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RESUMO
Novas estratégias para a implementação de seleção genômica em programas de
melhoramento de espécies de propagação vegetativa

A seleção genômica consiste no uso de efeitos preditos de marcadores genéticos para
predizer os valores genéticos e/ou genotípicos de indivíduos genotipados. Desta forma, a seleção
de genótipos superiores pode ser feita baseada apenas em valores genéticos preditos, reduzindo a
necessidade de avaliações fenotípicas subsequentes. Isto representa um grande avanço em termos
de custos e eficiência da seleção em programas de melhoramento de todos os tipos de culturas. No
primeiro capítulo deste trabalho, nós exploramos uma das maneiras com que a seleção genômica
pode ser utilizada para aumentar a eficiência no melhoramento simultâneo para múltiplos caráteres
em espécies de propagação vegetativa. Utilizando simulações estocásticas, nós mostramos que um
índice de seleção econômico deve ser utilizado no lugar da eliminação independente (independent
culling). Os resultados mostram que o uso da seleção genômica pode tornar o custo-benefício da
eliminação independente obsoleto se indivíduos em gerações iniciais forem genotipados e
predições acuradas para todos os caráteres estiverem disponíveis desde o início. Apesar dos
potenciais benefícios de realizar a seleção com base em valores genéticos preditos, para algumas
espécies de propagação vegetativa a complexidade de seus genomas é um fator limitante para a
efetiva implementação da seleção genômica em programas de melhoramento. Considerando que
incluir a informação de dosagem alélica melhorou a performance de modelos de seleção genômica
em espécies autotetraploides, nosso objetivo no segundo capítulo deste trabalho foi avaliar a
acurácia da predição genômica com informação de dosagem alélica em cana-de-açúcar, que é uma
complexa espécie poliploide. Neste capítulo, nós expandimos modelos GBLUP de seleção
genômica desenvolvidos para autotetraploides para incluir níveis mais altos de ploidia. Dois
modelos foram utilizados, um modelo com somente efeitos aditivos e um modelo com efeitos
aditivos e efeitos de dominância digênica. Nós observamos uma modesta melhora na performance
do modelo preditivo quando estimativas de ploidia e dosagem alélica foram incluí das, indicando
que esta é uma possível maneira de aprimorar a seleção genômica em cana-de-açúcar. Os resultados
obtidos nos dois estudos podem auxiliar pesquisadores e melhoristas de espécies de propagação
vegetativa, abrindo portas para novas pesquisas e indicando as maneiras mais eficientes para
implementação da seleção genômica.
Palavras-chave: Seleção genômica; Cana-de-açúcar; Dosagem alélica; Poliploides; Índice de seleção
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ABSTRACT
New strategies for implementing of genomic selection in breeding programs of clonally
propagated crops

Genomic selection consists of using predicted effects of genetic markers to predict
breeding values and/or genotypic values of genotyped individuals. With this approach, selection
can be carried based only on those predicted breeding values, reducing the need for further
phenotypic evaluations. This represents a great advance in terms of cost and effectiveness of
selection in breeding programs of all kinds of crops. In the first chapter of this work, we explore
one of the ways genomic selection can be used to increase efficiency when breeding clonally
propagated crops for multiple traits. Using stochastic simulations, we show that an economic
selection index should be preferred over independent culling. Our results show that the use of
genomic selection may render the cost-efficiency benefit of independent culling obsolete when all
early generation individuals are genotyped and accurate prediction of all traits becomes available
simultaneously. Despite the potential benefits of selecting based on predicted breeding values, for
some clonally propagated species the complexity of their genomes limits the implementation of
genomic selection in breeding programs. Since including allele dosage information has been shown
to improve performance of genomic selection models in autotetraploid species, our objective in
the second chapter of this work was to assess the accuracy of genome-wide prediction in the highly
complex polyploid sugarcane when incorporating allele dosage information. In this chapter, we
expanded GBLUP genomic selection models developed for autotetraploids to include higher levels
of ploidy. Two types of model were used, one with additive effects only and one with additive and
digenic dominance effects. We observed a modest improvement in the performance of the
prediction model when ploidy and allele dosage estimates were included, indicating that this is a
possible way of improving genomic selection in sugarcane. The results obtained in both studies can
assist researchers and breeders of clonally propagated crops, opening new research opportunities and
indicating the most efficient ways to implement genomic selection.
Keywords: Genomic selection; Sugarcane; Allele dosage; Polyploids; Selection Index
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1. INTRODUCTION
Genomic selection is an approach that aims to increase the efficiency of selection in a breeding program,
especially when selecting for complex traits, which usually requires evaluation of field trials in several locations and
years, an expensive and time-consuming process (Heffner et al. 2009a). The method consists of using a training
population that is both genotyped and phenotyped to predict the effect of genetic markers widely spread throughout
the genome. The estimated effects can then be used to predict the phenotype of genotyped individuals in terms of
estimated breeding values or estimated genotypic values (Meuwissen et al. 2001a). This allows selection to be carried
without the need for further phenotypic evaluations, therefore shortening the time needed for selection of
superior genotypes. Genomic selection can be implemented in any population of interest and has been
successfully applied in several crop breeding programs (Bernardo and Yu 2007a; Heffner et al. 2009a; Crossa et al.
2010; Resende et al. 2012; Duhnen et al. 2017).
The breeding schemes for clonally propagated crops generally comprise several sequential steps that are
carried over several years. The overall scheme can be simply summarized in generating genetic variation through
crosses and subsequently selecting clones in the resulting F 1 progenies, which is done in several stages of selection,
until the most promising clones can be released as cultivars, which often are also the candidate parents for the next
breeding cycle (Simmonds 1979). Typically, the initial stages of selection include a large number of individuals to be
evaluated and, to increase program efficiency, individuals are initially culled based on traits that can be phenotyped at
a lower cost and, as the number of individuals decreases and higher-cost phenotyping becomes feasible, selection is
performed for other traits in later stages of selection (Grüneberg et al. 2009a). In the context of genomic selection,
the plant breeder may no longer be forced to cull if the individuals are genotyped. Because accurate prediction of
breeding values of genotyped individuals can become available simultaneously for all traits, a selection index could be
used instead of independent culling.
The selection index method involves selection for all traits simultaneously based on a linear or non-linear
combination of individual traits weighted by their importance for the breeding objective (Hazel and Lush 1942).
Theoretically, the selection index is the most efficient method of selection for multiple traits (Hazel and Lush 1942;
Young 1961a). A major drawback of independent culling in comparison to selection index is that independent
culling, if strictly applied, will not select individuals below the threshold for one single trait despite being exceptional
for all other traits, while the use of a selection index makes it possible to retain those individuals (Bernardo 2010).
Thus, especially for the selection of parents in breeding programs, the use of a selection index instead of
independent culling might lead to higher genetic gains across cycles of selection, particularly when the correlation
between traits is unfavorable. In this context, in the first chapter we investigated the gains over several generations of
genomic selection in a recurrent selection breeding program using either a selection index or independent culling. We
used simulations of recurrent breeding programs to evaluate and compare both strategies with the purpose of
quantifying the magnitude of the difference between the different selection methods.
In the second chapter, we focus on the practical deployment of genomic selection in sugarcane breeding
programs. Sugarcane cultivars are auto-allopolyploids, with 100 to 130 chromosomes and different number of
chromosome copies between homology groups (i.e., aneuploid) (D’Hont et al. 1996, 1998). Due to this extremely
complex genome structure, the majority of genetic studies in sugarcane use either dominant or single-dosage
codominant markers (Wu et al. 1992; Huckett and Botha 1995; Besse et al. 1998; Nair et al. 2002; Gouy et al. 2013;
Aitken et al. 2014; Racedo et al. 2016; Balsalobre et al. 2017), i.e., polymorphisms that were either detected in a
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presence/absence fashion or that could only be detected in one chromosome per homology group, without
considering information of other allele dosage levels. With the recent possibility of estimating the ploidy and allele
dosage of markers (Serang et al. 2012; Garcia et al. 2013; Mollinari and Serang 2015), markers with higher dosages can
be used in studies of polyploid species. Also, given that recent studies have shown that allele dosage information can
improve the accuracy of genomic selection models in autotetraploid species (Slater et al. 2016, 2016; de Bem Oliveira
et al. 2018; Hawkins and Yu 2018; Endelman et al. 2018), our objective in the second chapter was to assess the
accuracy of genomic selection in sugarcane when incorporating allele dosage information.
Overall, we tackled possible ways to improve the implementation of genomic selection in breeding
programs of clonally propagated crops in two levels. First, in terms of rearranging breeding schemes, by replacing the
use of independent culling for an economic selection index; second, in terms of adapting genotyping techniques and
genomic selection models to the complexity of the polyploid sugarcane genome, by estimating both ploidy and allele
dosage of markers and incorporating this information in the prediction model.

2. CONCLUSION
2.1. First chapter
We evaluated and compared recurrent selection breeding programs using either independent culling or
index selection for parent selection. The results show that, despite selection being carried out under unfavourable
genetic correlations when using the selection index instead of independent culling, equivalent or higher genetic gains
were achieved with index selection in all simulated scenarios. In terms of genetic diversity, the differences between
methods in the studied system were driven mostly by differences in the generation of linkage disequilibrium between
causal loci induced and not differences in allele frequencies. When linkage disequilibrium was not considered, both
methods were equivalent in terms of loss of genetic diversity, and the differences between methods in terms of
efficiency of converting genetic diversity into genetic gains mostly reflected the differences in the genetic gains
obtained with each method. To obtain higher genetic gains, accurately assessing the economic importance of the
traits is essential even when independent culling is performed, as optimal culling levels should be determined in order
for maximum gain to be achieved. Given that optimal culling levels are complex to estimate, once the economic
importance of each trait is known, maximum genetic gains are more easily achieved with index selection. Therefore,
the best choice for plant breeding programs is to select parents using an economic selection index.

2.2. Second chapter
Overall, including estimates of ploidy and allele dosage of the SNPs led to a modest improvement of
genomic selection models in sugarcane. The improvement we observed is likely to be more evident with larger
training population sets that also display higher genetic variability, which would allow the models to have more
precision to accurately estimate both the additive and the digenic dominance effects.
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