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RESUMO GERAL

A batata (Solanum tuberosum L.) destaca-se como a quarta cultura fundamental para a
seguranca alimentar global, atrds de arroz, trigo ¢ milho. Essa importancia ¢ devido ao seu alto
potencial produtivo por area, ciclo curto e valor nutricional. No entanto, o melhoramento
genético desta cultura enfrenta desafios significativos devido a heranga tetrassomica, alta
heterozigosidade dos parentais, baixa taxa de multiplicacao dos tubérculos, baixa herdabilidade
para caracteres de rendimento de tubérculos, pequenos ganhos genéticos e interagao genotipos
por ambientes (GXE). Com o objetivo de aprimorar a eficiéncia do melhoramento genético da
batata, foram realizados dois estudos no intuito de promover estratégias para incrementar a
acurdcia seletiva de clones de batata. O primeiro investigou a contribui¢do do efeito de familia
na selecdo de clones na fase inicial de um programa de melhoramento de batata envolvendo a
avaliag¢do clonal em Single Trial (ST) ou Multi-Environment Trials (MET). Foram avaliados
1280 clones, oriundos de 67 familias de irmaos completos (cruzamentos biparentais) em
diferentes condi¢des de estresse por calor para os caracteres total tuber yield (TTY) e specific
gravity (SG). O segundo analisou a parti¢do dos componentes de produgdo e seu impacto na
acuracia seletiva, analisando 620 clones por meio de andlises de modelos mistos
unicaracteristico (MMUC) e modelo misto multicaracteristico (MMMC) na safra de inverno
(sem estresse por calor) para os caracteres massa média de tubérculos (MMT), nimero total de
tubérculos (NTT) e produtividade total de tubérculos (PTT), com o auxilio de imagens digitais.
Os resultados demonstraram que a inclusdo do efeito de familia aumentou a eficiéncia seletiva
tanto em analises ST quanto MET. O modelo MMMC apresentou melhor ajuste para o MMUC,
porém ndo apresentou incremento na acuracia seletiva em andlise univariada para safra de
inverno. Entretanto, a analise multivariada para componentes de produgdo de batata, pode ser
util em cenarios com baixo controle ambiental, proporcionando incremento na acuracia seletiva
de clones em estagios iniciais do programa de melhoramento de batata. A inclusdo do efeito de
familia € vantajosa, pois aumenta acuracia seletiva de clones de batata sem trazer custos

adicionais.

Palavras-chave: Solanum tuberosum L.; acuracia seletiva; analise multivariada; visdo
computacional.



ABSTRACT

Potato (Solanum tuberosum L.) stands out as the fourth fundamental crop for global food
security, behind rice, wheat, and corn, due to its high productive potential per area, short cycle,
and nutritional value. However, genetic improvement of this crop faces significant challenges
due to tetrasomic inheritance, high parental heterozygosity, low tuber multiplication rate, low
heritability for tuber yield traits, small genetic gains, and genotype-by-environment interaction
(GXE). With the objective of improving the efficiency of potato genetic improvement, two
studies were conducted to promote strategies to increase the selective accuracy of potato clones.
The first investigated the contribution of the family effect in the selection of clones in the initial
phase of a potato breeding program involving clonal evaluation in Single Trial (ST) or Multi-
Environment Trials (MET). 1280 clones from 67 full-sib families (biparental crosses) under
different heat stress conditions were evaluated for the traits total tuber yield (TTY)) and specific
gravity (SG). The second analyzed the partition of yield components and their impact on
selective accuracy, evaluating 620 clones using Single-trait Mixed Model (STMM) and Multi-
trait Mixed Model (MTMM) in the winter crop (without heat stress) for the traits average tuber
mass (ATM), total tuber number (TTN), and total tuber yield (TTY), using a digital imaging
approach. The results demonstrated that the inclusion of the family effect increased selective
efficiency in both ST and MET analyses. The MTMM model showed better fit than STMM,
but showed no increase in selective accuracy in univariate analysis for the winter crop.
However, multivariate analysis for potato yield components can be useful in scenarios with low
environmental control, providing increased selective accuracy of clones in early stages of the
potato breeding program. The inclusion of the family effect is advantageous, as it increases the

selective accuracy of potato clones without incurring additional costs.

Keywords: Solanum tuberosum L.; selective accuracy; multivariate analysis; computer vision.



INDICADORES DE IMPACTO

Este trabalho apresenta impactos tecnologicos, econdmicos e sociais com ferramentas para o
melhoramento genético de batata visando o desenvolvimento de novos clones de batata frente
as mudangas climaticas e desafios na produgdo agricola para seguranga alimentar global. A
pesquisa desenvolveu e validou metodologias estatisticas avangadas que aumentaram a
eficiéncia seletiva de clones de batata em até 12%, através da incorporagdo do efeito de familia
em modelos mistos para analise de ensaios de um tUnico local e multiambientes.
Adicionalmente, o auxilio da fenotipagem por imagens digitais possibilitou mensurar em escala
os componentes de produtividade com baixo custo, viabilizando a avaliagdo simultanea de
multiplos caracteres em etapas iniciais do programa de melhoramento de batata. O trabalho
possui carater extensionista ao envolver diretamente no Programa de Melhoramento Genético
de Batata da Universidade Federal de Lavras (PROBATATA-UFLA) e podera beneficiar
produtores rurais e técnicos da regido Sul de Minas Gerais, bem como todo o estado através do
desenvolvimento de clones tolerantes ao estresse térmico € com maior potencial produtivo.
Foram avaliados milhares de clones em ambientes contrastantes quanto ao estresse por calor,
impactando diretamente a selecdo de materiais adaptados as condig¢des tropicais e subtropicais
brasileiras. A pesquisa envolveu colaboragdo internacional com institui¢des dos Estados Unidos
(University of Florida e University of Maine) e nacional (UFV, UFG, CTC), demonstrando
impacto cientifico e tecnologico. Os resultados classificam-se nas areas tematicas de Tecnologia
e Producdo (7) e Meio Ambiente (5) da Politica Nacional de Extensdo, contribuindo para os
Objetivos de Desenvolvimento Sustentavel da ONU, especialmente ODS 2 (Fome Zero e
Agricultura Sustentavel), ODS 12 (Consumo e Producdo Responsaveis) e ODS 13 (Agao
Contra a Mudanga Global do Clima), ao desenvolver ferramentas para aumentar a
produtividade agricola de alimentos de forma sustentdvel e adaptar cultivos as mudangas

climaticas na cultura da batata.



IMPACT INDICATORS

This work presents the technological, economic, and social impacts of tools for potato genetic
improvement, aiming at the development of new potato clones in the face of climate change
and challenges in agricultural production for global food security. The research developed and
validated advanced statistical methodologies that increased the selective efficiency of potato
clones by up to 12%, through the incorporation of the family effect in mixed models for the
analysis of single-site and multi-environment trials. Additionally, the use of digital image
phenotyping made it possible to measure productivity components at a low cost, enabling the
simultaneous evaluation of multiple traits in the initial stages of the potato breeding program.
The work has an extension character as it directly involves the Potato Genetic Improvement
Program of the Universidade Federal de Lavras (PROBATATA-UFLA) and may benefit rural
producers and technicians in the southern region of Minas Gerais, as well as the entire state,
through the development of clones tolerant to thermal stress and with greater productive
potential. Thousands of clones were evaluated in contrasting environments regarding heat
stress, directly impacting the selection of materials adapted to Brazilian tropical and subtropical
conditions. The research involved international collaboration with institutions in the United
States (University of Florida and University of Maine) and national institutions (UFV, UFG,
CTC), demonstrating scientific and technological impact. The results are classified in the
thematic areas of Technology and Production (7) and Environment (5) of the National Extension
Policy, contributing to the UN Sustainable Development Goals, especially SDG 2 (Zero Hunger
and Sustainable Agriculture), SDG 12 (Responsible Consumption and Production) and SDG 13
(Climate Action), by developing tools to increase agricultural food productivity sustainably and

adapt crops to climate change in potato cultivation.
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INTRODUCAO

A batata (Solanum tuberosum L.) ¢ uma das culturas mais importantes para a seguranca
alimentar global, ocupando a quarta posi¢cdao em relevancia na alimentacdo humana, ao lado de
arroz, trigo e milho. Sua ampla adaptacdo, elevada produtividade por unidade de area e
versatilidade culinaria a tornam essencial para atender a crescente demanda por alimentos,
especialmente em um cenario de crescimento populacional (FAO, 2023; Devaux et al., 2021).
No entanto, apesar de seu potencial, a produtividade média global (19,1 Mg ha'1) apresenta uma
pequena parcela da produtividade potencial, indicando oportunidades significativas para
incrementos por meio de inovagdes tecnologicas e ao melhoramento genético (Kunkel e
Campbell, 1987).

O melhoramento genético da batata enfrenta desafios complexos, como a segregacio
tetrassOmica, que gera maior variabilidade genética em comparacdo com a segregacao
dissomica, e a alta heterozigose dos parentais (Haynes et al., 2012; Bradshaw, 2022). Além
disso, as fases iniciais dos programas de melhoramento de batata sdo limitadas pela escassez de
material propagativo, o que restringe o uso de repeti¢cdes e exige delincamentos experimentais
eficientes em parcelas replicadas, como blocos aumentados (DBA) ou delineamentos
parcialmente replicados (P-REP) (Cullis et al., 2006; Paget et al., 2017).

A interacdo gendtipo X ambiente (GXE) também desempenha um papel critico,
especialmente em regides tropicais e subtropicais, onde a tolerancia ao calor ¢ fundamental para
selecao de clones tolerantes ao calor (Fernandes Filho et al., 2021; Patino-Torres et al., 2021).
Modelos mistos tém sido empregados para melhorar a acuricia seletiva nessas condigdes,
contabilizando efeitos aditivos e nao aditivos (Amadeu et al., 2020; Voss-Fels et al., 2021).

A selecdo de clones por meio de caracteres quantitativos € outro obstaculo que exige
abordagens multivariadas para otimizar a eficiéncia seletiva de clones de batata (Bradshaw,
2017; Thelen et al., 2025). Outra questdo ¢ a utilizacdo de modelos mistos multicaracteristico
(MMMC) para selegdo de clones e na predicao gendmica. Além disso, modelos MMMC tém
demonstrado vantagens sobre modelos mistos unicaracteristico (MMCU), especialmente
quando ha correlagdes entre os caracteres (Cuevas et al., 2023).

Avangos em fenotipagem, como a visdo computacional aplicada a analise de imagens
digitais tém revolucionado a mensuracdo de caracteres de componentes de produtividade e
qualidade no melhoramento de batata. O uso de imagem digitais permite avaliagcdes de forma

nao destrutiva, identificacdo de caracteres de maneira quantitativa, o que reduz o viés de
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avaliadores, viabiliza analises em escala com baixo custo e de forma semiautomatizada (Thelen
et al., 2025).

Neste contexto, a tese contém dois artigos abordando estratégias para selecdo de clones
de batata. O primeiro artigo teve como objetivo investigar a contribuicao do efeito de familia
na selecdo de clones na fase inicial de um programa de melhoramento de batata envolvendo a
avaliag¢do clonal em Single Trial (ST) ou Multi-Environment Trials (MET). O segundo artigo
teve como intuito, com auxilio de imagens digitais, investigar a relagdo entre os componentes
da produtividade da batata e seu impacto na acuracia seletiva de clones em um programa de
melhoramento genético de batata. Ambas as se¢des tém como propdsito cooperar para a solugao
dos gargalos atuais do melhoramento da batata e no incremento da acuracia seletiva no avango
da selecao de clones superiores e no entendimento de caracteres complexos, como componentes

de producao no melhoramento de batata.
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Because of its wide distribution, high yield potential, and short cycle, the potato
has become essential for global food security. However, the complexity of
tetrasomic inheritance, the high level of heterozygosity of the parents, the low
multiplication rate of tubers, and the genotype-by-environment interactions
impose severe challenges on tetraploid potato—breeding programs. The initial
stages of selection take place in experiments with low selection accuracy for
many of the quantitative traits of interest, for example, tuber yield. The goal of
this study was to investigate the contribution of incorporating a family effect in
the estimation of the total genotypic effect and selection of clones in the initial
stage of a potato-breeding program. The evaluation included single trials (STs)
and multi-environment trials (METs). A total of 1,280 clones from 67 full-sib
families from the potato-breeding program at Universidade Federal de Lavras
were evaluated for the traits total tuber yield and specific gravity. These clones
were distributed in six evaluated trials that varied according to the heat stress
level: without heat stress, moderate heat stress, and high heat stress. To verify the
importance of the family effect, models with and without the family effect were
compared for the analysis of ST and MET data for both traits. The models that
included the family effect were better adjusted in the ST and MET data analyses
for both traits, except when the family effect was not significant. Furthermore,
the inclusion of the family effect increased the selective efficiency of clones in
both ST and MET analyses via an increase in the accuracy of the total genotypic
value. These same models also allowed the prediction of clone effects more
realistically, as the variance components associated with family and clone effects
within a family were not confounded. Thus, clonal selection based on the total
genotypic value, combining the effects of family and clones within a family,
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proved to be a good alternative for potato-breeding programs that can
accommodate the logistic and data tracking required in the breeding program.

KEYWORDS

Solanum tuberosum L., nested structure, accuracy, GXE interactions, autotetraploid

genetics, tuber yield

1 Introduction

Potato is the third most important crop for human
consumption worldwide, playing a central role in global food
security. Potato has a wide adaptation and higher yield compared
with cereal crops (FAO, 2020). It will certainly continue to have an
essential role in food security in the coming years, particularly
regarding population growth (Devaux et al, 2014; FAO, 2020;
Devaux et al,, 2021). The world’s average potato production has
grown at a rate of 2% per year for the past 20 years, with an average
yield of 21.0 Mg ha™', which represents only 13% of the potential
yield (Kunkel and Campbell, 1987; FAO, 2021). The gap in
production between average and potential yield presents the
potential for increasing global potato production. This potential
can be exploited through technological innovations in the potato
production system, using new and improved cultivars, and
optimizing agricultural practices. Within the framework of
genetic improvement, tuber yield can be increased through an
accurate selection of clones more tolerant to biotic and abiotic
stresses, and more efficient in the use of resources, such as water and
nitrogen, meeting the demand for an increasingly sustainable global
production system (Foley et al., 2011; Birch et al.,, 2012; Obidiegwu
et al.,, 2015; Dahal et al., 2019; Devaux et al., 2021).

Tetraploid potato-breeding programs generate thousands of
seedlings annually (Stich and Van Inghelandt, 2018). Larger
populations are required to increase the probability of selecting
superior clones because potato breeders must deal with the
complexity of tetrassomic segregation, heterosis, and high level of
heterozygosity of parents (Meyer et al., 1998; Gopal, 2015). A small
number of seed potatoes are available in the early stages of a potato-
breeding program (Haynes et al., 2012; Stich and Van Inghelandt,
2018), which restricts the use of repetitions and the number of
plants per plot (Haynes et al,, 2012; Paget et al., 2017). In this
context, the use of unreplicated designs, such as the augmented
block design (ABD) (Federer, 1956), has been frequent (Andrade
et al,, 2020; Fernandes Filho et al., 2021). Partially replicated design
(P-REP) (Cullis et al., 2006) is an efficient alternative in the initial
stages of potato breeding (Paget et al., 2017). Furthermore, P-REP
can be increased (Williams et al., 2011; Williams et al., 2014), i.e., a
proportion of candidates can be replicated in each location, which
allows the study of genotype-by-environment interaction (GxE)
even with limited seed.

The GxE heavily influences quantitative traits of economic
importance in potatoes. Currently, up to 40 traits can be selected
in potato-breeding programs (Bradshaw, 2017), where the low
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correlation of the main traits between the environments results in
a considerable loss of genetic gain (Andrade et al., 2021). This effect
is significant for potato-breeding programs in tropical and
subtropical regions as the crop is grown in different seasons
throughout the year (winter, fall, and summer). Therefore, one
goal of this program is the development of heat-tolerant clones by
assessing promisor clones in contrasting seasons to determine their
ability to withstand heat stress (Fernandes Filho et al., 2021; Patifo-
Torres et al., 2021). Mixed model methodologies have an important
role in connecting these different experiments and estimating
parameters that are useful for the selection process (Henderson
et al., 1959; Smith et al., 2001; Smith et al., 2015).

The limited number of repetitions, presence of GXE, and low
heritability result in low selection accuracy in the early stages of a
potato-breeding program. This implies low genetic progress over
the selection cycles once accuracy is directly proportional to
expected gains with selection (Cobb et al., 2019). Using a genetic
relationship matrix has been demonstrated to increase the accuracy
of estimated breeding values for traits with low heritability. This
approach leverage information from all relatives (half and full-sibs,
parents, etc.) to accurately estimate the breeding values of
candidates (Slater et al, 2014a). However, in estimating non-
additive effects, such as dominance, you need a balanced mating
design to capture general and specific combining ability (Amadeu
et al., 2020; Voss-Fels et al., 2021; Yadav et al., 2021).

The prediction of the total genotypic value (additive + non-
additive effects) for complex quantitative traits, such as tuber yield,
in the initial stage of the potato-breeding programs, relies on the use
of genomic resources (Stich and Van Inghelandt, 2018; Amadeu
et al., 2020; Voss-Fels et al., 2021; Wilson et al., 2021; Yadav et al.,
2021). Nevertheless, early-stage genotyping is more expensive than
phenotyping, making unfeasible use of genomic selection in some
research, especially in stages where many candidates were evaluated
(Stich and Van Inghelandt, 2018; Wilson et al., 2021; Bradshaw,
2022). Alternatively, Piepho et al. (2008) argued that the use of
models with nested structure (Family/Clone = Family + Family +
Clone) could be advantageous. These models account implicitly for
the kinship relationship. Furthermore, using this structure allows us
to predict the total genotypic value more easily, without the need for
a kinship matrix, which can be valuable in cases where the mating
design does not allow an accurate estimation of the specific
combining ability.

The dominance effect can be estimated with a kinship matrix
using complete mating design or using genomics. A third
alternative is the modeling of the family effect. Although the
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nested structure appears naturally in the initial stage of potato-
breeding programs because seedlings are derived from different
crosses (usually bi-parental), the family effect has been neglected
(Fernandes Filho et al., 2021), mainly due to the easiness of mass
selection in the early stages of selection. Therefore, it is
hypothesized that using nested structure models can increase the
selective efficiency of clones, both in single-trial (ST) and multi-
environment-trial (MET) selection schemes.

Thus, this work aims to investigate the impact of the family
effect and the selection accuracy of clones in the initial stage of a
tetraploid potato-breeding program in ST and MET clonal
selection schemes.

2 Materials and methods
2.1 Field trials

2.1.1 Experimental designs and crop management

A total of six trials from the potato-breeding program at the
Universidade Federal de Lavras (PROBATATA-UFLA) were
installed at the Center for Scientific and Technological
Development, City Lavras, Minas Gerais State, Brazil (21°12'19.8"
S, 44°58'48.8"W), located at 919 m American Sign Language (ASL),
and soil was classified as red-yellow latosol.

The details of each trial are shown in Table 1. Four trials were
designed in an ABD (Federer, 1956), and two trials a P-REP with py
around 20% were employed (Cullis et al., 2006).

Each plot consisted of five plants spaced 0.30 m between plants
and 0.80 m between rows. Crop management practices for all the
trials were done according to the recommendations for the state of
Minas Gerais, in which 1.5 Mg ha™! of 08-28-16 fertilizer blend (N-
P,05-K,0) was applied during the planting. Side dress fertilizer
application was performed with 0.30 Mg ha™' 20-00-20 (N-P,O;-
K,0). All the trials were irrigated using a sprinkler irrigation
system, according to the need of the crop and the incidence of
rainfall through the seasons.

10.3389/fpls.2023.1253706

2.1.2 Levels of heat stress

The trials were evaluated in three seasons with different levels of
heat stress: without heat stress (WHS), moderate heat stress (MHS),
and high heat stress (HHS) (Figure 1). The trials WHS (season from
May to September), MHS (February to May), and HHS (November
to February) were carried out during winter, fall, and summer
seasons, respectively (Figure 1; Table 1).

The compensated mean temperatures (TMEAN, °C) were
obtained using the expression TMEAN = (T9am + 2T9pm +
TMAX + TMIN)/5, where T9am, T9pm, TMAX, and TMIN are
the air temperature at 9 am., 9 p.m., maximum, and minimum,
respectively (INMET, 2022).

2.1.3 Phenotyping

Two traits were evaluated in each trial: total tuber yield (TTY
- Mg ha') and specific gravity (SG). Total tuber yield was
estimated by the weight of all tubers harvested in 1.2 m? for
each plot. The SG was estimated by the expression SG = tuber
mass in air/(tuber mass in the air — tuber mass in water), where
tuber mass in air and tuber mass in water were measured from
fresh samples of tubers, ranging from 2.0 kg and 2.5 kg, using a
hydrostatic scale (Schippers, 1976).

2.2 Statistical analysis

A nested genetic treatment structure was evaluated. The clones
were obtained from different clonal families. Thus, it is possible to
access family and clone within-family effects from the data.

For the analysis, in which ¢ clones were sampled from s clonal
families and evaluated together with p checks, the general form of
the linear mixed model is presented in Equation (1). This model is
suitable for both ST or MET data. For MET data analysis,
appropriate (co)variance structures should be used to model the
vectors of the family (u,) and clone within-family (u,) effects,
aiming to account for the GxE:

y=1p+X,T, + Zu, + Z.u, + Zyu, + e (1)

TABLE 1 Trials characterization, size, and number of blocks, family, clone, check, and percentage of plots replicate.

Number of levels

Block Family Clone
POP1(WHS) 2013 ABD 48 24 477 3 621 2271
POP2(WHS) 2017 ABD 20 31 491 2 531 7.16
POP2(MHS) 2017 ABD 20 31 491 2 531 7.16
POP2(HHS) 2018 ABD 20 31 491 2 531 7.16
POP3(WHS) 2021 P-REP 20 12 304 4 400 23.00
POP3(HHS) 2021 P-REP 20 12 312 3 400 2125

23

"The trial identification: POP1(WHS), POP2(WHS), POP2(MHS), POP2(HHS), POP3(WHS), and POP3(HHS), where the codes POP1, POP2, and POP3 identify different clonal populations
and codes WHS, MHS, and HHS identify three different seasons, varying in the function of stress level: without heat stress (WHS) moderate heat stress (MHS), and high heat stress (HHS).
*Experimental designs: augmented block design (ABD) and partially replicated design (P-REP).

*pu: percentage of plots experimental units occupied by replicated clones, given by the expression. py = (N — Nyyeqr)/N, where N is the number of plots and Ni,e, is the number of treatments.
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FIGURE 1

Temp: Maximum temperature (Tuax), Minimum temperature (Tyn), and compensated mean temperature (Tpean) in degrees Celsius for all trials:

(A) POP1(WHS), ranging from May to August of 2013; (B) POP2(WHS), ranging from June to September 2017; POP2(MHS), ranging from February to
May 2017; POP2(HHS), ranging from November 2017 to February 2018; POP3(WHS), ranging from June to September 2021; and (C) POP3(HHS),
ranging from November 2020 to February 2021 for Lavras, Minas Gerais State, Brazil (INMET, 2022). Seasons varying in terms of stress level: without
heat stress (WHS) moderate heat stress (MHS), and high heat stress (HHS) from 2013 to 2021.

(1) i the vector of phenotypic observations, where N

where y
is the number of plots for ST data or plots by seasons for MET data;
10> D A XD s the

is the vector of fixed effects, composed of check,

is a vector in which all elements are unity; p
intercept; g,0x D
environment, and check by environment interaction effects (the
environment and check by environment interaction effects were
only used in MET data analysis), associated with matrix the design
XO(N % 0) (assuming full rank), where o is the number of fixed effects;
u,“ Y is the vector of random effects of family associated with the
design matrix Z,™ * 9, where s is the number of families for ST data

(es X 1 g the vector of

or families by seasons for MET data; u,
random genotypic effects of clone within-family associated with the

design matrix Z.N %) where ¢ is the number of clone within-
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family for ST data or clone within-family by seasons for MET data;
w,? ¥V is the vector of random effects of block associated with the
design matrix Zb(N x b), where b is the number of blocks for ST data

(N1 s the vector of

or blocks by seasons for MET data; and e
random errors.

We assume that the u,, u,, u;, and e vectors of random effects
are mutually independent and distributed as multivariate Gaussian,
with zero means and (co)variance matrices var(u,.) = G, var(u,) =
G,, var(u;) = Gy, and var(e) = R. The structures of these (co)
variance matrices are shown in Table 2 for ST (STMpF and
STMwF) and MET (METMpF and METMwF) data analysis
models, including or not the family effect, respectively. For
STMwF and METMwF models, the vector of clone effects was
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TABLE 2 Summary of models fitted: single-trial model without family effect (STMwF), single-trial model plus family effect (STMpF), multi-
environment—trial model without family effect (METMwF), and multi-environment—trial model plus family effect (METMpF).

Single-trial analysis Multi-environment-—trial analysis
(Co)variance matrix

STMwF

STMpF

METMwF

Gy o ol I, ‘ &), op I ‘ &), op I
G, ol 1, ‘ ‘ G, I,

G, o L.QI, o’ 1.®I, ‘ G QLRI ‘ G QLRI
R o’ Iy o’ Iy ‘ 8., 0 Ly 8, o Ly,

Gy, Gy, G, and R: (co)variance matrices associated with the block, family, clone within-family, and error effects, respectively; Gy, G» and G, unstructured (co)variance matrices used to
accommodate the GxE interaction for the family, clone, and clone within-family effects, respectively; o7, O',fj, o?, 62,07, 0% and 0}2: variance components associated with the block, block in

each trial, family, clone, clone within-family, error, and error in each trial effects, respectively; I,, Iy, I, L, Ine, and Iy identity matrices associated with the block, block in each trial, family, clone

within-family, error, and error in each trial effects, respectively; ®: Kronecker product operator; @: direct sum operator.

called u,. For the MET data analysis, the heterogeneity of variances
of block and error effects was accommodated by the direct sum
operation (@), whereas the heterogeneity of the variances and
covariances of the GxE interaction for family and clone within-
family effects was accommodated by the direct product operation
(®). The (co)variance matrices of environments for family and
clone within-family effects were modeled by an unstructured matrix
with #(t + 1)/2 covariance parameters, where ¢ is the number
of trials.

The covariance parameters of models shown in Table 2 were
estimated by the residual maximum likelihood (REML) method
(Patterson and Thompson, 1971) and best linear unbiased
predictions (BLUP) of the random effects by Henderson’s mixed
model equations (Henderson et al., 1959) through the software
Echidna Mixed Models (Gilmour, 2021) version 1.61. The graphic
plots and other analyses discussed in the following sections were
performed using the R software (R Core Team, 2021) and R
packages base and ggplot2 (Wickham, 2016).

2.2.1 Single-trial analysis

From the linear mixed model for STMpF presented in Table 2,
the vector of random total genotypic effects of clones can be
predicted for ST analysis (uys7) by combining the vectors of
family (u,) and clone within-family (u,) effects as presented in
Equation (2). The (co)variance structure of the u,gr vector is given
by the composite symmetry (CS) form as shown in Equation (3):

UesT = (1. ®L)u, +u, (2)

var(ugsy) = (07) + 071) ®1, 3)

where 1, is a vector in which all elements are unity, J is a matrix
in which all elements are unity, and ¢? and o7 are variance
components of family and clone within-family effects, respectively.

The simple reparameterization of Equation (3), for correlation
scale, allows obtaining pg correlation by Equation (4). This
correlation ranges from 0 to 1 (assuming 67 > 0 and o7 > 0) and
measures the proportion of total genetic variance due to variation
among families.
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o?

S o+l

Ps (4)

The vector of clone effects (u.) from STMwF model was also
predicted. However, for STMwF, both the variance component and
the BLUP of clones are confounded with family effect. Thus, the
comparison between STMpF and STMwF models in terms to
accuracy of total genotypic values of clones is inadequate if 67 >
0 (Supplementary Information, Note SI). In this context, the
STMpF and STMwF models were compared using the Akaike
information criterion (AIC) presented in Equation (5) (Akaike,
1974) and through the correspondence of the top 20% best clones
by Czekanowski coefficient (Qiao et al., 2000) [CC, Equation (6)], as
well as ranking concordance through the Spearman correlation
coefficient (rs) between u. and wugsr. Furthermore, the variance
components of the STMwF and STMpF models were tested using
the likelihood ratio test (LRT) shown in Equation (7):

AIC = -2¢ + 2p (5)
CC = a/(a + b) (6)
LRT = -2In (el/ 82) (7)

where € is the maximum point of residual log-likelihood
function, p is the number of variance parameters, a is the number
of coincident clones by both selection strategies, b is the number of
divergent clones by both selection strategies, ¢; is the maximum
point of residual log-likelihood function from reduced model
(without the effect tested), and €, is the maximum point of
residual log-likelihood function from complete model.

Although the variance component G represents the average
within-families genotypic variance, the BLUP of the clone within-
family effect is coded to the overall mean and adjusted for the family
structure, which allows for comparison of clones from different
families (Supplementary Information, Note S1). Thus, we also
compared the selection by u. and uggr vectors through the
correspondence of the top 20% best clones by Czekanowski
coefficient [Equation (6)], as well as ranking concordance through
the Spearman correlation coefficient (rg).
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To facilitate the visualization of the results, the variance
components of the STMwF and STMpF models have been
presented at percentage of total variation (sum of all variance
components of ST analysis of the STMwF or STMpF model). To
compare the efficiency of the selection strategies based on total
genotypic (ugsy) and clone within-family (u,) effects from STMpF,
we assessed the efficiency through the accuracy ratio of
respective effects.

2.2.2 Multi-environment—trial analysis

The models METMwFE and METMpF are extensions of the
models STMwF and STMpF for MET data, respectively (Table 2).
Similarly, to what was done for the STMpF model, the vector of
total genotypic effects may also be predicted for the MET analysis
using the METMpF model, combining the vectors of family (u;) and
clone within-family (u.) effects as presented in Equation (8).
However, unlike Equation (2), Equation (8) capitalizes the GXE.
The (co)variance structure of vector ugypr is given by multivariate
compound symmetry form as shown in Equation (9):

ugMET = (lc ® Is ® It)us +u, (8)

Var(ugMET) = (Gts ® Ic + Gtc ® Ic) ® Is (9)

where I, is an identity matrix of trials and G and G, are (co)
variance matrices of trials for family and clone within-family effects.

A similar vector to the vector Uy gy may also be predicted from
the METMwF model, which was called u,. However, because of the
reasons highlighted in Section 2.2.1, the models METMpF and
METMwF models were compared using the AIC presented in
Equation (5) (Akaike, 1974) and through the correspondence of
the top 20% best clones by Czekanowski’s coefficient (CC) (Qiao
etal.,, 2000) [Equation (6)], as well as ranking concordance through
the Spearman correlation coefficient (rg) based on FAI-BLUP index
score (Rocha et al,, 2018), between the strategies (ugypr vs. u.).

Because of the difficulty of performing the LRT test for
parameters of the unstructured matrices (G, Gy, and Gy), two
95% confidence intervals were used for parameters of the METMwF
and METMpF models. The first one, based on Chi-Square
distribution (SAS Institute, 2016), used the variance components
for family and clones within-family. The second is based on the
Normal distribution (Meyer, 2008) for the correlations between
pairs of environments for family and clone within-family effects
(Supplementary Information, Note S2).

The genotypic correlations between the environment pairs for
clone (pg , ), family (pg,), and clone within-family (pg, ) effects were
estimated from parameters of matrices Gy, VGy;, and Gy, using the
expressions (10), (11), and (12):

PG, = s (10
o), X o
Os;
PG, = e (11
o2 X 02
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SR - (12)

PG, > >
\/ 02 x O

where 0./, 0; , and 0, are covariances between environments
pairs i and j for clone, family, and clone within-family effects; 0}2',
and 67, are variance components of environments i and j for clone
effect; 0-52, and G; are variance components of environments i and j
for family effect; and o7 and O'é are variance components of
environments i and j for clone within-family effect.

The visualization of the results and the variance components of
the models METMwF and METMpF were presented in percentage
of total variation for each trial (sum of all variance components for
each trial of the MET analysis of the model METMwF or
METMpF). To compare the effectiveness of the selection
strategies based on total genotypic (ugyer) and clone within-
family (u,) effects from METMpEF, we assessed the effectiveness
through the accuracy ratio of respective effects.

Finally, we used the FAI-BLUP index (Rocha et al., 2018), to
rank the clones based on predicted BLUPs of MET data for both
strategies (ugypr vs. u.). The two selection strategies have been
compared as described before. Conducted the exploratory factor
analysis, with Factor Analysis (FA) and Principal Component
Analysis (PCA). PCA was used to extract the factorial loads from
the genetic correlation matrix, obtained by the predicted values
(BLUPs). The analysis used is varimax criterion (Kaiser, 1958) for
the analytic rotation and the calculation of the factor scores of the
weighted least squares method (Bartlett, 1938). Thus, PCA and FA
were performed on the set of BLUP mean for six variables from
population 2, three seasons (POP2HHS, POP2MHS, and
POP2WHS), and two traits (TTY and SG) of each vector u,, u.,
and ugypr They were estimated from multi-environment-trial
model without the family effect (METMwF) and multi-
environment-trial model plus the family effect (METMpF).

2.2.3 Accuracy of family, clone within-family,
total genotypic effects, and relative efficiency

The accuracy of family (r;,), clone within-family (r;.), total
genotypic effects (r;,), and relative efficiency (RE) were obtained by
expressions (13), (14), (15), and (16) for both ST and MET data
analysis:

Iy = 1_? (13)
S
Iee = 1_0__52 (14)
c
v,
Loy =1 /1 - ——— 15
&8 o? + o} (13)
Tgg
RE = == (16)
Tee

where v, v, and v, are the average prediction error variance of
family, clone within-family, and total genotypic effects, respectively.
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The RE was used to measure the difference between the proposed
models to ST and MET data.

3 Results

3.1 Comparison of the STMwF and
STMpF models

The inclusion of the family effect improved the goodness of fit of
the models in all trials, on which the STMpF model showed lower
AIC than the STMwF, and the only exception was for TTY from
POP3(WHS) (Table 3). In addition, the inclusion of family effect
also increased the log-likelihood () in all trials for both traits. Only
for the TTY trait in the POP3(WHS) trial did this increment does
not exceed 1.92 units (critical point for the detection of significant

10.3389/fpls.2023.1253706

o2 effect) (Table 3). These results are reinforced by the results of the
LRT test (Table 4) and indicate the presence of genetic variability
between families in most trials.

Clone (of,, STMwF) and clone within-family (o2, STMpF)
variances were significant in all trials for both traits (Table 4;
Supplementary Material, Table S2), revealing the existence of
genetic variability among clones. The contribution of clone within-
family variance (C) to the total phenotypic variance was always lower
than the clone effect (C’) (Table 4). However, the magnitude of the
difference between C’ and C was directly proportional to the
contribution of family variance to the total genetic variation (ps).
The amplitude of pg for the SG trait (0.09 and 0.35) exceeded the
amplitude for the TTY trait (0.03 and 0.26) (Table 4).

CC and Spearman’s correlation coefficient (rs) were used as
comparison criterion for both selection strategies tested (u vs. ugsr
and u, vs. ugsp). It was observed that, regardless of the selection strategy

TABLE 3 Log-likelihood residual () and Akaike information criterion (AIC) for single-trial model without family effect (STMwF) and single-trial model

plus family effect (STMpF), for all trials and traits.

Trait* Model Trial' L AIC

POP1(WHS) ~1,826.81 3,659.63

POP2(WHS) ~1,459.44 2,924.89

POP2(MHS) ~1,584.44 3,174.88

STMwF POP2(HHS) ~1,191.74 2,389.47

POP3(WHS) -1,031.07 2,068.14

. POP3(HHS) ~1,155.63 2,317.27
e POP1(WHS) ~1,820.36 3,648.72
POP2(WHS) ~1,450.92 2,909.84

POP2(MHS) ~1,581.43 3,170.85

STMpF POP2(HHS) ~1,189.63 2,387.26

POP3(WHS) ~1,030.43 2,068.85

POP3(HHS) ~1,149.94 2,307.87

POP1(WHS) 2,587.78 -5,169.57

POP2(WHS) 2,200.75 -4,395.51

POP2(MHS) 2,262.34 ~4,518.68

STMwF POP2(HHS) 1,822.53 -3,639.06

POP3(WHS) 1,278.39 -2,550.77

POP3(HHS) 1,591.35 -3,176.70

3 POP1(WHS) 2,613.73 -5,219.45
POP2(WHS) 2,209.84 ~4,411.68

POP2(MHS) 2,276.28 ~4,544.56

STMpF POP2(HHS) 1,833.07 -3,658.15

POP3(WHS) 1,281.73 ~2,555.45

POP3(HHS) 1,594.28 -3,180.55

*Total tuber yield (TTY; Mg ha™") and specific gravity (SG).

"The trial identification: POP1(WHS), POP2(WHS), POP2(MHS), POP2(HHS), POP3(WHS), and POP3(HHS), where the codes POP1, POP2, and POP3 identify the different clonal
populations and the codes WHS, MHS, and HHS identify three different seasons, varying in function of stress level: without heat stress (WHS) moderate heat stress (MHS), and high heat stress

(HHS).
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TABLE 4 Contribution (%) of the variances of block, clone (C’), family (F), clone within-family (C), and residuals (Res.) for the phenotypic variance of
the traits total tuber yield (TTY; Mg ha™) and specific gravity (SG) estimated from single-trial model without family effect (STMwF) and single-trial
model plus family effect (STMpF) in different seasons.

STMwF STMpF
Block Clone (C") Block Family (F) Clone (C)
POP1(WHS) 2.67" 4097 56.35 2.05" 7.18% 34,424 5635 | 017
POP2(WHS) 7.88% 47,78 4434 5.50% 1156 35.56* 4738 | 026
. POP2(MHS) 3.88% 37.74* 58.38 3.77%% 443 32.62¢ 5918 | 012
=
= POP2(HHS) 0.22" 6955 3023 0.19™ 438 6525 3018 | 006
POP3(WHS) 7.13% 77.27%% 15.61 7.26" 232" 74.90% 1552 003
POP3(HHS) 1.09™ 68.44* 3047 L61™ 8.76% 59.62* 30,01 013
POP1(WHS) 9.83% 69.87+ 20.30 7.69% 18.56* 53.15% 2060 | 026
POP2(WHS) 12.76% 35.00¢ 5224 5.03" 15,117 28.43* 5143 035
POP2(MHS) 226" 43.40° 5434 2.10™ 13.60** 29.94* 5436 031
Q
& POP2(HHS) 3917 56.78* 39.31 357 12,97+ 44107 3936 023
POP3(WHS) 329 57.63* 39.09 3.42* 6.75% 49,88 3996 0.12
POP3(HHS) 8.01% 58.58* 33.41 7.97% 5.04% 52.42% 3456 | 0.09

"The trial identification: POP1(WHS), POP2(WHS), POP2(MHS), POP2(HHS), POP3(WHS), and POP3(HHS), where the codes POP1, POP2, and POP3 identify the different clonal
populations and the codes WHS, MHS, and HHS identify three different seasons, varying in function of stress level: without heat stress (WHS) moderate heat stress (MHS), and high heat stress
(HHS).

¥ps correlation: measures the proportion of total genetic variance due to variation among families.

Significance by the likelihood-ratio test (LRT): p-value< 0.01 “**” and 0.05 “*” and p-value > 0.05 not significant “**”.

and trait, both coefficients showed an inverse relationship with pg,  rg coefficients with pg was higher for the TTY (-0.82 and —0.78)
compared with that for the SG (-0.72 and —0.71) (Figure 2).

In general, both CC and rg showed lower magnitude for the

suggesting that an increase in genetic variability among families reduces
the similarity of the u.-and u, vectors with the ugr vector in the ranking

of clones. Furthermore, the magnitude of the correlations of the CCand ~ second selection strategy with family effect (u. vs. ugsy), which
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FIGURE 2
(A, B) Spearman correlation coefficient (rs), and (C, D) Czekanowski coefficient (CC) (Supplementary Material, Tables S3, S4) between the proportion
of total genetic variance of families (ps) (Table 4) for the vector of clone effects of models from the single trial without family (ustmwr) and plus family
effect (Ustmpr) to the total tuber yield (TTY; Mg ha™}) and specific gravity (SG). Labels in bold are correlations between selective efficiency and ps.
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suggests a greater agreement of the u, vector without family effect
with u,s7in the clone ranking (Figure 2; Supplementary Material,
Tables S4, S5). Furthermore, independent of the selection
strategy, an increment in CC and rg can be observed with
increasing heat stress for both traits in POP2 and POP3, except
for the TTY in population POP3 (Supplementary Material, Tables
$4, S5).

3.2 Relative efficiency of selection based
on total genotypic effect of clone for
ST analysis

Regardless of the trait, selection based on the vector of total
genotypic effects of clone (ugy) was found to be greater than the
selection based on the vector of clone effects within family (u,)
(Table 5). The efficiency was directly proportional to pg, showing
that the increment in genetic variability among families increases
the selective efficiency of clones. The correlation between efficiency
and ps was higher for SG (0.88) when compared with that for TTY
(0.72) (Figure 3).

On average, the accuracies r;;, 1z, and rg, were higher for SG
(0.80, 0.70, and 0.78, respectively) compared with that for TTY
(0.71, 0.69 and 0.74), respectively. The difference between the
accuracies rg, and re. was higher for SG (0.78 and 0.70) than that
for TTY (0.74 and 0.69), which resulted in higher average selective
efficiency for the SG (11%) compared with that for TTY
(7%) (Table 5).

10.3389/fpls.2023.1253706

3.3 Comparison of the METMwF and
METMpF models

Variance component associated with family effect in the trial
POP3(WHS) was not significant by the LRT test for TTY (Table 4)
and, thus, was not included in the MET analysis. The family effect
(METMpF) did not improve the goodness of fit compared with the
METMwF model for POP3 (Table S5); thus, the MET analysis
results were presented only for POP2 (Table 6).

The variance estimates associated with the effects of clone (O'CZ, N
METMwEF), family (0}2, METMpEF), and clone within-family (O'CZ,
METMpF), as well as their respective contributions to the
phenotypic variance, were similar to those obtained in the ST
analyses in all trials and traits. The variance components
associated with clone, family, and clone within-family were higher
than zero in all scenarios (Table S6), confirming the results found in
the ST analyses (Tables 4, 6; Supplementary Material, Tables S6,
S7). It is worth noting that the values of pg were also like those
obtained in the ST analyses (Tables 4, 6).

Overall, variation was observed in the estimates of variance
components O'CZ,, (752, and O'CZ across the different seasons for both
traits, indicating that populations that have GXE can be attributed
to the interaction of a simple nature (Supplementary Material,
Table S8). Genetic correlation between seasons for the effects of
clone, family, and clone within-family was positive in all scenarios
for SG, with values higher than 0.50 in most cases. This suggests a
low contribution of complex type GxE for this trait. In contrast,
most genetic correlation estimates for TTY were lower than 0.50,

TABLE 5 Accuracy of the family (r;,), clone within-family (.), and total genotypic (r; ) effects for traits total tuber yield (TTY; Mg ha™) and specific

g
gravity (SG) estimated from single-trial model plus family effect (STMpF) in different seasons.

Efficiency*

POP1(WHS) 0.74 0.60 0.67 112

POP2(WHS) 0.76 0.64 0.71 111

POP2(MHS) 0.63 0.58 0.63 1.09

E POP2(HHS) 0.60 0.81 0.83 1.02
POP3(WHS) 0.90°

POP3(HHS) 0.81 0.81 0.84 1.02

Average 0.71 0.69 0.74 1.07

POP1(WHS) 0.87 0.82 0.87 1.06

POP2(WHS) 0.80 0.58 0.71 1.22

POP2(MHS) 0.82 0.58 071 1.22

o] POP2(HHS) 0.79 0.70 0.78 111

POP3(WHS) 0.77 075 0.78 1.04

POP3(HHS) 073 0.78 0.80 1.03

Average 0.80 0.70 0.78 L11

"The trial identification: POP1(WHS), POP2(WHS), POP2(MHS), POP2(HHS), POP3(WHS), and POP3(HHS), where the codes POP1, POP2, and POP3 identify the different clonal
populations and the codes WHS, MHS, and HHS identify three different seasons, varying in function of stress level: without heat stress (WHS) moderate heat stress (MHS), and high heat stress

(HHS).
*Relative efficiency: Igq /e ratio.
SNot included in estimate of average accuracy.
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Family effect response (ps) (size) on the selective accuracy of potato clones (relative efficiency) in the function of heat stress level (color): without
heat stress (WHS), moderate heat stress (MHS), and high heat stress (HHS), in three populations evaluated (shape): POP1, POP2, and POP3. (A) Total

tuber yield (TTY; Mg ha™%) and (B) specific gravity (SG).

suggesting a greater contribution of the complex GxE
(Supplementary Material, Tables S6, S7).

Regardless of the model and trait, the variance component
estimates associated the effects of clone (of;) and clone within-
family (0?) were always higher in the higher heat stress season
(HHS) when compared with that in the no heat stress season (WHS),
indicating an increase in genetic variability under extreme heat stress
(Supplementary Material, Table S1). The variance component
associated with family effect (07) showed a behavior inversely
proportional to the increase of heat stress for the TTY trait,
reducing about 50% with the increment of heat stress [11.32
(WHS), 7.32 (MHS), and 3.64 (HHS)] (Supplementary Material,
Table S3). Furthermore, regardless of the model adopted, we recorded
reductions of 42% and 3% in the average of the clones in the POP2
population for the traits TTY and SG under HHS, respectively
(Supplementary Material, Table S3). It is worth noting that,
considering the period from the beginning of tuberization (about
30 days after planting) until harvest, the average daily temperature
exceeded 20°C on 64% of the days in the MHS season and 88% of the
days in the HHS season (88%) (Figure 1).

The exploratory factor analysis showed mean communality of
0.91, 091, and 0.87 for the respective vectors u., u,, and UoriET

respectively, indicating that the three factors were sufficient to
explain more than 87% of the relationship between seasons.
Regardless of the effect, Factor 1 represented the three seasons for
SG, Factor 2 represented the WHS and MHS seasons for TTY, and
Factor 3 represented only the HHS season (Supplementary
Material, Table S8).

After obtaining the FAI-BLUP index scores, which included
both traits and all seasons, the Czarnowski’s coefficients (CC) and
Spearman’s correlation (rs) were utilized to compare the two
selection strategies tested (u. vs. Ugypr and w. vs. Ugppr).
Similarly, to what was observed for the ST analysis, both CC and
rs showed lower magnitude for the second selection strategy (u, vs.
Ugypr), Which suggests closer concordance of the vector u, with
Ugypr in the ranking of the clones (Table 7).

3.4 Relative efficiency of selection based
on the total genotypic effect of clone for
MET analysis

Similar to the ST results, independent of trait or season, the
selection based on the vector of genotypic effect of clones in the

TABLE 6 Contribution (%) of the variances of blocks, clones (C’), families (F), clone within-family (C), and residuals (Res.) for the phenotypic variance
of the traits total tuber yield (TTY; Mg ha™) and specific gravity (SG) estimated from multi-environment—trial model without family effect (METMwF)
and multi-environment—trial model plus family effect (METMpF) in different seasons.

METMwF
Trial

Block Clone (C)

METMpF

Block Clone (C)

Family (F)

POP2(WHS) 8.75" 48.17* 43.09* 5.80" 11.26" 36.45" 46.48" 0.24
E POP2(MHS) 3.22% 38.34" 58.44% 3.00" 4.81% 33.08" 59.11% 0.13
POP2(HHS) 0.00" 70.02" 29.98% 0.00" 438" 65.70" 29.92% 0.06
POP2(WHS) 12.63" 33.33" 54.04% 6.37" 13.50" 28.03" 52.10" 0.33
Q POP2(MHS) 1.53% 43.06" 55.41% 1.52% 13.79% 29.70* 54.99* 0.32
POP2(HHS) 3.81° 56.31" 39.88* 347" 12.71% 44.13% 39.69" 0.22

"The trial identification: POP2WHS, POP2MHS, and POP2HHS, where the code POP2 identify the clonal population and codes WHS, MHS, and HHS identify three different seasons, varying in
function of stress level: without heat stress WHS, moderate heat stress MHS, and high heat stress HHS.
¥ pS correlation: measures the proportion of total genetic variance due to variation among families.

*Variance component does not intercept the zero by 95% Chi-Squared confidence intervals.
*Variance component intercept the zero by 95% Chi-Squared confidence intervals.
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TABLE 7 Czekanowski's coefficient (CC) and Spearman’s correlation (rs)
between the FAI-BLUP index score vectors of different strategies (u.: vs.
Ugmer and Uc Vs. Ugumer), for traits total tuber yield (TTY; Mg ha™) and
specific gravity (SG).

Strategies! CcC rs
U, VS, Ugyipr 0.94 0.98
U, Vs. UgyET 0.82 0.92

"u, is the vector of clone effects from multi-environment-trial model without family effect
(METMWwF), u, is the vector of clone’s effects from multi-environment-trial model with
family effect (METMpF), and ugyger is the vector of total genotypic effects of clones from
METMpE.

MET (ugyer) was higher than the selection based on the vector of
clone within-family in the MET (u,) (Table 8). It is worth noting
that, because of the relationship between the season’s pairs, the
accuracy associated with the within-family clone effect was
increased in all seasons for both traits, although the accuracy
associated the family effect was maintained or was
increased (Table 8).

For the TTY trait, efficiency estimates were progressively
reduced with increasing heat stress levels [1.09 (WHS), 1.06
(MHS), and 1.02 (HHS)], although, for the SG trait, efficiencies
were similar in all seasons. On average, the accuracies rg, s, and
14, were higher for the SG trait (0.82, 0.70, and 0.78) in comparison
with the TTY trait (0.70, 0.71, and 0.75), respectively. Furthermore,
the magnitude of the difference between the accuracies rg, and r;,
was higher for the SG trait (0.78 and 0.70) detriment of TTY (0.75
and 0.71), which resulted in higher average selective efficiency for
the SG trait (12%) when compared to the TTY trait (6%) (Table 8).

4 Discussion

4.1 ST analyses

The results presented here indicate that adjusting for the
structure created by family effects can improve the estimation of

10.3389/fpls.2023.1253706

genetic values. However, it is important to highlight that
phenotyping individual data in the early stages of the process
may not be compatible with certain breeding pipelines. For
example, in certain programs, the first-year evaluation takes place
in the field, with mass selection, and using single-hill trials (one seed
potato). In this case, the extra phenotyping and modeling of the
data would incur additional resources, and the feasibility of such
change needs to be evaluated on a case-by-case basis. One
technology that potentially can be used to facilitate data collection
in the early stages of the program would be the use of aerial images
for phenotyping tubers that are dug out of the ground but left in the
field (Matias et al., 2020). In contrast, in cases where the early stages
are already established with larger plots and randomization of
clones, the inclusion of the family effect in the quantitative
genetics model would come at no additional effort in data collection.

The genetic progress obtained through conventional potato
breeding is slow due to the complexity of the tetrassomic
inheritance, the elevated level of heterozygosity of the genitors,
and the large number of traits to be assessed (~40) (Haynes et al.,
2012; Slater et al., 2014b; Gopal, 2015; Bradshaw, 2017). Potato-
breeding programs generate thousands of seedlings annually to
overcome these challenges (Stich and Van Inghelandt, 2018).
Furthermore, initial stage of potato breeding has low availability
of seeds because of the slow tuber multiplication rates, which
restricts the use of repetitions and plot size (Paget et al., 2017).
These factors contribute to lower experimental precision and
selection accuracy.

Typically, the clones being evaluated come from various
families, which are often created through biparental crossings.
Therefore, the selection process involves making comparisons not
only between clones from the same family but also between those
from different families. Thus, the effect of clones, and its variance
component, are confounded with the family effect. To address this
problem and achieve higher selection accuracy, is the use of a nested
model, on which the effect of clones is nested within the family effect
(Family/Clone = Family + Family + Clone). According to Piepho
et al. (2008), models with this structure can be advantageous as they

TABLE 8 Accuracy of family (r;,), clone within-family (r;,), and total genotypic (r;,) effects for traits total tuber yield (TTY; Mg ha™) and specific

g
gravity (SG) estimated from multi-environment—trial model plus family effect (METMpF) in different seasons.

Efficiency*
POP2(WHS) 0.76 0.67 0.73 1.09
o POP2(MHS) 0.68 0.65 0.69 1.06
& POP2(HHS) 0.65 0.82 0.84 1.02
Average 0.70 0.71 0.75 1.06
POP2(WHS) 0.80 0.67 0.75 1.12
POP2(MHS) 0.84 0.69 0.78 1.13
2 POP2(HHS) 0.82 0.73 0.80 1.10
Average 0.82 0.70 0.78 1.12

"The trial identification: POP2(WHS), POP2(MHS), POP2(HHS), where the code POP2 identify the clonal population and codes WHS, MHS, and HHS identify three different seasons, varying
in function of stress level: without heat stress (WHS) moderate heat stress (MHS), and high heat stress (HHS).

*Relative efficiency: Tgq /e ratio.
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implicitly account for the genetic relatedness of clones. It is
important to highlight that including the family effect enhances
the model performance due to a better representation of the
families, once the clones within a family work as repetitions.

Resende et al. (2016) conducted a study on the effectiveness of
the nested structure in a dry bean breeding program using
progenies from various populations. They emphasized the
significance of the population effect, as the use of the nested
model resulted in 20 times more repetitions for each population
compared to the progenies. Resulted from an increase in the
selective efficiency of progenies. Some papers that considered the
effect of populations are reported on bean (Resende et al., 20165
Paula et al., 2020) and soybean (Pereira et al., 2017; Volpato et al,,
2018) crops. Thus, the nested structure allows obtaining a more
accurate BLUP of the family, which enables a more reliable selection
of the best clones. In addition, it allows for the selection of the best
families, which enables the evaluation of a greater number of clones
per family and increased plot size, thereby increasing the probability
of obtaining superior clones.

The utilization of a nested structure presents a significant
advantage in providing precise estimations of genetic parameters.
This is because the variance components within and between
families are not confounded, which can happen in models that do
not take family effects into account (Supplementary Material, Note
S1). In the former, the heritability of clones is overestimated due to
the variance component of family, whereas, in the nested models,
the family structure gives a better estimate of the clone effect
(Supplementary Material, Note S1). The effects of clone and clone
within-family are only equivalent when the variance component of
families is zero or close to zero. Pereira et al. (2017) indicates that
incorporating the population effect into the estimation of genetic
and non-genetic components in soybean breeding data offers a
more accurate and realistic methodology.

Higher accuracy was observed using the vector of total
genotypic effects (uggr), obtained by combining the vectors of
family effects (u,) and clone within-family (u,), and it was directly
proportional to the contribution of the variance component
associated with family in the total genetic variation (pg). Resende
et al. (2016) in a simulation study showed that the selection
accuracy increases in function of the increased contribution of the
between-population variance component to the total genetic
variation. Therefore, although, in potato breeding, the genetic
variance between families is lower than the genetic variance
within families, the inclusion of the effect of family can increase
the selection accuracy because the heritability of families has been,
in general, higher than the heritability of clone within-family (Diniz
et al,, 2006; Melo et al., 2011). Greater average RE recorded for the
SG trait is associated with the higher mean accuracy for the effect of
families (0.80) and the higher pg mean (0.23).

The utilization of the family effect in potato breeding, which
models the nested effect of clones within the family, has been shown
to be advantageous. This methodology has led to an improvement
in the accuracy of predicting the genotypic values of clones and has
achieved a greater degree of RE for the two traits that were studied.
The increase in accuracy achieved by the nested model does not
reflect increased costs in cases where the data are already recorded.
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We expect that animal modeling properly accounting for additive
and dominance effects would also result in more efficient results.
However, the results showed that family effect inclusion is a simpler
approach, mainly in cases where the mating design is not complete.

4.2 MET analyses

Understanding and effectively managing the GXE interaction is
essential for achieving long-term improvements in plant breeding
programs because the success of a new cultivar depends on its
improved performance on different traits (e.g., TTY and SG) while
also presenting good adaptability and stability. The GXE assumes a
particular importance for potato breeding, mainly under tropical
conditions, because heat stress limits yield and quality in the hottest
periods of the year (Fleisher et al., 2017; Fernandes Filho et al., 2021;
Patifno-Torres et al., 2021).

Potato crop generally presents better performance in regions
with temperate climate, with average temperatures between 5°C and
21°C (Haverkort and Verhagen, 2008). With temperature exceeding
21°C, heat stress significantly reduces tuber yield and quality, due to
a series of physiological changes, including an increase in tuber
disorders (e.g., internal heat necrosis, knobs, and tuber chain),
reduced plant growth, increased respiration rate, greater
allocation of dry biomass to leaves at the expense of the tubers,
and the reduction in photosynthetic pigments (Lambert et al., 2006;
Haverkort and Verhagen, 2008; Hancock et al., 2014; Rykaczewska,
2015; Patifio-Torres et al., 2021). Thus, the selection of heat-tolerant
clones is vital to increase potato tuber yield and quality.

Brazil potato season is carried out in three distinct seasons: dry
(January to March), winter (April to July), and water (August to
December) seasons. Temperatures above the critical threshold, 21°C,
are commonly recorded in the dry and water seasons (Andrade et al,,
2021). Fernandes Filho et al. (2021) classified these seasons according
to their level of heat stress: MHS, WHS, and HHS. One of the major
limiting factors for Brazilian potato yield is the use of cultivars that
are poorly adapted for tropical conditions and hot temperatures.

The Universidade Federal de Lavras’s potato-breeding program
has worked intensively developing heat-tolerant clones (Benites and
Pinto, 2011; Figueiredo et al., 2015; Fernandes Filho et al., 2021;
Patifio-Torres et al,, 2021). To determine which clones, have high
heat tolerance, they are tested under varying levels of heat stress.
Only clones that perform well under mild and high temperatures
are selected (Benites and Pinto, 2011; Rykaczewska, 2015;
Fernandes Filho et al., 2021; Patifno-Torres et al., 2021).
Furthermore, Andrade et al. (2021) reported that environments
with a higher level of heat stress showed a greater capacity to
differentiate clones according to their performance.

The strategy mentioned above for selecting heat-tolerant clones
requires clones to be evaluated in two or more contrasting
environments regarding heat stress. According to Smith et al.
(2001), to better evaluate GxE, it is more realistic to use models
that consider variance heterogeneity and genetic covariances when
analyzing MET data. Cullis et al. (1998) and Smith et al. (2001)
reported a significant reduction in the log-likelihood REML when
homogenous variance was assumed for the GxE. In multiplicative
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models for MET data, the interaction of simple nature is accounted
by the heterogeneity of genetic variances along the environments,
whereas the complex interaction is accounted by the heterogeneity
of genetic correlations between pairs of environments (Crossa et al.,
2004; Eeuwijk et al., 2016). According to Ecuwijk et al. (2016), when
the genetic correlations between two environments are high, it
means that there is a smaller percentage of complex
interaction involved.

MET data analysis can be carry out in one or two stages (Cullis
et al,, 1998; Smith et al., 2001; Smith et al., 2015; Gogel et al., 2018).
Although the two-stage analysis is often employed, under unbalance
(varying number of genotypes between environments or varying
number of repetitions between and within environments), a
common condition in the early stage of potato-breeding
programs, the MET data analysis in one stage is more efficient
(Cullis et al.,, 1998; Smith et al,, 2001; Paget et al.,, 2017; Gogel
et al., 2018).

Although the analysis of MET data is advantageous because of
the advantage of the interrelationship between environments, it is
increasing selective accuracy and allows a better interpretation of
the GXE interaction (Smith et al., 2001; Kelly et al, 2007). The
family effect, naturally present in the initial stage of potato-breeding
programs, has also been neglected in this type of analysis
(Fernandes Filho et al,, 2021). However, one can combine the
advantages cited above with those described in Section 4.1.
Making MET analysis a powerful tool for clone selection in the
early stages of potato-breeding programs, especially under tropical
conditions, it is opportune to highlight that the recovery of inter-
environmental information was more pronounced for the effect of
clones within-family because of the higher magnitude of genetic
correlations between seasons. This corroborates with the lower
magnitude of the selective efficiency in MET analysis comparison
to ST analysis. Selective efficiency for the TTY trait progressively
reduced with increasing heat stress levels, whereas the selective
efficiency for the SG trait was maintained practically constant.
These results ratify the importance of environments with higher
heat stress levels to discriminate potato clones for the TTY trait, as
well as the greater contribution of the family effect to the selection of
superior clones for the SG trait.

The unstructured model can be used in cases when only a few
trials are included, due to the smaller number of parameters that
need to be estimated, avoiding the use of factor analysis (Smith
et al.,, 2001; Melo et al.,, 2020; Fernandes Filho et al., 2021).
However, the use of the unstructured model implies the
prediction of genotypic effects for each trial (Kelly et al., 2007;
Eeuwijk et al., 2016; Melo et al., 2020; Fernandes Filho et al.,
2021). Hence, it is desirable to use a selection index to capture the
GxE interaction and to combine MET analyses realized for
multiple traits (Kelly et al., 2007; Melo et al., 2020; Fernandes
Filho et al., 2021).

There are many options for selection indexes (Mendes et al.,
2009; Rocha et al., 2018; Yan and Fregeau-Reid, 2018; Melo et al.,
2020). Among the different indexes, the FAI-BLUP index stands
out, because it can incorporate data from various environments and
traits without the need for weights. It also avoids issues with
multicollinearity and makes it easier to understand the GxE
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interaction through exploratory factor analysis (Rocha et al., 2018;
Oliveira et al., 2019). In the present study, factor analysis showed a
superior performance in summarizing the relationships among
environments (WHS, MHS, and HHS) and traits (TTY and SG)
for each effect (u., u,, and ugypr). In addition, the factor analysis
showed that the SG trait had a lower level of interaction because all
seasons were grouped under Factor 1. On the other hand, the TTY
trait had a higher level of interaction as the WHS and HHS seasons
were grouped under distinct factors. Thus, including the effect of
families in the MET analysis is a helpful strategy to increase the
accuracy of superior clone selection.

Finally, the inclusion of the family effect increased the selective
efficiency of clones in ST and MET selection on schemes through an
increment in the accuracy of the total genotypic value. On average,
the selective efficiency of clones was 11% and 7% for ST and 12%
and 6% in MET for the traits SG and TTY, respectively. An
expressive reduction of the family effect under heat stress for TTY
and of lower magnitude for SG was observed.

Thus, the results of the present work suggest that the inclusion
of the family effect in clone selection models, in the initial stage of
potato-breeding programs, is desirable because it contributes to
increasing the selective efficiency of clones without generating
additional costs, especially for the SG trait.
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Resumo: O cultivo da batata (Solanum tuberosum L.) estabeleceu-se como um dos pilares da
seguranc¢a alimentar mundial, equiparando-se em importancia ao arroz e trigo, gragas a sua
elevada produtividade por area e ao expressivo valor nutricional. O processo de melhoramento
desta cultura apresenta desafios ao avaliar diversas caracteristicas de forma simultanea, que
podem ser reguladas tanto por mecanismos genéticos simples quanto por interagdes génicas
complexas na heranga dos caracteres. Para otimizar este processo, tecnologias de visdo
computacional tém sido implementadas no melhoramento de batata, viabilizando a fenotipagem
em escala, com baixo custo e precisdo dos multiplos caracteres. O objetivo deste trabalho foi
investigar os componentes de produgdo de batata e seu efeito na acuracia seletiva de clones em
um programa de melhoramento de batata envolvendo andlise clonal em modelo misto
unicaracteristico (MMUC) e modelo misto multicaracteristico (MMMC). Foram avaliados 620
clones oriundos do programa de melhoramento de batata da Universidade Federal de Lavras
para os caracteres massa média de tubérculos (MMT), nimero de tubérculos totais (NTT) e
produtividade total de tubérculos (PTT). Estes clones foram distribuidos em trés ensaios
avaliados na safra de inverno do ano de 2023. No intuito de investigar o efeito de dos
componentes da produtividade da batata e seu impacto na acurécia seletiva de clones em
analises MMUC e MMMC, os resultados demonstraram a superioridade do modelo MMMC
sobre a MMUC no melhoramento de batata proporcionando melhor ajuste e estimativas mais
robustas dos componentes de varidncia genética e melhor controle ambiental. As correlagdes
genéticas se confirmaram em positivas entre o carater PTT e NTT, e antagdnicas entre MMT e
NTT. As correlagdes genotipicas e residuais confirmam associagao positiva entre rendimento
total de tubérculos e NTT e MMT. Adicionalmente, controlando PTT a correlacdo parcial entre
MTT e NTT foi alta e negativa. As correlagdes parciais residuais permaneceram com mesmo
sinal das genotipicas, porém com menor magnitude. Ambos os modelos demonstram alta
acuracia seletiva para os componentes de produ¢do MMT, NTT e PTT. Apesar das acurécias e
variancias de clone estar proximas o modelo MMMC pode ser util em cenarios que ndo se tem
um bom controle ambiental.

! Artigo cientifico apresentado a Universidade Federal de Lavras, como parte das exigéncias do
Programa de Poés-Graduagdo em Genética e Melhoramento de Plantas, area de concentracio
Melhoramento Genético de Plantas, Genética Quantitativa e Biometria.
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Palavras-Chave: Solanum tuberosum L.; Fenotipagem por imagem; Acurdcia; Analise
multivariada.

Abstract: Potato (Solanum tuberosum L.) cultivation has established itself as one of the pillars
of global food security, equaling rice and wheat in importance thanks to its high productivity
per area and significant nutritional value. The breeding process of this crop presents challenges
in evaluating several characteristics simultaneously, which can be regulated by both simple
genetic mechanisms and complex gene interactions in the inheritance of traits. To optimize this
process, computer vision technologies have been implemented in potato breeding, enabling
phenotyping at scale, with low cost and precision of multiple traits. The objective of this work
was to investigate the potato production components and their effect on the selective accuracy
of clones in a potato breeding program involving clonal analysis in a single-trait mixed model
(STM) and a multi-trait mixed model (MMMC). Six hundred and twenty clones from the potato
breeding program at the Federal University of Lavras were evaluated for the traits average tuber
mass (MMT), total number of tubers (NTT), and total tuber yield (PTT). These clones were
distributed across three trials evaluated during the winter crop season of 2023. In order to
investigate the effect of potato yield components and their impact on the selective accuracy of
clones in MMUC and MMMC analyses, the results demonstrated the superiority of the MMMC
model over the MMUC model in potato breeding, providing better fit and more robust estimates
of genetic variance components and better environmental control. Genetic correlations were
confirmed as positive between PTT and NTT, and antagonistic between MMT and NTT.
Genotypic and residual correlations confirm a positive association between total tuber yield and
NTT and MMT. Additionally, controlling for PTT, the partial correlation between MTT and
NTT was high and negative. The residual partial correlations remained with the same sign as
the genotypic correlations, but with a lower magnitude. Both models demonstrate high selective
accuracy for the production components MMT, NTT, and PTT. Despite the accuracies and clone
variances being close, the MMMC model may be useful in scenarios where there is poor
environmental control.

Keywords: Solanum tuberosum L.; Image phenotyping; Accuracy; Multivariate analysis.

1 INTRODUCAO

A batata (Solanum tuberosum L.) ¢ um alimento bésico da cadeia alimentar, sendo
comparavel ao arroz e ao trigo em termos de importancia para a seguranga alimentar global.
Com alto valor nutricional e alta eficiéncia produtiva por unidade de area, o tubérculo se destaca
como uma estratégia promissora para atender a crescente demanda por alimentos,
notabilizando-se por sua versatilidade culindria e adaptabilidade a diferentes condicdes de
cultivo (Andrivon 2017; Devaux et al., 2021).

Apesar de sua grande importincia na cadeia alimentar, o melhoramento genético da
batata tem apresentado ganhos relativamente modestos em relagdo a caracteres associados a
producdo de tubérculos (Bonierbale et al., 2020; Bradshaw, 2022; Ortiz et al., 2022). Todavia,

Douches et al. (1996) relataram um incremento no rendimento de tubérculos até cinco vezes
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superior ao longo do século XX nos EUA. As cultivares com maior produtividade foram
lancadas na primeira metade do século, evidenciando a perda de ganho genético na cultura em
um periodo de cinco décadas. Um exemplo ¢ a cultivar 'Atlantic' que se destaca como a principal
variedade utilizada no processamento de batata ciips no mundo, tendo sido registrada na década
de 1970 (Schumaker et al., 1977).

Cabello et al. (2014) investigaram a associagdo entre caracteres dos componentes de
producao em batatas do grupo Andigenum, sob condigdes de irrigacdo e seca, revelando
variacoes significativas entre caracteres e ambientes. Observaram que a selecao para nimero
de tubérculos e tamanho tem se mostrado mais eficaz, enquanto o rendimento total demanda
estratégias que considerem as interagcdes gendtipo X ambiente (GXE) e possuem baixa
herdabilidade analisando o carater separadamente.

Diante disso, os melhoristas de batata enfrentam o desafio de selecionar ndo apenas
caracteristicas fenotipicas individuais, mas também um conjunto de até 40 caracteres que
apresentem simultaneamente boa performance agrondmica e aceitacdo comercial (Bradshaw,
2017; Gopal, 2015). A compreensdo das correlacdes genotipicas e fenotipicas de modelos
univariado ¢ multivariado, bem como seus componentes entre caracteres, ¢ essencial para o
planejamento e estratégia do programa de melhoramento de batata (Thelen et al., 2025).

A selegdo simultanea de multiplos caracteres tem se tornado uma abordagem desejavel,
sendo a analise multivariada uma ferramenta adequada para identificar gen6tipos que reinam
as caracteristicas de interesse, com o intuito de selecionar individuos superiores (Aksoy ef al.,
2021). Cuevas et al. (2023) destacam que modelos multicaracteristicos (MMMC) podem
aumentar a acuracia da predicao genomica (GP), especialmente quando ha correlagdo entre os
caracteres, superando modelos univariados (MMUC).

Mesmo com a relevancia desses caracteres para analises multivariadas, a compreensao
total de sua heranga ¢ frequentemente limitada pela dificuldade em mensura-los de forma
precisa e quantitativa, especialmente nas populagdes clonais dentro dos estdgios do programa
de melhoramento. Uma alternativa promissora ¢ a utilizagdo da visdo computacional aplicada
a analise de imagens digitais, que auxilia na mensuragdo de caracteres em estagios de dificil
mensuracdo, com trabalho semiautomatico, em escala e de baixo custo, além de possibilitar o
armazenamento e analise de dados de forma ndo destrutiva (Thelen et al., 2025).

A utilizagdo de imagens em estagios iniciais do programa de melhoramento de plantas,
se torna essencial em cenarios com avaliagao de milhares de individuos viabilizando analises
multivariadas para componentes de producdo. Nesse sentido, o objetivo deste trabalho foi

investigar a associagdo de caracteres de produtividade da batata em andlise univariada e
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multivariada e seu impacto na acuracia seletiva de clones em um programa de melhoramento

genético da batata.

2 MATERIAIS E METODOS

2.1 Ensaio de campo

Trés populacdes clonais de batata (Solanum tuberosum L.) foram avaliadas no Programa
de Melhoramento Genético da Batata da Universidade Federal de Lavras (PROBATATA-
UFLA), conduzidos no Centro de Desenvolvimento Cientifico e Tecnoloégico (21°12'19,8"S,
44°58'48,8"W, 919 m de altitude, e com solo classificado como latossolo vermelho-amarelo),
localizado no municipio de Lavras, Minas Gerais, Brasil. As diferentes populacdes clonais
foram identificadas em POP1, POP2 e POP3. As populagdes sdo oriundas do PROBATATA-
UFLA, caracterizadas nos segmentos de producdo in natura, chips e pré-fritos congelados. Os
ensaios foram avaliados na safra de inverno de 2023, ambiente caracterizado sem estresse por
calor, iniciando o plantio em abril e colheita em outubro.

O numero de linhas, colunas, clones, testemunhas, parcelas e porcentagem de parcelas
repetidas (py) sdo mostrados na Tabela 1. Os ensaios foram conduzidos no delineamento
parcialmente replicado (p-rep) (Cullis ef al., 2006) e percentual de parcelas replicadas (pw)
proximo de 40%. As parcelas foram compostas por cinco plantas espagadas 0,30 m entre plantas

e 0,80 m entre linhas.

Tabela 1 - Caracteriza¢do de populagdes, nimero de linhas, coluna, clone, testemunha, parcela
e porcentagem de parcelas replicadas.

Numero de niveis

§

Populagio’ Linha Coluna Clone Testemunha Parcela -
POPI 9 29 211 2 350 39.14
POP2 15 27 303 2 543 43.83
POP3 15 12 100 2 173 41.04

fIdentificagdo da populagdo clonal: POP1, POP2 e POP3, sendo os cddigos POP1, POP2 ¢ POP3
identificam as diferentes populagdes clonais.
Spy - Porcentagem de unidades experimentais de parcelas ocupadas por clones replicados, dada pela
expressdo. py = (N - Nua)/N, onde N é o0 nimero de parcelas e Ny € 0 nimero de tratamentos.

Fonte: Elaboragdo propria (2025).
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O manejo da cultura da batata seguiu as recomendagdes técnicas preconizadas para o
estado de Minas Gerais em todos os experimentos. A adubacdo de plantio consistiu na aplica¢ao
de 1,5 t ha! do fertilizante formulado 28-08-16 (N-P205-K>0) no plantio. A adubacio em
cobertura foi realizada com 0,30 t ha! 20-00-20 (N-P20s-K0). O preparo do solo envolveu
trés operagdes sequenciais: aragdo, gradagem e uso de enxada rotativa. A irrigagdo
complementar foi fornecida por sistema de aspersao, sendo seu manejo ajustado de acordo com
as necessidades hidricas da cultura e o regime pluviométrico observado ao longo do ciclo de
cultivo.

As caracteristicas avaliadas neste estudo foram: massa média de tubérculos (MMT,
g/tubérculo), niimero total de tubérculos por parcela (NTT) e produgio total de tubérculos (PTT, t ha').
Em uma 4rea de 1,2 m? foi obtida a massa de tubérculos totais MTT (g/parcela), convertendo
em seguida para toneladas por hectare (PTT, t ha'). A MMT, foi calculado pela expressio MMT
= MTT (g/parcela) / NTT. Devido ao grande nimero tubérculos e parcelas para avaliagdo, o

NTT foi estimado com auxilio de imagens digitais pela contagem indireta dos tubérculos.

2.2. Aquisicao de imagem digitais

A avaliagdo do caracter NTT, foi realizada por meio de imagens digitais capturadas de
todas as unidades experimentais, em formato “.jpg”. As imagens foram capturadas usando um
sistema de visdo computacional no estudio fotografico no Laboratério de Fendmica do
Departamento de Biologia da UFLA. O estidio fotografico contém iluminagdo controlada e
uniforme, fabricado com estrutura metalica e parte superior de MDF tipo “cru” de 15 mm de
espessura, contém duas lampadas de LED de 55 cm de comprimento, 9W, 900 Im, e luz cor
branco frio centralizado no topo do estiidio. Nas partes laterais sdo revestidas de lona dupla face
de polietileno de baixa densidade, sendo a parte branca voltada para o interior do estidio. O
fundo ¢ revestido de material tecido ndo tecido (TNT) de polipropileno, cor preta fosca. A
camera profissional modelo Canon EOS 60D, lente Canon Zoom Lens EF-S, com distancia
focal de 19mm, acoplada na area central do topo na parte externa do estidio fotogréfico,
ajustada com as seguintes configuragdes: ISO 200, abertura do diafragma 1/13 e com escala de

numero F10. (Figura 1).
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Figura 1 - Modelo da estrutura do estudio fotografico usado para capturar as imagens digitais e
(B) imagem de uma parcela de batata, contendo uma etiqueta de identificagao e um
objeto de referéncia.

Fig.1

Fonte: Elaboragdo propria (2025).

As imagens digitais de cada parcela experimental foram capturadas individualmente. A
quantificagdo do NTT originou de técnicas de visdo computacional, utilizando o pacote
OpenCV do Pynton. O ordenamento padrao das cores ¢ RGB (Red, Green, Blue), a segmentagao
das imagens dos tubérculos de batata iniciou com a conversdao do espago de cor RGB para
YCrCb, com foco especifico no canal Cb, seguida pela técnica de limiarizagdo automatica
proposta por Otsu (1975). A discriminagdo entre tubérculos e outros objetos foi realizada pelo
processamento das imagens e analise dos atributos morfoldgicos dos tubérculos, bem como
aplicacdo de mascara bindria, permitindo a exclusao de elementos ndo pertencentes a classe de

interesse, seguida por deteccdo de contornos.

2.3. Analises Estatisticas

Considerando um teste clonal (TC), sendo parcelas arranjadas em um grid com r linhas e
¢ colunas, com g clones oriundos de diferentes familias e avaliados juntamente com p
testemunhas. Para andlise de dados dos modelos mistos unicaracteristico (MMUC) e modelo
misto multicaracteristico (MMMC), a forma matricial do modelo misto ¢ apresentada na

equagao (1).
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y=1p+ Xoto + Zoug+ Zu, + Zeu. + € (1)
em que: y V* D ¢ o vetor de observagdes fenotipicas, sendo N o niimero de parcelas avaliadas;
1 & ¢ um vetor de unidades para todos os elementos; p ! * D é o intercepto; T, ©* ! é o vetor
de efeitos fixos, associado a matriz X, V" (assumindo posto completo), onde o é o niimero de
efeitos fixos; ug ¢ * 1 ¢ o vetor de efeitos aleatdrios de clone associado a matriz Ze ©*&; u,
¢ o vetor de efeitos aleatorios de linha associados a matriz Z,~*"; u. ¢V ¢ o vetor de efeitos
genotipicos aleatérios de coluna associados a matriz Z. V' * 9;; ¢ ¥ * D ¢ o vetor de erros
aleatorios.

Foi assumido que os vetores u,, u., ug, ¢ e sdo efeitos aleatérios e mutuamente
independentes com distribuicdo multivariada gaussiana, com média zero e matrizes de
(co)variancias var(ug) = Gg, var(u,) = G,, var(uc) = G, e var(e) = R. As estruturas dessas
matrizes de (co)varidncia sdo mostradas na Tabela 2. O modelo MMUC apresenta
heterogeneidade das varidncias com estrutura de variancia e covariancia diagonal (DIAG) para
os efeitos de linha, coluna, clone e erro, utilizando a operagao de soma direta (). Ja o modelo
MMMC apresenta heterogeneidade de variancias e (co)variancias, ou seja, as matrizes G ¢ R,
assumiram a forma ndo estruturada (US), acomodados pela operacdo direta do produto (&).
Desta maneira foi possivel modelar as variancias e correlagdes para efeitos de clone e erro entre

0S caracteres.

Tabela 2 - Resumo dos modelos ajustados: Modelo Misto Unicaracteristico (MMUC) e Modelo
Misto Multicaracteristico (MMMC).

Matriz de (Co)variancia MMUCH MMMC #
G, §1=1 Urzylw §/=1 Urzylry
G. @51:1 Uczylcy 69;:1 Uczylcy
Gg ®)-1 95yl G ®le
R D)y a5 Iny R®Iy

Gy, G;, G. ¢ R - matrizes de (co)variancia associadas aos efeitos de linha, coluna, clone e erro,
respectivamente; G, ¢ R, - matrizes de (co)varidncia ndo estruturada usadas para acomodar a interacio
de clone: gendtipo x caracteristica (GxT) e erro: residuo x caracteristica (RXT),
respectivamente; Urzy, O'Czy, ajy e aezy— componentes de variancia associados a linha, coluna, clone e erro,
sendo cada efeito em cada caracteristica, respectivamente; L, L, g, Ig, Iy, Iy, - Matrizes de identidade
associadas a linha e coluna em cada caracteristica, clone, clone em cada caracteristica, erro ¢ erro em
cada caracteristica, respectivamente &) - operador de produto Kronecker; @ - operador de soma direta.
Fonte: Elaboragdo propria (2025).

Os parametros de covariancia dos modelos mostrados na Tabela 2 foram estimados pelo
método de residual maximum likelihood (REML) (Patterson; Thompson, 1971) e best linear

unbiased predictions (BLUP) de efeitos aleatérios pelas equacdes de modelos mistos de
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Henderson (Henderson et al., 1959) usando o software modelos mistos Echidna (Gilmour,
2021) versdo 1.61. As plotagens graficas e outras analises discutidas nas se¢des a seguir foram
realizadas usando o software R (R Core Team, 2025), por meio de pacotes basicos do R e

ggplot2 (Wickham, 2016).

2.3.1. Analise dos modelos MMUC e MTM

Os modelos MMUC e MMMC foram comparados usando o critério de informagao de
Akaike (AIC) apresentado na equagao (2) (Akaike, 1974) e por meio da correspondéncia dos
20% melhores clones pelo coeficiente Czekanowski (Qiao et al., 2000) [CC, equacdo (3)],
baseado na pontuagdo do indice FAI-BLUP (Rocha et al., 2018), entre as estratégias (ugmmuc
vs ugmmmc). Adicionalmente, os componentes de varidncia do modelo MMUC foi testado

usando o teste da razdo de verossimilhanga (LRT) mostrado na equacao (4):

AIC =-20 +2p (2)
CC=al/(a+b) (3)
LRT = -2In({1/£2) 4)

Em que: € ¢ o logaritmo do ponto de maximo da fun¢@o de log-verossimilhanca residual,
p € o nimero de pardmetros de variancia, {1 ¢ o ponto de maximo da fun¢do de log-
verossimilhanga residual do modelo reduzido (sem o efeito testado), €2 ¢ o ponto de méximo
da fungdo de log-verossimilhanca residual do modelo completo.

Logo em seguida, para os parametros das matrizes US (G e R;), foram utilizados dois
intervalos de confianga de 95% para os parametros do modelo MMMC. O primeiro, baseado
na distribuicao Qui-Quadrado (SAS Institute, 2016), foram utilizados componentes de variancia
de linha, coluna, clone e residuo. O segundo baseado na distribui¢do Normal Padrao (Meyer,
2008) para as correlagdes entre os pares de caracteres.

As correlagdes genotipicas e residuais entre pares de caracteres para efeitos de clone

(pgi].) e residuo (pel.].) foram estimadas a partir dos parametros das matrizes G e R;, utilizando

as expressoes (5) e (6).

Og,:
Pgij = — ®)
7, %,
Oey;
ey = e (6)
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Onde:
Tgy;© Oe,; SE0 (co)variancias entre pares do carater i e para efeitos de clone e residuo; ajie
aj}. sdo componentes de variancia de carater i e j para efeitos de clone;aezl. e aezj sd0 componentes

de variancia de carater i e j para efeito de residuo.

Os componentes de variancia dos modelos MMUC e MMMC foram apresentados em
percentagem da propor¢ao da variagdo total para cada carater (soma de todos os componentes
para cada caracteristica nas andlises MMUC e MMMC). Para comparar a eficacia das
estratégias de selecdo baseadas nos efeitos de clone das estruturas DIAG (ugmwc) € US

(ugrnmc), avaliou-se a efici€éncia por meio da razao da acuracia dos respectivos efeitos.

2.3.2. Acuracia de clone

A acuracia dos efeitos genotipicos de clone do modelo MMUC (75 4s7mum) € do modelo

MMMC (75 gmrmm)foram estimadas por meio das expressoes (7) e (8), respectivamente.

Ug
TggsTMM = - 0'_5 (7)
v
gl
TggmTmMm = T 52 (8)
g

Em que: v, e vy, sdo os efeitos da varidncia médio do erro de predigdo de clone e agz ¢

o componente de variancia genética de clone dos modelos MMUC e MMMC, respectivamente.
3 RESULTADOS
3.1. Comparacio dos modelos MMUC e MMMC

O MMMC proporcionou o melhor ajuste para todas as populacdes, na comparagao com
modelo MMUC, o modelo MMMC apresentou AIC inferior a 10 unidades e proporcionou
incremento médio de 14% ao log-verossimilhanga (£) para ambas as populagdes (Tabela S1,

Figura 2).
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2 - Comparacao do ajuste de qualidade do Modelo Misto Multicaracteristico (MMMC)
usando o AIC em relacdo ao Modelo Misto Unicaracteristico (MMUC) com efeitos
de clone independentes para trés populagdes clonais diferentes de batata (POP).

Fig.2

POP1
1

POP2
1

POP3
1

AlIC

14 =

Fonte: Elaboragao propria (2025).

Os componentes de variancia entre clone, apresentaram diferencas significativas para

populagdes e caracteres, indicando a existéncia de variabilidade genética entre os clones

nas populagdes, o qual pode ser evidenciado pelas diferengas significativas detectadas pelo teste

LRT (Material Suplementar S3), como mostra a Figura 3.

Figura

Fig.3

>

3 - Particdo da variancia genética para os caracteres (A) massa média do tubérculo
(MMT, g/ tubérculo), (B) ntimero total de tubérculos por parcela (NTT) e (C)
rendimento total de tubérculos (PTT, t ha') do Modelo Misto Multicaracteristico
(MMMC) e Modelo Misto Unicaracteristico (MMUC) para os componentes de
variancia: a; variancia do clone; 62 varidncia da coluna; o2 variancia do erro; g
variancia da linha. Foram avaliadas trés populagdes clonais diferentes de batata
(POP).
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Fonte: Elaboragdo propria (2025).
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Comparando-se os modelos MMUC ¢ MMMC, observou-se que para o modelo
MMMC, a média das populagdes apresentou, em PTT, uma contribuigdo relativa 0,8% maior
da variancia genética entre clones. Para o caracter NTT, comprovou-se um incremento de 2,4
% no componente genético entre clones, enquanto para MMT uma redugdo de 1,4%. Vale
destacar que, apesar das diferencas nos valores de AIC entre os modelos e do incremento ao
log-verossimilhanga (£), as propor¢des dos componentes de variancia foram similares (Figura
3, Material Suplementar S2 e S3).

As populagdes POP1 e POP2, do modelo MMUC, apresentaram diferencas
significativas para ambos os caracteres nos componentes de linha e coluna, exceto para o
componente de linha da POP1 no cardter NTT. De maneira semelhante, a POP3 ndo foi
detectada diferengas no componente de coluna para ambos os caracteres, nem o componente de
linha para o cardter MMT. Nesse sentido, no modelo MMMC foram observadas contribui¢des
relativas de menor magnitude para os efeitos de linhas e coluna, e ndo significativos, sendo que
para varios caracteres, nao foi possivel estimar o componente, resultando em valor igual a zero

(Material Suplementar S2 e S3).

3.2 Correlacdes genotipicas parciais e residuais do modelo MMMC

O modelo MMMC revelou correlagdes genotipicas parciais de alta magnitude dos
componentes de produgdo PTT para NTT e MMT. As correlagdes genotipicas entre PTT e NTT
variaram de 0,95 a 0,98, enquanto entre PTT e MMT oscilaram de 0,94 a 0,97 nas trés
populagdes avaliadas. Os intervalos de confianga associados a essas estimativas ndo incluiram
zero, confirmando a significancia entre as associagdes genéticas, indicando forte controle
genético destes componentes. Esses resultados demonstram que ambos os componentes
contribuem substancialmente para a expressao da produtividade de tubérculos, sugerindo alta
eficiéncia da selecdo indireta via NTT ou MMT para incremento de PTT.

Em contraste, a correlagdo genotipica entre NTT e MMT foi fortemente negativa,
variando de -0,91 a -0,94 quando controlada pela PTT. Esse padrdo evidencia contribui¢ao
diferencial para os componentes da produtividade, no qual gendtipos que alocam recursos para
produzir maior NTT tendem a apresentar tubérculos de menor MMT, e vice-versa, mantendo-
se constante a produtividade total. Essa resposta diferencial de pesos genéticos foi consistente
nas trés populagdes avaliadas, demonstrando que a seleg@o simultdnea para aumento de ambos
os componentes ¢ geneticamente desafiadora e requer estratégias especificas de melhoramento,

como o uso de indices de selecdo ou a busca por genotipos recombinantes que superem essa
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compensagdo. A estabilidade das associagdes genéticas entre populagdes foi notavel, com
amplitudes reduzidas entre as estimativas de correlacdo genética: 0,03 para o par PTT-NTT
(0,952 0,98) € 0,03 para PTT-MMT (0,94 a 0,97). Essa consisténcia indica que as associagdes
genéticas observadas sdao robustas e entre os diferentes backgrounds genéticos, reforgando a
confiabilidade dessas relagdes para aplicacdo em programas de melhoramento genético de
batata.

As correlagoes residuais seguiram padrao similar as genéticas, porém com magnitudes
ligeiramente inferiores, sugerindo que fatores ambientais também contribuem para as
associagdes fenotipicas. Entre PTT e NTT, as correlagdes residuais foram positivas e de alta
magnitude (0,93 a 0,94), enquanto entre PTT e MMT variaram de moderadas a altas (0,85 a
0,87). Para o par NTT-MMT, observaram-se correlagdes residuais negativas de magnitude
moderada (-0,83 a -0,86), refor¢ando o efeito ambiental diferencial. Os intervalos de confianga
das correlagdes residuais ndo interceptam no zero, indicando que, embora os efeitos ambientais
foram de menor magnitude influenciam diretamente em ganhos genéticos no melhoramento de

batata (Figura 4).

Figura 4 - Correlagdes parciais genotipicas (pg) (A) e residuais (p,) (B) entre caracteristicas
avaliadas para trés populagdes clonais diferentes de batata (POP). As barras
representam as estimativas das correlagdes e os intervalos do erro padrao (+ SE). (*)
indicam correlagdes que sdo significativamente diferentes de zero com 95%

probabilidade.
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Fonte: Elaboragdo propria (2025).
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3.3 Acuracia seletiva modelo MMUC e MMMC

Os resultados de rz,; do modelo MMUC foram, em média, semelhantes aos do modelo
MMMC. Os valores de acurécia para o cardter MMT apresentaram amplitude de 0,09 (0,79-
0,88) no MMUC e 0,08 (0,79-0,87) no MMMC, com médias de 0,83 e 0,84, respectivamente.
Para NTT, a acurécia variou de 0,12 (0,68-0,80) no MMUC e 0,07 (0,75-0,82) no MMMC,
resultando em médias de 0,76 e 0,79, respectivamente (Figura 5, Material suplementar S4).

Todavia, menores amplitudes de acuracia de clone foram detectadas para o carater PTT,
de 0,01 (0,86-0,87) no MMUC e 0,04 (0,83-0,87) no MMMC, com médias de 0,86 e 0,85,
respectivamente. Em geral, ambos os modelos apresentaram alta acuracia seletiva (>0,70) para
a maioria das caracteristicas avaliadas, com exce¢do do NTT na POP3 no modelo MMUC
(0,68). Vale destacar que, a magnitude da diferenca de rg, foi maior para NTT e menor para
PTT, sendo que o modelo MMMC apresentou menores amplitudes de rz, em comparagdo ao

modelo MMUC (Figura 5, Material suplementar S4).

Figura 5 - Acuracia seletiva rg, estimada para os modelos: Modelo Misto Unicaracteristico
(MMUC) e Modelo Misto Multicaracteristico (MMMC) para os caracteres massa
média do tubérculo (MMT, g/ tubérculo), niimero total de tubérculos por parcela
(NTT) e produtividade total de tubérculos (PTT, t ha'!), sob condi¢cdes sem estresse
térmico em trés populagdes clonais diferentes de batata (POP).
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Fonte: Elaboragao propria (2025).
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Apobs a obtencdo dos escores do indice FAI-BLUP, que incluiu os caracteres de
produtividade de tubérculos (MMT, NTT e PTT), os modelos MMUC ¢ MMMC foram
comparados por meio dos coeficientes de Czekanowski (CC) visando avaliar as estratégias de
selecdo (ugmmuc vs ugmmmc). De maneira semelhante as acuricias observadas nos modelos
multivariado e univariado (Figura 5), os valores de CC foram similares na concordancia na
selecdo dos 20% melhores clones entre as estratégias (Ugmmuc Vs Ugamnic), O que sugere uma

alta concordancia entre vetores (ugymmuc com ugmmmc) de ordenamento dos clones (Tabela 3).

Tabela 3 - Coeficiente de Czekanowski (CC) entre os vetores de pontuagdo do indice FAI-BLUP
para selecdo dos 20% melhores clones das estratégias (Ugmmuc € Ugmmmic) para selecao
simultanea dos componentes de produgdo de batata: massa média do tubérculo
(MMT, g/ tubérculo), numero total de tubérculos por parcela (NTT) e produtividade
total de tubérculos (PTT, t ha).

Estratégias® Populacdes® CcC
POP1 0,88

UgMMUC VS UgMMMC POP2 0,90
POP3 0,90

Tugmmuc € o vetor de efeitos de clones do Modelo Misto unicaracteristico (MMUC), ugmmmc € o vetor de efeitos de
clones do Modelo Misto Multicaracteristico (MMMC).

SIdentificagdo das populagdes: POP1, POP2 e POP3, em que os codigos POP1, POP2 e¢ POP3 identificam as
diferentes populagdes clonais.

Fonte: Elaboragdo propria (2025).

4 DISCUSSAO

O inicio do melhoramento de batata envolve o cruzamento biparental de gendtipos
heterozigotos para o desenvolvimento da primeira geragdo clonal (F1), na qual os clones serdao
selecionados com base em seu desempenho per se, e propagados vegetativamente, seguindo um
esquema de melhoramento clonal (Stich; Van Inghelandt, 2018). Contudo, o numero de
individuos selecionados para avaliagdo nessas etapas ¢ elevado o que inviabiliza a avaliagao
fenotipica de multiplas caracteristicas quantitativas (Feldman ez al., 2024).

Os principais atributos de um clone de batata sdo de natureza quantitativa, ou seja,
influenciadas por centenas de genes. Os programas de melhoramento de batata realizam a
fenotipagem simultanea de dezenas de caracteristicas com o intuito de selecionar genotipos
superiores. Apesar da importancia desses caracteres, a compreensao completa da sua heranca ¢
limitada pela dificuldade operacional de mensura-la quantitativamente, com precisdo € em
escala, em cada fase do programa de melhoramento. O uso de imagens digitais pode auxiliar

nas estimativas e estratégias adotadas no melhoramento de batata.
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Neste sentido, a utilizagdo de imagens digitais permite o desenvolvimento de um
trabalho semiautomatizado para capturar dados, armazenar e mensurar cada uma das
caracteristicas alvo por meio de visdo computacional (Feldman ez al., 2024). A abordagem
utilizada possibilitou a mensuracao, em escala e com baixo custo, dos caracteres NTT e MMT.
Desta maneira, foi vidvel adotar a analise multivariada do MMMC para componentes de
producdo de tubérculos, bem como analisé-los no modelo MMUC.

O modelo MMMC apresentou consisténcia das correlagdes genotipicas entre as trés
populagdes de PTT para NTT e MMT demonstraram robustez dessas associagdes genéticas
entre diferentes backgrounds genéticos (Figura 4). A forte correlagdo positiva entre PTT e
ambos os componentes (NTT e MMT) permite que melhoristas utilizem sele¢do indireta em
geracdes iniciais, uma vez que, nesta fase ¢ caracterizada pelo grande nimero de gendtipos
avaliados e de forma onerosa (Stich; Van Inghelandt, 2018).

Todavia, a associacdo negativa observada entre NTT e MMT sugere que a defini¢do de
idedtipos deve ser considerado no objetivo do programa de melhoramento, obtendo populagdes
melhoradas para NTT e MMT separadamente e depois intercruzadas explorando a heterose e
quebra de ligacdo génica (Haynes et al., 2012; Slater e al., 2016). Além da alocagao de recursos
divergentes essa independéncia genética também pode ser explicada pela regulagdo hormonal
a qual influéncia diretamente o nimero ¢ a massa média de tubérculos. Altos niveis de
giberelinas tendem a reduzir a quantidade de tubérculos formados, pois mantém os estoldes no
crescimento vegetativo. Por outro lado, a redugdo das giberelinas e aumento de acido abscisico
(ABA) e citocininas favorecem a indugdo e o desenvolvimento dos tubérculos, impactando
positivamente o nimero e a massa média de tubérculos (Xu et al., 1998; Aksenova et al., 2012;
Saidi; Hajibarat, 2021).

A correlacdo residual negativa entre NTT e MMT reflete uma associagdo inversa
induzida pelo ambiente, possivelmente devido a competi¢do por recursos. Em condicdes de alta
densidade de tubérculos, a disponibilidade limitada de fotoassimilados pode reduzir o
crescimento individual de tubérculos e consequentemente sua massa média (MMT) (Alam et
al., 2016). Estresses abidticos como deficiéncia hidrica ou nutricional pode exacerbar essa
competicdo, como observado em estudos com irrigagdo controlada (Tsegaw; Hammes;
Robbertse, 2005). Em consonancia, Bradshaw (2022) reportou p, associagdo negativa entre
NTT e MMT em ensaios com restricdo de nitrogénio e Cuevas et al. (2023) notaram que p,
negativas sao mais pronunciadas em ambientes subotimos, refor¢ando a influéncia ambiental

para estes caracteres de produtividade de tubérculos.
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As correlagdes genéticas e residuais entre PTT e NTT foram igualmente altas e
positivas, indicando uma base genética compartilhada, no qual loci pleiotrépicos ou ligados
controlam ambos os caracteres, como genes reguladores do ciclo celular (Endelman et al.,
2018). Além disso observar-se uma resposta ambiental sincronizada, fatores como irrigagao e
adubagdo aumentam simultaneamente NTT e PTT (Fantaw et al., 2019). A alta correlagao
residual sugere que a sele¢do indireta para NTT ¢ eficaz para melhorar PTT, mesmo em
diferentes ambientes.

Os modelos MMMC e MMUC apresentaram acuracias seletivas altas e similares para
os caracteres avaliados (MMT, NTT, PTT), mesmo com o MMMC exibindo ajuste
significativamente melhor. Estudos como o de Cuevas et al. (2023) reforgam que o MMMC ¢
particularmente vantajoso quando os caracteres tém correlagdes genotipicas moderadas a altas
(pg > 0.5), mas seu impacto na acurdcia € limitado para caracteres com alta herdabilidade
(Endelman et al., 2018), e delineamentos experimentais com maior controle da variagdo
ambiental como por exemplo p-rep (Cullis et al., 2006).

Neste sentido, o emprego de analises multivariadas em comparagdo a univariadas no
melhoramento de batata tetraploide, auxilia na estimativa de valores genéticos (Endelman et
al., 2018; Cuevas et al., 2023). Todavia, para andlises de ensaios unicos (Single-trial) e sem
estresse por calor, ndo foram observados incremento nos componentes de variancia, bem como
em acurdcia seletiva (Figuras 2 e 5, respectivamente).

Assim, a abordagem de andlises multivariada aproveita as correlacdes entre os
caracteres, resultando no maior poder preditivo para caracteres de baixa herdabilidade.
Contudo, quando a herdabilidade ¢ alta e a variancia genética € predominante o modelo MMUC

consegue estimar valores genéticos com maior precisao (Endelman ef al., 2018).

5 CONCLUSAO

Este estudo demonstrou que, mesmo considerando a penalizagao pelo maior numero de
parametros, o modelo MMMC apresentou melhor ajuste ao modelo MMUC, tendo AIC inferior
a 10 unidades para todas as populagdes. O modelo MMMC mostrou-se mais eficiente que o
MMUC por proporcionar estimativas mais precisas dos componentes de varidncia genética,
além de um controle ambiental mais eficaz. As correlagdes parciais genotipicas e residuais em
batata confirmaram a relagdo positiva entre PTT para NTT e MMT, bem como relacao inversa
entre MMT e NTT. Os componentes de produ¢do MMT, NTT e PTT apresentaram alta acuracia
seletiva em ambos os modelos MMUC e MMMC.



53

REFERENCIAS

AKAIKE, H. Uma nova perspectiva sobre a identificagdo de modelos estatisticos. IEEE
Transactions on Automatic Control, AC-19, p. 716-723, 1974.

AKSENOVA, N. P. et al. Hormonal regulation of tuber formation in potato plants. Russian
Journal of Plant Physiology, v. 59, p. 451-466, 2012.

AKSOY, E. et al. (2021). Recent advances in potato (Solanum tuberosum L.) breeding. In:
AL-KHAYRI, J. M.; JAIN, S. M.; JOHNSON, D. V. (ed). Advances in Plant Breeding
Strategies: Vegetable Crops. v. 8. Suica: Springer, 2021. p. 409-487.

ALAM, S. et al. Optimizing crop geometry for processing-grade tuber yield, quality and
economics of potato in Grey Terrace Soil. Archives of Agronomy and Soil Science, v. 62, n.
11, p. 1496-1507, 2016.

ANDRIVON, D. Potato facing global challenges: how, how much, how well?. Potato
Research, v. 60, n. 3, p. 389-400, 2017.

BONIERBALE, M. W. Potato breeding. In: CAMPOS, H.; ORTIZ, O. The potato crop: Its
agricultural, nutritional and social contribution to humankind. Suica: Springer, 2020. p.163-
217.

BRADSHAW, J. E. A Brief History of the Impact of Potato Genetics on the Breeding of
Tetraploid Potato Cultivars for Tuber Propagation. Potato Research, v. 65, p. 461-501, 2022.

BRADSHAW, J. E. Revisao e analise das limitagcdes nas formas de melhorar o melhoramento
convencional da batata. Potato Research. 60, 171-193, 2017.

CABELLO, R. et al. Heritability of yield components under irrigated and drought conditions
in andigenum potatoes. American Journal of Potato Research, v. 91, n. 5, p. 492-499, 2014.

CUEVAS, J. et al. Modeling genotypex environment interaction for single and multitrait
genomic prediction in potato (Solanum tuberosum L.). G3,v. 13, n. 2, p. 1-13, 2023.

CULLIS B. R.; SMITH, A. B.; COOMBES, N. E. On the design of early generation variety
trials with correlated data. Journal Agric Biol Environment Stat v. 11, p. 381-393, 2006.

DEVAUX, A. et al. The potato of the future: opportunities and challenges in Sustainable agri-
food systems. Potato Research, v. 64, n. 4, p. 681-720, 2021.

DOUCHES, D.S. ef al. Assessment of potato breeding progress in the USA over the last
century. Crop Science, v. 36, n. 6, p. 1544—-1552, 1996.

ENDELMAN, J. B. et al. Genetic variance partitioning and genome-wide prediction with
allele dosage information in autotetraploid potato. Genetics, v. 209, n. 1, p. 77-87, 2018.

FANTAW, S. et al. Evaluation of potato (Solanum tuberosum L.) varieties for yield and
yield components. Journal of Horticulture and Forestry, v. 11, n. 3, p. 48-53, 2019.



54

FELDMAN, M. J. et al. A scalable, low-cost phenotyping strategy to assess tuber size, shape,
and the colorimetric features of tuber skin and flesh in potato breeding populations. The
Plant Phenome Journal, v. 7, n. 1, p. 1-20, 2024.

HAYNES, K. G.; GERGELA, D. M.; HUTCHINSON, C. M. Early generation selection at
multiple locations may identify potato parents that produce more widely adapted progeny.
Euphytica, v. 186, n. 2, p. 573-583, 2012.

HENDERSON, C. R. et al. The Estimation of Environmental and Genetic Trends from
Records Subject to Culling. Biometrics, v. 15, v. 2, p. 192-218, 1959.

GILMOUR, A.R. Echidna Mixed Model Software, 2021. Disponivel em: www.echidnamms.org/
Acesso em: 10 mar 2021.

GOPAL, J. Challenges and Way-forward in Selection of Superior Parents, Crosses, and
Clones in Potato Breeding. Potato Research, v. 58, p. 165-188, 2015.

MEYER, K. Likelihood calculations to evaluate experimental designs to estimate genetic
variances. Heredity (Edinb) v. 101, p. 212-221,2008.

ORTIZ, R. et al. Genetic gains in potato breeding as measured by field testing of cultivars
released during the last 200 years in the Nordic Region of Europe. The Journal of
Agricultural Science, v. 160, n. 5, p. 310-316, 2022.

OTSU, N. A threshold selection method from gray-level histograms. Automatica, v. 11, n.
285-296, p. 23-27, 1975.

PATTERSON, H. D.; THOMPSON, R. Recovery of inter-block information when block sizes
are unequal. Biometrika, v. 58, p. 545-554, 1971.

QIAO, C. G. et al. Evaluation of experimental designs and spatial analyses in wheat breeding
trials. Theoretical and Applied Genetics, v. 100, p. 9-16. 2000.

R CORE TEAM. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria, 2025. Disponivel em: https://www.r-
project.org/ Acesso em: 10 fev. 2025.

SAIDI, A.; HAJIBARAT, Z. Phytohormones: plant switchers in developmental and growth
stages in potato. Journal of Genetic Engineering and Biotechnology, v. 19, n. 1, p. 89,
2021.

SCHUMAKER, J. R. et al. 'Atlantic: A New Potato Cultivar for North Florida. Proceedings
of the Florida State Horticultural Society, v. 90, p. 370-372, 1977.

SAS INSTITUTE INC. SAS/STAT® 14.2 User’s Guide. Software (Cary, NC: SAS Institute
Inc.), 2016.

SLATER, A. T et al. Improving genetic with genomic selection in autotetraploid photo. The
Plant Genome, v. 9, n. 3, p. 1-15, 2016.



55

STICH, B.; VAN INGHELANDT, D. Prospects and potential uses of genomic prediction of
key performance traits in tetraploid potato. Frontiers in Plant Science, v. 9, n. 159, p. 1-12,
2018.

THELEN, K. et al. Variance and covariance components of agronomic and quality traits
assessed in tetraploid potato and their implications on practical breeding. Frontiers in Plant
Science, 15, p. 1-15, 2025.

TSEGAW, T.; HAMMES, S.; ROBBERTSE, J. Paclobutrazol-induced leaf, stem, and root
anatomical modifications in potato. HortScience, v. 40, n. 5, p. 1343-1346, 2005.

WICKHAM, H. “Data Analysis,” in ggplot2. Use R! Springer Verlag, New York, 2016.

XU, X. et al. The role of gibberellin, abscisic acid, and sucrose in the regulation of potato
tuber formation in vitro. Plant physiology, v. 117, n. 2, p. 575-584, 1998.



56

MATERIAL SUPLEMENTAR

Tabelas suplementares

Tabela SI - Resumo do Modelo Misto Unicaracteristico (MMUC), Modelo Misto
Multicaracteristico (MMMC): Ponto méaximo residual log-likelihood (£) e Akaike
Critério de Informacao de Akaike (AIC).

Populag¢io? Modelo p } AIC
MMUC 12 -2706,54 5437,07
POP1
MMMC 18 -2387,55 4811,10
MMUC 12 -4333,61 8691,23
POP2
MMMC 18 -3809,20 7654,39
MMUC 12 -1376,65 2777,30
POP3
MMMC 18 -1188,28 2412,56

fldentificagdo de populagdo: POP1, POP2 ¢ POP3, em que os cddigos POP1, POP2 e POP3 identificam as
diferentes populagdes clonais.

Fonte: Elaboragdo propria (2025).

Tabela S2 - Resumo dos componentes de varidncia do Modelo Misto Unicaracteristico
(MMUC), Modelo misto Multicaracteristico (MMMC), para os caracteres massa
média de tubérculos (MMT), niimero total de tubérculos (NTT) e produtividade
total de tubérculos (PTT, t ha!) na safra de inverno de 2023.

Cariter  Pooulacio! MMUC* MMMC !
o TOPIE0 a? a? o2 a? a? a2 o2 o2

- POP1 2431 45,03 504,14 337,05 0,00 0,00 518,38 416,34

= POP2 14,55 19,77 670,93 255,42 0,00 1,71 639,80 323,03

= POP3 0,00 37,94 903,66 513,94 0,00 0,00 898,24 555,29

. POP1 4,21 27,69 177,99 109,87 0,00 0,00 190,36 134,07

E POP2 3,98 7,46 93,54 70,85 0,12 0,11 91,46 84,81
POP3 9,57 0,00 43,51 67,17 0,46 0,00 50,88 69,43
POP1 4,64 27,17 157,21 60,40 0,00 0,00 156,63 91,04

E POP2 4,95 3,26 94,05 41,08 0,00 0,32 96,29 47,66
POP3 10,08 0,00 103,79 45,16 0,46 0,00 105,91 52,66

Identificagio de populagdo: POP1, POP2 ¢ POP3, em que os codigos POP1, POP2 ¢ POP3 identificam as
diferentes populagdes clonais.
ig?, O‘CZ, ng eo?: componentes de varidncia associados aos efeitos de linha, coluna, clone e residuo.

Fonte: Elaboracao propria (2025).
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Tabela S3 - Contribuigdo (%) dos componentes de variancia do Modelo Misto Unicaracteristico
(MMUC), Modelo Misto Multicaracteristico (MMMC) para os caracteres: massa
média de tubérculos (MMT), nimero total de tubérculos (NTT) e produtividade
total de tubérculos (PTT, t ha'!) na safra de inverno de 2023.
MMUC MMMC
Linha Coluna Clone Res. Linha Coluna Clone Res.
POP1 229" 461" 55747 3737 0,00 0,00 5546 44,54

Caracter Populacio®

E POP2 1,517 2,06° 69,84™ 26,59 0,00 0,18 66,33 33,49
= POP3 0,00 2,61™ 62,08 3531 0,00 000 61,80 38,20
g POP1 1,08™ 825" 56,18 3449 0,00 000 58,67 41,33
; POP2 2,26 424" 53207 40,30 0,07 0,06 51,82 48,05

POP3 7,96° 0,00 36,18 5586 038 0,00 42,13 57,49
g POP1 1,76" 10,76 63,19"" 2429 0,00 0,00 6324 36,76

- POP2 345" 228" 65617 2866 000 022 66,74 33,04

POP3 6,34 0,00 6526 2840 0,29 0,00 66,60 33,11
Identificagdo de populagdo: POP1, POP2 ¢ POP3, em que os codigos POP1, POP2 ¢ POP3 identificam as
diferentes populagdes clonais.

Significancia pelo teste da razdo de verossimilhanga (LRT), p-valor < 0.01™, 0.05 ™ e p-valor > 0.05 ndo
significativo ™.

Fonte: Elaboragdo propria (2025).
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Tabela S4 - Resumo das estimativas dos parametros de varidncia genética e ndo genética para o Modelo Misto Multicaracteristico (MMMC) para
populagdes clonais. Limite inferior de confianga (LIC) e limite superior de confianca (LSC) do intervalo de confianga de 95% para os parametros de
variancia associados as caracteristicas massa média de tubérculos (MMT), niimero total de tubérculos (NTT) e produtividade total de tubérculos (PTT, t

ha™') na safra de inverno de 2023.

Parametros’ POPl.I ITOP2.I P(.)P31:
LIC Estimativas LSC LIC Estimativas LSC LIC Estimativas LSC
O-EATM
Orrrn 0,01 0,12 8,26x10"7 0,06 0,46 1,28x10"®
Oy 0,06 0,46 1,05%x10"
OCsrm 0,19 1,71 3,20x10"1
Ol 0,01 0,11 1,05x107
Ocrry 0,06 0,32 707,20
OG arm 367,41 518,38 786,54 511,62 639,8 823,28 596,26 898,24 1506,51
angTN 138,60 190,36 277,84 69,55 91,46 125,72 29,11 50,88 110,83
agzm, 117,60 156,63 219,01 77,75 96,29 122,41 72,54 105,91 169,17
JQZATM 311,00 416,34 586,27 262,33 323,03 407,67 383,14 555,29 877,02
Oérrn 101,23 134,07 186,06 69,35 84,81 106,12 49,04 69,43 105,91
anTTY 69,82 91,04 123,70 39,10 47,66 59,41 36,53 52,66 82,50
Pgarmrry 0,32 0,51 0,69 0,60 0,70 0,79 0,55 0,74 0,93
Pgrrnrry 0,77 0,85 0,92 0,59 0,69 0,79 0,67 0,80 0,94
[ E——— -0,25 0,01 0,26 -0,18 0,01 0,19 -0,18 0,22 0,62
Pegrarry 0,30 0,47 0,64 0,25 0,38 0,51 -0,01 0,25 0,52
Perrnary 0,66 0,76 0,85 0,65 0,72 0,80 0,69 0,79 0,90
Perrn.arm -0,33 -0,12 0,09 -0,41 -0,27 -0,13 -0,56 -0,31 -0,05

T2 2 2 2 2 2 2 2 2 2 2 2
O-rMMT’ O-TNTT’ O-TPTT’ O-CMMT’ O-CNTT’ O-CPTT’ GgMMT’ O-gNTT’ ngTT’ o-eMMT’ O-eNTT ¢ O-ePTT

caracteres: MMT, NTT e PTT, respectivamente;

pgATM-TTY’ p.gTTN-TTY’ p.gTTN-ATM peATM-TTY’ peTTN-TTY e peTTN-ATM

caracteres MMT, NTT e PTT.

! Identificacdo de populagdo: POP1, POP2 e POP3, em que os codigos POP1, POP2 e POP3 identificam as diferentes populagdes clonais.

- Componentes de variancia associados aos efeitos de linha, coluna, clone e residuo, para os

- Correlagdes genotipicas e residuais entre os pares de caracteres para o efeito de clone e residuo (pg, pe), para os

Fonte: Elaboragao préopria (2025).
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Tabela S5 - Acurécia seletiva para o Modelo Misto Unicaracteristico (MMUC), Modelo Misto
Multicaracteristico (MMMC) para os caracteres massa média de tubérculos (MMT),
numero total de tubérculos (NTT) e produtividade total de tubérculos (PTT, t ha™)
na safra de inverno de 2023.

5 Modelos
Populagio’ Cariater
I'Gg(MMUC) I'gg(MMMC)

POP1 MMT 0,79 0,79
POP2 MMT 0,88 0,87
POP3 MMT 0,83 0,85
Média 0,83 0,84
POP1 NTT 0,8 0,82
POP2 NTT 0,8 0,79
POP3 NTT 0,68 0,75
Média 0,76 0,79
POP1 PTT 0,86 0,83
POP2 PTT 0,87 0,87
POP3 PTT 0,86 0,86
Média 0,86 0,85

fIdentificagdo de popula¢do: POP1, POP2 e POP3, em que os cddigos POP1, POP2 e POP3 identificam as
diferentes populagdes clonais.

Fonte: Elaboragdo propria (2025).
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2 CONSIDERACOES FINAIS

A presente tese teve como propdsito contribuir significativamente para o avango
metodologico, cientifico e pratico do melhoramento genético de batata, abordando os desafios
enfrentados pelos melhoristas, especialmente em programas conduzidos em condigdes tropicais
e subtropicais. Os resultados obtidos demonstram que a integragdo de abordagens estatisticas
robustas em ensaios de local Uinico e multiambientes, bem como analises unicaracteristico e
multicaracteristico, aumenta a eficiéncia seletiva de clones para componentes de produgao de
batata.

O primeiro estudo demonstrou de maneira consistente ¢ robusta a relevancia da
incorporagao do efeito de familia na estrutura de modelos de selegdao clonal. A estrutura
aninhada (Familia/Clone = Familia + Familia-Clone) permitiu uma particdo mais realista dos
componentes de varidncia genética, evitando a confusdo entre os efeitos de familia e de clones
dentro das familias que ocorre em modelos tradicionais. Esta abordagem resultou em
incrementos consistentes na acuracia seletiva, com ganhos médios de 11% e 7% para gravidade
especifica e produtividade total de tubérculos, respectivamente, nas analises de ensaios unicos,
e de 12% e 6% para analises multiambientes.

A magnitude do efeito de familia mostrou-se variavel entre caracteres e ambientes, com
a proporc¢do da varidncia genética total atribuida ao efeito de familia (pg) variando de 0,03 a
0,35. Observou-se reducdo expressiva do efeito de familia sob condi¢des de estresse térmico
elevado para produtividade total de tubérculos e de menor proporcao para gravidade especifica.
Este padrao sugere que diferentes mecanismos genéticos e fisiologicos regulam a resposta ao
estresse térmico.

A analise multiambientes revelou a complexidade da interagdo gendtipo X ambiente
(GxE) na cultura da batata sob diferentes niveis de estresse térmico. Os resultados evidenciaram
uma natureza de interagdo complexa para produtividade total de tubérculos e uma interagao
simples para gravidade especifica. O uso do indice FAI-BLUP para integra¢cdo de informagdes
de multiplos ambientes e caracteres mostrou-se eficaz na selecdo de clones superiores. Assim,
aincorporacao do efeito de familia € vantajosa e ndo implica em custos adicionais, aproveitando
os dados ja coletados proporcionando o aumento da eficiéncia seletiva e a acurdcia na
identificacao de clones superiores.

O segundo estudo, com auxilio da fenotipagem por imagens digitais, proporcionou a
estimativa em larga escala de componentes de producdo de batata e de baixo custo. O uso de

imagens viabilizou a quantifica¢do precisa e eficiente do numero total de tubérculos e massa
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média de tubérculos, especialmente em populagdes clonais numerosas encontradas em estagios
iniciais de melhoramento. Esta abordagem permite a avaliagdo de multiplos caracteres, em
escala e sem aumento proporcional de custos.

A comparacdo entre modelos mistos unicaracteristico (MMUC) e multicaracteristico
(MMMC) revelou que, embora ambos apresentem acuracias seletivas elevadas e similares para
os componentes de produ¢do avaliados, o modelo MMMC proporcionou melhor ajuste
estatistico, evidenciado por valores de AIC inferiores.

A consisténcia das correlagdes genéticas entre as trés populagdes avaliadas demonstra a
robustez destas associagdes genéticas em diferentes backgrounds genéticos. As acurdcias
seletivas obtidas foram consistentemente elevadas (> 0,70), refletindo a eficiéncia do
delineamento experimental parcialmente replicado (p-rep) adotado e a adequagao dos modelos
estatisticos empregados.

Integrando os resultados dos dois estudos emergiu uma visao abrangente de estratégias
com maior eficiéncia para programas de melhoramento de batata em condicdes tropicais e
subtropicais. A combinagdo da inclusao do efeito de familia e das analises multivariadas de
componentes de produgdo de batata com auxilio de imagens digitais aumenta, simultaneamente,
a acurdcia seletiva de clones em populagdes numerosas dos estagios iniciais dos programas de
melhoramento de batata.

A incorporagao do efeito de familia nos modelos de selecdo clonais deve ser considerada
rotineiramente, especialmente para caracteres com maior contribuicdo da varidncia entre
familias (gravidade especifica). A utilizacdo de fenotipagem por imagens deve ser considerada
para analises multivariadas de componentes de producao de batata, permitindo avaliagdes em
larga escala e a baixo custo.

Em conclusdo, esta tese demonstrou que a integracdo de metodologias estatisticas
robustas e o uso de andlises multivariadas com auxilio da fenotipagem por imagem podem
promover o aumento da eficiéncia seletiva de clones em programas iniciais de melhoramento
de batata. Os resultados obtidos sdo significativos para atender a crescente demanda por novos
clones de batata adaptados as condig¢des tropicais e subtropicais, contribuindo para a seguranga
alimentar mundial e na sustentabilidade da producdo do tubérculo diante de cendrios de

mudangas climaticas.
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