYV and GGE Biplot method as highly productive, adaptable, and
stable, being promising genotypes to be cultivated in the Brazilian tropical region. The
envirotyping contributed to a better understanding of genotypic performance across contrasting
environments. The grain yield was negatively correlated with the temperature at the dewpoint
and relative humidity. The environment with a lower yield had natural rainfall and mild
temperatures. Surprisingly, the environment with higher natural rainfall precipitation that
received irrigation was the second less productive. There is strong evidence that the high
temperatures (> 30 °C) during 75% of the days during boosting stage and during the entire stage
of heading/flowering were the main limiting climate factor in this environment. Within that
environment, V114774 and V114980 strains showed better performance (GY > 3800 kg ha™')
and are potential germplasm sources for high-temperature environments at the boosting and
heading/flowering stages. Overall, this study provides new insights on how the environment
typing can be useful to better understand the genotype-by-environment interaction and help to
breed new climate-resilient wheat cultivars for the Brazilian tropical region. The joint use of
HMRPGV and GGE Biplot methodologies is highly promising in exploring the G x E

interaction, especially in situations with contrasting environments.
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2.8 Anexos

Figure S1 — Covariables enviromics distribution between the four mega environment
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Figure S2 - Estimated values of weighted average of stability (WAASB) and mean
performance (Y) (WAASBY) for 36 tropical wheat genotypes as for grain yield (GY) in eight
environments evaluated in the 2018, 2019, and 2020 crop seasons in the Brazilian Cerrado
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3. MODELAGEM DE ESTRUTURAS DE (CO)VARIANCIAS GENOTIPICAS E
RESIDUAIS NA SELECAO DE LINHAGENS DE TRIGO TROPICAL EM ENSAIOS
MULTIAMBIENTAIS

3.1 Resumo

A identificagdo de linhagens de trigo altamente produtivas e estaveis em uma série de ambientes
nas regioes mais quentes e secas do Brasil por parte do programa de melhoramento € primordial
para o Brasil tornar-se autossuficiente na producdo deste cereal. No entanto, metodologias
convencionais de analise nem sempre sdo as mais apropriadas. A ocorréncia de desequilibrio
genético e/ou estatistico € comum nesse cenario. Além disso, pode haver (co)variancia entre
efeitos genéticos e residuais quando tratamentos sdo avaliados em diferentes ambientes. Para
tal, avaliamos oito diferentes estruturas de modelos de matrizes de (co)variancias genotipicas e
residuais na selecdo de 36 linhagens de trigo ao logo de oito ambientes em relacdo a
produtividade de graos. Os objetivos desse trabalho foram avaliar diferentes estruturas de
matrizes de covariancia e selecionar o modelo mais adequado com o intuito de selecionar
linhagens com maiores valores genéticos. Existe associacao entre os modelos avaliados pela
correlagdo de Spearman de diferentes magnitudes. Baseado no Critério de Informacgdo de
Akaike (AIC) e de Informagao Bayesiano de Schwarz (BIC) o modelo de melhor ajuste foi de
correlagdo heterogénea para os efeitos genotipicos e diagonal para os efeitos residuais.
Aumento nos ganhos com a selecdo usando o modelo de melhor ajuste na ordem de 5,48% e
8,10% foram observados quando a selecdo ¢ praticada baseada em ranking e pelo indice FAI-
BLUP, respectivamente. As linhagens VI 14127, VI 14197, VI 14026, VI 14194, VI 14214 ¢
as cultivares BRS 264 e TBIO ATON foram selecionadas pelo programa de melhoramento.

Palavras-chave: Triticum aestivum L., G x E interaction, REML/BLUP, mixed models.

3.2 Introducio

O Brasil possui quatro diferentes regides edafoclimaticas para o cultivo de trigo,
configuradas de acordo com as caracteristicas de altitude, temperatura e precipitagdo. As
regides 1 e 2 sdo caracterizadas por clima imido e frio e umido e moderadamente frio,
respectivamente. A regido 1 engloba as areas mais altas dos Estados do RS, SC e PR e a regido

2 as areas de menor altitude, dos mesmos Estados citados anteriormente e o sul de SP. A regido
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3 engloba o norte do Estado do PR e o sul do Estado do MS com caracteristicas climaticas de
altas temperaturas e moderadamente seco. A regido 4 (quente e seca) engloba as regides norte
de SP, norte do MS, sul do MT, oeste da BA ¢ Estados de MG e GO (Scheeren et al., 2008).
Essas quatro regides juntas configuram uma area total de 7,27 milhdes de hectares potenciais
para o cultivo de trigo no Brasil (Mingoti et al., 2014). Desse montante, mais de 50% da area
potencial, aproximadamente 4 milhdes de hectares, encontram-se na regido de cultivo 4 (quente
e seca).

De acordo com os dados da Companhia Nacional de Abastecimento no relatorio de
Abril/2023 as regides brasileiras Sudeste, Centro-Oeste e Nordeste somam aproximadamente
295,3 mil hectares semeados nessa safra (7% da area potencial de cultivo). Nessa safra, o Brasil
deve produzir um pouco mais de 3 milhdes de hectares de trigo (Conab 2023), sendo 90%
produzido nos Estados da regido Sul (RS, SC e PR). Esse numero reflete a baixa participagao
produtiva das regides edafoclimaticas 3 e 4 no montante nacional. Para que o Brasil possa
tornar-se autossuficiente na producao de trigo, € necessario que a produgdo nacional dobre,
passe de aproximadamente 6 mi de toneladas para 12 mi de toneladas. Diante disso, o aumento
de areas de producao nas regides quentes e moderadamente secas e secas € imprescindivel, visto
que apresentam a maior area de cultivo potencial.

A 1identificagdo de genotipos de trigo adaptados e produtivos para essas regides
representa inimeras vantagens, dentre elas o aumento da seguranga alimentar no Brasil, pela
diminui¢do da dependéncia de farinha no mercado internacional. Por isso, a selecdo mais
assertiva por linhagens de trigo de maior valor genético nos programas de melhoramento ¢ uma
etapa crucial (Robert et al., 2022). Para isso, se faz necessario a avaliagdao das linhagens em
ensaios multiambientes (MET), com o intuito de identificar materiais mais adaptaveis e estaveis
em uma série de ambientes (Bornhofen et al., 2017; Woyann et al., 2019). Nesse cenério, héd a
ocorréncia de interagdo genotipos X ambientes (G x E), que surge em fun¢do do comportamento
diferencial que os gendtipos apresentam quando sdo avaliados em varios ambientes, ocorrendo
devido a expressdo diferencial dos genes pelos diferentes estimulos ambientais (Nehe et al.,
2019; Singh et al., 2019).

A necessidade de avaliar as linhagens em MET aumenta a complexidade e dificuldade
das analises estatisticas de selecdo. A utilizagdo de métodos tradicionais, baseados em analise
de variancia (ANOVA) por minimos quadrados ortogonais pode nao ser adequada na maioria
das vezes. Isso ocorre devido ao fato que MET geralmente englobam uma série de ambientes
com caracteristicas climaticas, de solo e de manejo muito distintas, mesmo aqueles com

proximidade geografica. Essa dissimilaridade de ambientes aumenta a ocorréncia de
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desbalanceamento genético e/ou estatistico e 0 nao atendimento de um dos pressupostos basicos
para a ANOVA, a homoscedasticidade de varidncias. Para contornar esse problema, os
programas de melhoramento de trigo tém usado a metodologia REML/BLUP (Patterson and
Thompson 1971; Henderson 1975), para os melhores preditores lineares ndo-viesados serem
estimados através do método de estimagdo de variancias maxima verossimilhanga restrita.

A metodologia REML/BLUP permite aos melhoristas a modelagem da interagdo G x E
por meio de uma matriz de (co)variancias dos efeitos genéticos entre os diferentes ambientes
em que os genodtipos foram avaliados (Piepho et al., 2008; Chaves et al., 2022). Além disso, a
matriz de (co)variancias residuais (efeitos nao-genéticos) pode ser modelada mais
adequadamente (Padua et al., 2016; Rocha et al., 2019). Essa abordagem permite a obtencao de
um modelo mais realista na selecdo de linhagens em MET, uma vez que ocorre a
heterogeneidade de variancias genéticas e residuais e a falta de correlacdo de gendtipos entre
pares de ambientes (Araujo et al., 2022; Melo et al., 2020; Souza et al., 2021).

Embora essa metodologia seja amplamente considerada como mais adequada na sele¢ao
de linhagens em MET, ainda ndo ¢ muito usada na cultura do trigo. Entre os poucos trabalhos
de trigo conhecidos na literatura envolvendo essa abordagem (Buntaran et al., 2020; Crossa et
al., 2006; Studnicki et al., 2016; Ward et al., 2019), nenhum foi encontrado envolvendo as
condigdes tropicais de trigo no Brasil. Sendo assim, os objetivos desse trabalho foram: 1) avaliar
oito diferentes estruturas de (co)variancias para os efeitos genéticos e nao genéticos na selegao
de linhagens de trigo; 2) selecionar o modelo mais apropriado de estrutura de co(variancia) com
maior capacidade preditiva do valor genético das linhagens de trigo e compara-lo com o modelo
tradicional e amplamente usado (variancias homogéneas); 3) estimar a associacdo linear
existente entre as diferentes estruturas de matrizes de co(variancias); 4) selecionar linhagens de
trigo mais promissoras e predizer os ganhos com a sele¢@o considerando a selecdo a partir do

modelo de melhor ajuste e 0o modelo tradicional.
3.3 Material e Métodos
3.3.1 Material genético e delineamentos experimentais
Oito experimentos de campo (Figura 01) que compdem a rede experimental de ensaios
de Valor de Cultivo e Uso do Programa de Melhoramento de Trigo da Universidade Federal de

Vigosa (UFV), MG, Brasil, foram avaliados durante trés estagdes de inverno nos anos de 2018,

2019 e 2020 na regido que corresponde ao Cerrado Brasileiro. Seis dos oito ensaios foram
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conduzidos em condigdes irrigadas e o restante em condi¢do de sequeiro. O manejo hidrico nos
ensaios irrigados ocorreu de acordo com as necessidades hidricas da cultura. As semeaduras
ocorreram entre os meses de abril a julho e foram realizadas de maneira mecanizada. O
ambiente 7 (E7) recebeu inoculagdo de brusone (Magnaporthe oryzae pat. Triticum).

Os tratamentos consistiram em 36 genotipos endogamicos de trigo tropical, sendo 31
oriundos do Programa de Melhoramento de Trigo da UFV e cinco cultivares comerciais
testemunhas de diferentes obtentores (BRS 264, CD 151, ORS 1403, TBIO Aton ¢ TBIO
Duque). Essas linhagens encontram-se em fase final das etapas de sele¢do, visando a
recomendacdo de novas cultivares de trigo para o Cerrado do Brasil. Os tratamentos foram
dispostos em delineamentos de blocos completamente casualizados, com trés repetigoes,
conforme exigéncias do Registro Nacional de Cultivares — Ministério da Agricultura, Pecudria
e Abastecimento (RNC-MAPA) do Governo Federal Brasileiro (Brasil, 2008).

A unidade experimental foi constituida por uma parcela com cinco linhas de cinco
metros de comprimento, com espacamento entre linhas que variou entre 17 e 20 cm, de acordo
com o manejo de cada ambiente avaliado. Todos os ensaios foram conduzidos de acordo com
as recomendagdes técnicas para o cultivo do trigo no Brasil (Embrapa, 2020). Somente as trés
linhas centrais foram colhidas na maturidade fisioldgica e essas foram consideradas como a
parcela 1til. A densidade populacional foi de 350 sementes m™. As plantas foram colhidas de
maneira manual e posteriormente trilhadas de forma mecanizada. Os pesos brutos de cada
parcela foram corrigidos para 13% de umidade nos graos. A produtividade de grdos foi

determinada em kg ha™’.
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Figura 01. Localizacdo dos ambientes usados nesse estudo nas safras de 2018, 2019 e 2020 no
Cerrado Brasileiro.
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3.3.2 Analises estatisticas

Para a estimacdo dos componentes de variancia e a predi¢do de efeitos dos valores
genotipicos e da interagdo G x E foi utilizado a metodologia REML/BLUP, proposta por
Patterson e Thompson (1971) e Henderson (1975), respectivamente. A significancia dos efeitos
aleatorios do modelo foi testada através do teste de razdo de verossimilhanga (LRT), por meio
da estatistica qui-quadrado (y?) com v graus de liberdade, onde v ¢ a diferenca entre o nimero

de parametros dos modelos comparados (Wilks, 1938).

3.3.2.1 Modelo para analise conjunta

O modelo utilizado foi:
y=Xt+Zju;+ Zgeuge + €

em que: y ¢ o vetor de dados fenotipicos;



52

T ¢ o vetor composto pelos efeitos de repeti¢do (assumidos como efeito fixo), que contempla
todas as repeti¢des de todos os ambientes, englobando o efeito de ambiente e das repeticdes
dentro dos ambientes, acrescidos da média geral p;

ug € o vetor dos efeitos genotipicos (assumidos como aleatorios) (ug ~ N (0, Gy );
Uge € 0 vetor dos efeitos da interagdo G x E (assumidos como aleatorios) (ge ~ N (0, Gy, );

€ ¢ o vetor de erros ou residuos (assumidos como aleatorios) (e ~ N (0, R);
As letras X, Z, ¢ Z,, representam as matrizes de incidéncia associadas aos efeitos 7, uge ug,,
respectivamente, € Gy, Gg. € R sdo as matrizes de (co)variancias dos efeitos uy; ug. € &,

respectivamente, apresentadas anteriormente.

3.3.2.2 Modelagem dos efeitos aleatorios

Para a realizagdo da analise conjunta dos ambientes, foi realizado a escolha de modelos
contabilizando diferentes estruturas de matrizes de variancia e covariancia dos efeitos aleatorios
do modelo. No total, oito diferentes estruturas foram avaliadas (Tabela 01). O efeito residual
foi avaliado considerando a estrutura de identidade de variancia (IDV) e de matriz diagonal
(DIAG). Para o efeito de linhagem (genotipico) foram considerados as seguintes estruturas:
simetria composta (CS), diagonal (DIAG), correlacao heterogénea (CORH) e nao estruturada
(US). A combinacao das diferentes estruturas pode ser visualizada na tabela abaixo:

Tabela 01. Resumo das diferentes estruturas de covariancia ajustadas aos efeitos aleatérios do
modelo.

Matrizes de (Co)variancias Modelos
2 3 4 5 6 7 8
G dos efeitos das linhagens CS CS DIAG DIAG CORH CORH UsS UsS
R dos residuos IDV  DIAG IDV DIAG IDV DIAG IDV  DIAG

CS: Simetria Composta; IDV: identidade de varidncia; DIAG: matriz diagonal; CORH: correlagdo heterrogénea;
US: ndo-estruturada.

A estrutura IDV ¢ homogénea, todos os elementos da diagonal sdo positivos e comuns
e a os elementos de fora da diagonal (covariancia) sao nulos, ou seja, o valor de variancia ¢ o

mesmo para todos os ambientes.

af 0 0 0

0 o2 0 0

IV =1[ef) =| g" 2
X

0 0 0 o?
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Na estrutura DIAG os elementos da diagonal diferem entre si (sdo heterogéneos) e
positivos, enquanto os elementos de fora da diagonal sdo nulos. Nesse tipo de matriz, cada

ambiente apresenta um componente de variancia diferente e a covariancia entre os pares de

ambientes € nula.

g 0 0 0

0 g2 0 0
DIAG = )

0 0 oy O

0 0 0 o

A estrutura CS apresenta na sua diagonal o somatério de duas variancias distintas, mas

com o mesmo valor em todos os ambientes € a covariancia igual para todos os pares de

ambientes.
or + of Oy Oy Oy
Oy o7 + of Oy Oy
CS = ’ 2
Oy Oy oy + oy Oy
Oy Oy Oy o7 + o

Para a estrutura CORH, a diagonal principal é composta por variancias heterogéneas e

os elementos de fora da diagonal sao compostos pelo produto da diagonal multiplicado por uma

correlagdo (p).

2
Ox O0x0yp O0xOwpP O0x0zp
2
0y 0P o 0yOwpP 0,0,P
CORH = y y y ; y

OwOxpP OwOyp Ow Ow0zpP

2

020xP  0z0yp 0z0yp 0z

A estrutura US apresenta varidncia e covariancia distinta entre os ambientes e os pares

de ambientes, respectivamente.

Oy Oxy Oxw Oxz

(0}
X w z
US Y 3/2 y
Owx Owy Ow Owz

Ozx Ozy Ozw Oy

3.3.2.3 Critério de escolha do modelo

A comparagdo entre os modelos, considerando os efeitos genotipicos e residuais, foi

realizada pelo Critério de Informacgdo de Akaike (AIC) e pelo Critério de Informagdo Bayesiano
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de Schwarz (BIC). Os critérios de AIC (Akaike, 1974) e BIC (Schwarz, 1978) sdo obtidos da

seguinte forma:
AIC = —2Log(L) + 2p
BIC = —2Log(L) + 2pLog(N — )

em que: Log(L) ¢ o logaritmo neperiano do ponto de maximo da fun¢do de verossimilhanga
residual, p € o nimero de parametros no modelo, N € o niimero total de observagdes e r € o
posto da matriz de incidéncia para os efeitos fixos. Modelos com menores valores de AIC e

BIC indicam modelos mais adequados, com melhor ajuste para os dados.
3.3.2.4 Correlacao entre as diferentes estruturas de matrizes

Para averiguar a associa¢do linear nao-paramétrica entre os modelos testados,
coeficientes de correlagdo de Spearman (Spearman, 1910) entre os pares de modelos de
matrizes de (co)variancia foram obtidos a partir dos valores genotipicos preditos (BLUPs), por
meio da seguinte equagao:

r=1-6 Ldlz
n(n? —1)
em que: d; ¢ a diferenca em numeros de postos no ranqueamento entre os BLUPs dos geno6tipos

e n ¢ o numero total de observacgdes.

3.3.2.5 Estimac¢ao de parametros genéticos e nao-genéticos

A herdabilidade genotipica (h?) considerando o modelo 1 (CS x IDV) foi obtida através

da formula:
A2
h? dell — 4
modell — ,22 ~D ~D
05+ 05 + 0;
E

em que E ¢ o nimero de ambientes avaliados.
Para os demais modelos testados, a herdabilidade genotipica foi calculada da seguinte
maneira:

~2
2 9y

=)

A2 A2
65 + 6¢

As estimativas de acurdcia seletiva (r54) foram obtidas da seguinte forma:
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| _PEV
T = |1——
g9 O-gZ

em que PEV ¢ a variancia do erro de predicao.
O coeficiente de variacao experimental (CVe%) e o coeficiente de variacdo genotipico

foram obtidos pela seguinte maneira:

62 e

CVery = | = | x 100 Vo, = | 2] x 100

Em que y representa a média fenotipica geral para GY.
3.3.2.6 Seleciao de linhagens e predicao de ganhos com a selecdo

A selecdo das linhagens ocorreu em dois diferentes cendrios: (1) selecao truncada
baseada nos valores genotipicos de cada ambiente e, (2) pelo indice de sele¢ao FAI-BLUP
(factor analysis and genotype-ideotype distance) (Rocha et al., 2017), considerando cada
ambiente como sendo uma caracteristica avaliada e uma taxa de selecao de 15% (6 linhagens).
Ambos os modelos em comparagdo, o mais simples e usual (M1) e o de melhor ajuste (modelo
escolhido pelos critérios AIC e BIC) foram comparados quanto aos ganhos com a selecao e
coeficiente de coincidéncia na seleg¢ao das linhagens. Os ganhos com a sele¢do foram calculados

a partir da seguinte formula:
DS = Xs-Xo

DS
GS(%) = —x 100

o

em que DS indica diferencial de selecdo, y; média aritmética de GY das linhagens selecionadas

€ Yo média aritmética de todas as linhagens avaliadas.
3.3.2.7 Softwares utilizados

A comparagdo entre modelos, andlises individuais e conjuntas, predicdo de valores
genéticos foram realizadas no software R (R Core Team 2021, version 4.2.1), usando o pacote
ASReml-R (Butler et al., 2018), versao 4.1. O indice de selecdo FAI- BLUP, rede de correlagdes
e correlacdo de Spearman utilizou-se o software R (R Core Team, 2021). As figuras foram

realizadas utilizando os pacotes ggplot2 (Wickham 2016) e ComplexHeatmap (Gu et al., 2016).
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3.4 Resultados

3.4.1 Escolha do modelo de (co)variancias

Baseado no teste da razdo da maxima verossimilhanga restrita (Tabela 02), pode-se
contatar que para todas as configuracdes de modelos de estruturas de (co)variancias genotipicas
e residuais testadas, houve efeito significativo da variancia genética (p<<0.01). De acordo com
os critérios AIC e BIC, o melhor ajuste deu-se para o modelo 6 com matriz genotipica CORH
e matriz residual DIAG. Os valores de AIC e BIC foram 11751,51 e 11831,98, respectivamente.
Curiosamente, o modelo escolhido pelos critérios de AIC e BIC nao apresentou o menor valor
de PEV. O menor valor de PEV foi de 1052,73 do modelo 4 (DIAG % DIAG). Os valores de
AIC e BIC do modelo 4 foram ligeiramente superiores ao modelo 6: 11763,34 e 11839,07,

respectivamente.

Tabela 02. Numero de parametros estimados (p), Critério de informagao de Akaike (AIC),
Critério Bayesiano de Schwarz (BIC), logaritmo do ponto maximo da funcdo de maxima
verossimilhanga [log(L)], variancia do erro de predi¢ao (PEV), correlagao ambiental (r) and
teste de razdo de verossimilhanga (LRT) para todos os modelos testados com diferentes
estruturas de matrizes genotipicas e residuais de (co)variancia.

Modelo p G R AIC BIC log (L) PEV r LRT
1 3 CS IDV  11971,13 1198533  -5982,57 17240,66 - 81,206%<00D
2 10 CS DIAG 11872,80 11910,66 -5872,83  17240,66 -  111,128®<00D
3 9 DIAG IDV  11940,12 11982,72 -5961,06  1070,91 - 124,220<00D
4 16 DIAG DIAG 1176334 11839,07 5865,669  1052,73 - 125,458(<00D
5 10 CORH IDV  11933,38 11980,72 -5956,69 1858,612 0,22  132,9580<001
6 17 CORH DIAG 11751,51 1183198 -5858,76 1961,147 0,25 139,284®<%"
7 37 US IDV  11962,55 12137,68 -594427 1877,888 -  157,792(<00D
8 44 US DIAG 11776,13 1198440 -5844,07 1864,389 -  168,664®<0D

CS: Simetria Composta; IDV: identidade de varidncia; DIAG: matriz diagonal; CORH: correlagdo heterrogénea;
US: néo-estruturada.

3.4.2 Correlacio entre modelos avaliados

De acordo com a Figura 02, a associagdo de ranqueamento de postos dos genotipos
(Correlagdo de Spearman) entre os BLUPs para todas as configuracdes de modelos testadas
variou de 0.75 (US x IDV e CS x DIAG) a 0.97 (CS x DIAG ¢ CS x IDV; CORH x DIAG ¢
DIAG x DIAG). A estimativa de 0.97 da correlacdo de Spearman entre as duas configuragdes
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de modelos mais promissores a partir de AIC, BIC e PEV indicam que os modelos CORH x
DIAG e DIAG x DIAG apresentaram alta similaridade da predi¢ao dos valores genéticos. Nesse
sentido, em funcdo dos menores valores para AIC e BIC e a alta concordancia entre os valores
genéticos com a configuragdo de estruturas de (co)varidncias de menor PEV, o modelo

escolhido foi 0 modelo 6 (CORH x DIAG).

Figura 02. Correlagdo de Spearman entre BLUPs para todos os modelos testados com
diferentes estruturas de matrizes de (co)variancias genotipicas e residuais.
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* Todos os coeficientes sdo signficativos a 1% de probabilidade de erro pelo test t.
3.4.3 Componentes de variancia e parimetros genéticos e ambientais

A Tabela 03 informa uma comparagao entre o modelo 1 tradicional (IDV como matriz
residual e CS como matriz genotipica) e o modelo escolhido 6 (DIAG para a matriz residual e
CORH para a matriz genotipica) em relagdo aos componentes de variancia e parametros
genéticos. Observa-se que, os componentes de variancias genéticos e ndo-genéticos € 0s erros
padrdes sdo bastante dissimilares ao longo dos ambientes testados.

Os valores de herdabilidade e acuracia seletiva variaram de 0.09 a 0.63 ¢ 0.30 a 0.79,
entre os ambientes E8 e E1, respectivamente. A precisao experimental medida através do CVe%
foi alta para os ambientes E1, E2, E3, E4, ES e E7, com coeficientes menores que 15%. Os

ambientes com estresse por brusone e alta temperatura do ar/sequeiro apresentaram os maiores
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coeficientes de variagdo, com alto reflexo na relacdo CVg/CVe, demonstrando dificuldade na
sele¢@o por parte dos melhoristas.

Quando se observa as estimativas para o modelo 1 isoladamente, as estimativas de
herdabilidade sdo de 0.48 e de acuracia seletiva de 0.69. Enquanto as estimativas de precisao
experimental sdo ligeiramente superiores a 15% (16.65%). Ha falta de concordancia entre as
estimativas na compara¢ao dos dois modelos. Dessa forma, a estratifica¢do e o estudo isolado

e comparativo mostram-se altamente promissor.

Tabela 03. Componentes de variancia e paradmetros genéticos do modelo simples CS x IDV
(M1) e o modelo escolhido CORH x DIAG (M6) de estruturas de matrizes de (co)variancias
genotipicas e residuais.

Modelo  Ambiente o SE o2, SE G SE
M1 All 33350,98 16322,30  140642,82  25573,05  387577,73 23162,21
El 499276,30  145230,70 - - 29722290  50396,49
E2 105311,80  40152,81 - - 173340,00  29095,92
E3 137521,20 66946,21 - - 38347490 6411522
M6 E4 21494,41 21564,12 - - 190819,20  31076,10
E5 199685,40  60978,12 - - 158131,40  26746,73
E6 152482,90  53302,88 - - 198462,60  33259,80
E7 128631,70  47334,42 - - 190550,00  32114,34
E8 149835,60  165115,50 - - 1522998,00  247844,80
Modelo Ambiente h T59 CVe% Cvg% CVg/CVe Mean
M1 All 0,48 0,69 16,65 4,88 0,29 3739,17
El 0,63 0,79 10,84 14,05 1,30 5029,03
E2 0,38 0,61 10,50 8,19 0,78 3964,00
E3 0,26 0,51 14,43 8,64 0,60 4292,80
M6 E4 0,10 0,32 10,39 3,49 0,34 4205,56
E5 0,56 0,75 10,88 12,23 1,12 3654,24
E6 0,43 0,66 31,68 27,71 0,88 1406,24
E7 0,40 0,63 10,23 8,41 0,82 4265,80
E8 0,09 0,30 39,87 12,50 0,31 3095,68

67: variancia genotipica; 64, varidncia da interagio GxE; §Z: varidncia residual; SE: erro padrdo; hg:
herdabilidade genotipica; r;,: acuracia; CVe%: coeficiente de variagao experimental; CVg%: coeficiente de

variacdo genotipico.
3.4.4 Rede de correlacoes
A rede de correlagdes entre os BLUPS do modelo CORH x DIAG (Figura 03) entre os

ambientes, com agrupamento por local geografico e ano agricola dos ensaios mostra uma alta

associagao linear (>0.5) entre os ambientes E2 x E4, E4 x E8 ¢ E6, E6 x E3, E8, E4 ¢ E7 ¢ E7
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x E8. Nesse sentido, nota-se que a divisdo dos ambientes baseada em ano agricola ¢ mais
explicativa para entendimento do desempenho das linhagens que em relagdo ao local
geografico.

Os ambientes E4, E6, E7 ¢ E§ compde a rede experimental no ano de 2020, enquanto
os ambientes E2 e E3 no ano de 2019 e o ambiente E1 no ano de 2018. A associagdo entre
localidades geograficas somente foi significativa para o par de ambientes no municipio de Sao
Gotardo (E6 e E7). Embora o E6 foi de sequeiro com inoculacao de brusone, a associagdo linear
significativa com o ambiente E7, no mesmo municipio, mostra que o desempenho das linhagens

tende a ser mais previsivel nesses ambientes.

Figura 03. Rede de correlacdes entre ambientes considerando locais e anos como diferentes
agrupamentos baseados nos BLUPs da varidvel produtividade de grios (GY, kg ha!) obtida
pelo modelo CORH x DIAG (modelo escolhido).
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3.4.5 Selecao de linhagens e predicdo de ganhos com a selecao

Quando se considera o desempenho per se das linhagens em cada ambiente
individualmente (Figura 04) pode-se observar que no E1 as linhagens mais produtivas foram
VI 14197, VI 14022, VI 14127, VI 14194, VI 14026 e VI 14204. J4 para o E2, as mesmas
linhagens VI 14127, VI 14026 e VI 14197 do E1 e BRS 264, VI 14118 e VI 14980. O E3
apresentou as linhagens VI 14194, TBIO ATON, VI 14867, VI 14980, BRS 264 e VI 14127.
O E4 apresenta a linhagem VI 14127 (selecionada em todos os ambientes anteriores) com a
maior predi¢cdo de valor genético, seguida por VI 14774, VI 14026, VI 14194, VI 14204 ¢ VI
14668. O E5 mostrou a cultivar da Embrapa como a mais produtiva (BRS 264), seguida por VI
14026, ORS 1403, CD 151, VI 14055 e VI 14197. As linhagens VI 14214, VI 14127, VI 09004,
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VI 14960, VI 14055 e VI 14327 foram as de maior valor genético para o E6. A cultivar BRS
264 aparece novamente como a lider no E7, seguida pelas linhagens VI 14001, VI 14197, VI
14214, VI 14980 e VI 09004. O E8, ambiente de maior temperatura média do ar, mostrou a
linhagem VI 14980 como a mais promissora. As linhagens VI 09004, VI 14055, VI 14774, VI
14127 e VI 14197 vieram na sequéncia.

A linhagem que foi selecionada em mais ambientes foi a linhagem VI 14127 em seis
dois oito ambientes avaliados. A segunda linhagem com maior indice de vitdrias, em cinco dois
oito ambientes avaliados, foi a linhagem VI 14197, seguida pela cultivar BRS 264 e as
linhagens VI 14026 e VI 14980 com quatro/oito selecdes individuais. Outras linhagens com
destaque para 3 selegdes foram: VI 14194, VI 14055 e VI 09004. As linhagens VI 14204 e VI

14214 foram selecionadas concomitantemente em dois ambientes.
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Figura 04. BLUPs dos geno6tipos nos oito ambientes utilizados neste estudo nas safras 2018,
2019 e 2020 no Cerrado brasileiro, considerando selecdo direta em cada safra para

produtividade de grios (GY, kg ha™').
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O indice FAI-BLUP (Figura 05) mostrou que para o modelo 1 tradicional (CS X IDV)
as linhagens selecionadas foram: VI 14214, VI 14327, VI 130679, VI 14208, VI 14050 ¢ VI
14127 (A). Quando se considera a estruturacdo das matrizes de (co)variancias residuais e
genotipicas no indice FAI-BLUP as linhagens selecionadas sdo: VI 14127, BRS 264, V1 14197,
VI 14214, TBIO ATON e VI 14194 (B). Existe discrepancia entre os resultados obtidos pelos
dois diferentes modelos, embora seja observado alta associagdo linear entre os modelos (0.97)
na Figura 06. O indice de coincidéncia da selecdo entre os dois modelos pode ser verificado na
Tabela 04. Quando se considera a selecao truncada baseada em ranqueamento a coincidéncia
entre os modelos M1 e M6 ¢ de 0.67 (4/6 linhagens selecionadas concomitantemente): VI
14127, VI 14197, BRS 264 ¢ VI 14026. Quando a selecao ¢ realizada a partir do indice FAI-
BLUP o indice de coincidéncia diminui de 0.67 para 0.33 com somente duas linhagens
selecionadas de forma conjunta (VI 14214 ¢ VI 14127).

Os ganhos com a selegdo passam de 2.70% para 8.48% com a selecdo baseada em
ranqueamento e de 0.25% para 8.35% com a selegdo a partir do FAI-BLUP indice. Com o uso
da modelagem na estruturacao das matrizes de (co)variancias genotipicas e residuais os ganhos
com a selecdo aumentam em 5.78% e 8.1%, para selecdes baseadas em ranqueamento e FAI-
BLUP, respectivamente. Diante disso, as linhagens mais promissoras selecionadas, a partir do
M6, pelos dois métodos de selecdo, para a regido triticultora 3 e 4 do Brasil sdo: VI 14127, VI
14197, BRS 264, VI 14026, VI 14194, VI 14214 e TBIO ATON (selecionada exclusivamente
pelo FAI-BLUP).

Tabela 04. Ganhos preditos com a selegao (GS) e coeficiente de coincidéncia baseado na
selecdo por ranking e pelo indice FAI-BLUP no modelo 01 (CS x IDV) e modelo (CORH x
DIAG) de estruturas de (co)variancias.

Selecio por ranking
Modelo Xs Xo DS GS% Genotipos selecionados Coincidéncia
VI 14127, VI 14197, VI 14980,
BRS 264, VI 14026 and VI 14055
VI 14127, VI 14197, BRS 264, VI
14026, VI 14194 and VI 14214
Selecao FAI-BLUP

Modelo Xs Xo DS GS% Genotipos selecionados Coincidéncia
VI 14214, VI 14327, VI 130679, VI
14208, VI 14050 and VI 14127
VI 14127, BRS 264, VI 14197, VI
14214, TBIO ATON and VI 14194
Xs: Média dos genétipos selecionados; X's: Média original dos genétipos; DS: Diferencial de selegdo

M1 384024  3739,17 101,07 2,70
0,67
M6 4056,30  3739,17 317,13 848

MI 3748,67 3739,17 9,50 0,25
0,33
M6 4051,32  3739,17 312,15 8,35
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Figura 05. Grafico FAI-BLUP considerando a sele¢do das seis linhagens mais produtivas
(15%) baseado no modelo 1 (A - CS x IDV) e modelo 6 (B - CORH x DIAG) de estrututuras
de (co)variéncias.
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Figura 06. Associacdo linear entre os modelos CS x IDV (modelo 1) e CORH x DIAG (modelo
6) e performance média produtiva dos genotipos através dos ambientes.
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3.5 Discussao

Baseado nos resultados apresentados anteriormente, o painel de linhagens de trigo
tropical avaliadas em MET possuem variabilidade genética para a caracteristica produtividade
de graos (GY), independente do modelo de estrutura de (co)varidncia modelado (Tabela 01).
Além disso, essa caracteristica ¢ fortemente influenciada pelo ambiente de avaliagao (Tabela
02). Nesse sentido, a abordagem de estudar diferentes estruturas de modelos de efeitos
aleatorios: genéticos (genotipicos) e ndo genéticos (residuais) nesse estudo ¢ altamente
promissora. A modelagem dos efeitos aleatorios pode resultar em aumento na precisdo dos
resultados e eficacia no processo seletivo (Araujo et al., 2022). O processo de sele¢dao ¢ uma
etapa crucial dentro de quaisquer programas de melhoramento de plantas. Esse processo se
torna ainda mais importante em trigo, pois a principal caracteristica foco nos programa de
melhoramento € GY (Tadesse et al., 2019). A GY em trigo ¢ uma caracteristica poligénica, com
forte influéncia do ambiente e que apresenta comportamento epistatico (Ali et al., 2020; Raffo
et al., 2022).

Os resultados da tabela 02 indicam na primeira comparagao realizada entre o modelo 1
e 2, que a estrutura de (co)variancia residual diagonal € superior a estrutura de matriz de residuo
identidade, pela menor estimativa de AIC e BIC. Os demais modelos que apresentam a estrutura
de (co)variancia residual como uma identidade (modelos 3, 5 e 7) sdo apresentados puramente

para conhecimento e demonstragdo. Outros estudos de outras culturas também foram
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encontrados na literatura em que a estrutura da matriz residual em que os elementos da diagonal
diferem entre si ¢ mais apropriada: pinhdo manso (Evangelista et al., 2022), feijdo-caupi
(Aratjo et al., 2022), feijdo-comum (Melo et al., 2020) e milho (Coelho et al., 2021).

A estrutura CORH foi o melhor modelo para a estruturagdo das (co)varidncias
genotipicas. Esse modelo representa os elementos da diagonal principal em variancias
heterogéneas e fora da diagonal pelo produto da diagonal multiplicado por uma correlagdo (p:
0.25). As menores estimativas de AIC e BIC foram para os modelos CORH x DIAG, seguidos
por DIAG x DIAG, respectivamente. A modelagem de matrizes genotipicas CORH difere da
modelagem DIAG, pelo fato que as covaridncias entre os pares de ambientes ndo sdo nulas,
como ocorre na estrutura DIAG. O modelo DIAG x DIAG apresentou a menor estimativa de
PEV. Frequentemente, os modelos escolhidos com o melhor ajuste (AIC e BIC critério) tendem
a apresentar também o menor valor de PEV (Brewer at al. 2016). No entanto, para esse estudo
especifico foi diferente. O modelo de melhor ajuste CORH x DIAG (menor valor de AIC e
BIC) apresentou PEV de 1961.147 e 0o modelo DIAG x DIAG a PEV foi de 1052.73.

Em ensaios MET em programas de melhoramento, Gouveia et al., (2020) descrevem
que ¢ comum existir altos niveis de discrepancia entre variancias e covariancias ambientais.
Essa discrepancia pode resultar em aumento na propor¢ao do erro estatistico tipo I na selegao
de linhagens (Hu et al., 2013). A comparagdo de gendtipos ¢ uma etapa crucial na selecao de
linhagens de trigo. Entretanto, descartar a presenca de heterogeneidade de variancias pode
aumentar a probabilidade de rejeitar a hipdtese de nulidade, mesmo ela sendo verdadeira. Esse
fato torna-se ainda mais evidente em situagao de cultivo como no Brasil tropical. As condigdes
tropicais brasileiras para cultivo de trigo sdo altamente dissimilares e com a presenca de eventos
climaticos altamente adversos (Pasinato et al., 2018; Pereira et al., 2019). Diante desse cenario,
a escolha pelo modelo 6, que compreende a estruturagdo de uma matriz CORH para os efeitos
genéticos e uma matriz DIAG para os efeitos ndo-genéticos mostra-se altamente promissora e
representa impactos positivos na selecao de linhagens de trigo.

Meétodos tradicionais, como aqueles baseados em ANOVA, tendem a ser mais simples
e usuais (Szaresk et al., 2018) pela menor complexidade das andlises. No entanto, esses métodos
assumem que todas as observacdes tém um erro comum. Esse fato ¢ altamente contestado no
contexto MET. Modelos de menor complexidade nesse estudo, como o CS x IDV apresentaram
estimativas de correlacdo de Spearman com o modelo de melhor ajuste de 0.86 (Tabela 03).
Apesar da correlacdio de Sperman ser considerada alta, ocorre alteracdo do posto no
ranqueamento das linhagens, pois a relacdo de postos ndo ¢ perfeita (1.0). A alteragdo na

ordenagao dos postos de gendtipos influencia diretamente na sele¢do de linhagens (Machado e
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Silva et al., 2023) e pode causar confundimentos e erros na selecdo de linhagens de maior valor
genético para GY. Se confundimentos ocorrerem, a recomendacdo de genotipos tende a nao ser
eficaz. Ambientes de produgdo de trigo ou de qualquer outra espécie em expansdo da fronteira
agricola dependem do desenvolvimento e recomendagdo de novos gendtipos de maneira eficaz
e assertiva (Casagrande et al., 2020, Lima et al., 2022; Nardino et al., 2022).

Em relacdo aos componentes de varidncias e parametros genéticos (Tabela 03) no M1
(CS x IDV) ndo ha o detalhamento do comportamento das linhagens avaliadas por ambiente.
Nesse modelo somente hé a discriminagdo dos efeitos genotipicos em variadncia genética (6;)
e varidncia G x E (6Z,) e efeitos residuais (6¢) de maneira generalizada para todos os
ambientes. Baseado nesses conceitos os parametros genéticos inferindo a respeito da média do
desempenho de todos os ambientes pode nao ser a estratégia mais promissora. Por outro lado,
0 M6 permite a particularizacdo do estudo das variancias, pardmetros genéticos e coeficientes
de precisdo genéticos-estatisticos. Por isso, que em alguns ambientes as herdabilidades,
acuracia seletiva e precisoes experimentais sdo consideravelmente maiores.

A rede de correlagdes apresentou duas diferentes formas de agrupamento (Figura 03).
A primeira forma referiu-se para as localidades e a segunda forma para os anos agricolas de
ensaios. Ambas as representagdes trazem reflexdes importantes para a discussdo. Ambientes de
maior altitude (favoravel para o desenvolvimento do trigo) como os ambientes E1, E2, E6 e E7
nao tem relagdo direta entre si, nem por local e nem por ano agricola. O ambiente E8 (Sete
Lagoas) com condic¢des de estresse por alta temperatura refletiu associagao linear positiva com
os ambientes E3, E4, E6 ¢ E7. A anélise agrupada por ano tende a ser mais discriminatoria na
exploracao das relagdes lineares. Somente o ambiente E5 (Vigosa sequeiro) nao apresentou
correlagdo positiva com os demais ambientes do ano 2020. A falta de correlagcao do desempenho
das linhagens no ano 2020 entre os ambientes irrigados e sequeiro (E5) pode ser explicado pela
alta influéncia da temperatura e déficit hidrico que esses fatores exercem no trigo (Luchiari Jr.
et al., 1997; Nardino et al., 2022; Poersch-Bortolon et al., 2016).

A cultivar BRS 264, material com maior expressdao no Cerrado brasileiro (Albrecht et
al., 2006), apresentou os maiores valores genéticos para GY nos ambientes E2, ES e E7 (Figura
04). O alto desempenho produtivo dessa cultivar pode ser observado tanto em ambientes
favoraveis quanto em ambientes desfavordveis. Esse fato pode explicar a alta expressdo e
difusdo desse material entre multiplicadores e agricultores nas regides triticolas 3 e 4. No E6,
com inoculagdo artificial de brusone, as linhagens com maior destaque quanto aos seus valores

genéticos sdo todas provenientes do Programa Trigo da UFV. As linhagens VI 14127, VI 14197
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e VI 14214 mostraram-se como superiores nos ambientes desfavoraveis E6 (sequeiro e com
inoculagdo de brusone), no E5 (sequeiro) e no E8 (alta temperatura) e nos ambientes favoraveis
El, E2, E3, E4 ¢ E7. Quando analisa-se o desempenho per se dessas linhagens frente aos
ambientes, os resultados indicam que atualmente existem no desenvolvimento publico de
melhoramento de trigo opgdes para langamento de variedades que podem ultrapassar a cultivar
BRS 264 no mercado. Essa cultivar, no mercado hd mais de 15 anos, apesar dos 6timos
resultados, pode ser substituida. Essa substituicdo representa vantagens a toda a cadeia
produtora e consumidora de trigo no Brasil.

De maneira geral, a modelagem das estruturas de (co)variancias em ensaios MET tem
se mostrado altamente promissora em programas de melhoramento (Melo et al., 2020;
Evangelista et al., 2023). No entanto, o melhorista e analista de dados deve se atentar para que
a definicao da melhor estrutura de (co)variancias dependera das peculiaridades de cada conjunto
de dados, como o nimero de genotipos avaliados, o nimero de ambientes, a dissimilaridade e
a heterogeneidade entre os ambientes e a natureza e comportamento da caracteristica avaliada.
(Aragjo et al. 2022).

Ambos os métodos se selegao, como baseada em ranking e a selegdo a partido indice
FAI-BLUP mostraram a superioridade do M6 em relacdo ao M1 quanto aos ganhos com a
selecdo (Tabela 04). Além disso, os indices de coincidéncia nas propor¢des de 0.67 ¢ 0.33, para
ranking e FAI-BLUP, respectivamente, comprovam e validam a necessidade de modelagem da
estrutura das matrizes de (co)variancia dos efeitos aleatdrios dos modelos lineares mistos. A
diferenga entre ganhos com a selecdo na ordem que variam de 5.78 a 8.1% representam
altissima magnitude e podem aumentar as taxas de progresso genético em trigo de maneira
substancial. Atualmente o progresso genético em trigo ¢ estimado na ordem de 1.68% em
regides tropicais (Bornhofen et al., 2018). A selecdo mais assertiva de linhagens via modelagem
de (co)variancias nao ¢ para ser exclusivamente usada na recomendagdo de novas cultivares.
Todas as etapas do programa de melhoramento, bem como a sele¢do de genitores para blocos
de cruzamento, sele¢dao de populagdes segregantes para extracdo de linhas puras superiores e
um esquema de sele¢do recorrente podem ser beneficiadas por essa técnica.

Buntaram et al., (2020) também estabeleceram a necessidade da modelagem das
matrizes dos efeitos aleatdrios para a melhora na precisdo experimental e recomendacdes de
linhagens de trigo e cevada. Ward et al. (2019) estudando modelos de selecdo gendmica (GS)
para trigo em ensaios desbalanceados para multicaracteristicas € em multiambientes

comprovaram que modelos GS que incorporam efeitos interagdo G X E podem ser mais
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adequados para prever o desempenho da linhagem em novos ambientes quando os dados

fenotipicos ja foram coletados.

3.6 Conclusoes

A modelagem das estruturas de (co)variancias dos efeitos aleatorios do modelo e a
escolha do modelo de melhor ajuste M6 (CORH x DIAG) aumenta a acuracia de selecao e os
ganhos com a selecdo na recomendacdo de linhagens em relagdo ao modelo convencional (CS
x IDV). A partir dos modelos estudados pode-se concluir que existe associagdo entre os valores
genéticos do desempenho produtivo das linhagens a partir da estruturagdo das matrizes, com
diferentes graus de magnitude. As linhagens VI 14127, VI 14197, VI 14026, VI 14194, VI
14214 e as cultivares BRS 264 ¢ TBIO ATON foram as linhagens mais produtivas a partir do
indice FAI-BLUP modelado a partir da estrutura de matrizes dos efeitos aleatérios com o
modelo de melhor ajuste. Com base nessas afirmacdes, a selecdo das linhagens indicada foi
realizada de maneira mais acurada aumentando os ganhos genéticos com a selecao e tende a

promover aumento da sustentabilidade no cultivo de trigo do Cerrado no Brasil.
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