University of Sdo Paulo
“Luiz de Queiroz” College of Agriculture

Inferring heterotic patterns and the effect of incorporating dominance
deviations for hybrid prediction: an example in tropical maize under
nitrogen stress conditions

Julia Silva Morosini

Thesis presented to obtain the degree of Doctor in Science.
Area: Genetics and Plant Breeding

Piracicaba
2020



Julia Silva Morosini
Agronomist

Inferring heterotic patterns and the effect of incorporating dominance deviations for
hybrid prediction: an example in tropical maize under nitrogen stress conditions

Advisor:
Prof. Dr. ROBERTO FRITSCHE NETO

Thesis presented to obtain the degree of Doctor in Science.
Area: Genetics and Plant Breeding

Piracicaba
2020



To my beloved parents Carlos and Olivia,

and my sister Natalia



ACKNOWLEDGMENTS

Foremost, I thank God and Our Lady for the blessings, strength, and good people They

bestowed upon me during this journey. I extend my acknowledgments to the following:

To “Luiz de Queiroz” College of Agriculture from University of Sao Paulo —
ESALQ/USP, which I vety proudly have as my Alma Mater. I am grateful for the many outstading

opportunities I had here since I was an undergraduate.

To the Department of Genetics at ESALQ/USP, where I started my cateer as a geneticist.
I am thankful to the faculty for the important knowledge transmited, and staff, from the office to

the field, for all the assistance and good moments we shared.

To the Univeristy of Wisconsin-Madison, where I integrated the Plant Breeding and Plant
Genetics program for six months, for the extraordinary environment and experience, and for the

good friends I made.

To Prof. Roberto Fritsche Neto for the guidance and opportunity to work as part of the
Allogamous team at ESALQ/USP, where I met many talented colleagues and I had important

lessons.

To Prof. Natalia de Leon, who kindly accepted me as part of her group at UW-Madison,
for the encouragement, inspiration, and for taking my scientific/professional backgroung to the

next level.

To my parents, Carlos Alberto Morosini and Olivia Maria B. S. Morosini, for the
inconditional love and care. We were together even when we were physically distant, and that made

me through everything. Thank you for the amazing family you built for Natalia and 1.

To my dear sister Natalia S. Morosini, such a strong and brave woman, for the constant
talks, support, and for teaching me to always respect our own history as I navigated the PhD.

Thank you for our beautiful friendship and for inspiring me.

To Fernando Garcia Espolador, a brilliant coworker and the love of my life, for the
incredible teamwork and support. I am fortunate to share my days with you. To my father-in-law
and mother-in-law, Carlos M. Espolador and Maria de Fatima G. Espolador, for being there for us

every step of the way.

To my relatives and friends, who are always supportive and made this journey pleasant

and fun.



To Sio Paulo Research Foundation (FAPESP — Grants 2017/25549-6 and 2019/06532-
0) and Coordenagao de Aperfeicoamento de Pessoal de Nivel Superior — Brasil (CAPES) — Finance
Code 001 for the financial support.



EPIGRAPH

Don’t only practice your art,
But force your way into its secrets,
For it and knowledge can

Raise men to the Divine.

—Ludwig van Beethoven



RESUMO

Inferindo padrdes heteréticos e o efeito da incorporagio de desvios de dominincia na
predigdo de hibridos: um exemplo em milho tropical sob condi¢des de estresse de

nitrogénio

O melhoramento de hibridos explora a heterose, fenomeno melhor explorado
quando ha designac¢ao de grupos heteréticos (HG). A predigao de hibridos incorpora
informagOes de relacionamento nas analises estatistico-genéticas para aumentar a
acuracia e melhorar a avaliagio dos valores genéticos dos individuos. No entanto, tais
matrizes de relacionamento geralmente negligenciam efeitos nao aditivos. Além disso,
um fator critico em um programa de melhoramento hibrido é a previsao genomica ser
realizada com base nos mesmos efeitos alélicos para dois grupos heteroticos.
Finalmente, a deficiéncia de nitrogénio (N) ¢ uma grande restri¢ao para a produtividade
do milho e pode confundir significativamente inferéncias de abordagens genéticas.
Neste estudo, consideramos modelos que incluem efeito aditivo e a combinagao de
efeitos aditivo+dominancia para estimar capacidades de combinagao, determinar
grupos heteréticos e o impacto da modelagem diferencial de efeitos de marcadores em
grupos heteréticos em uma populagio de melhoramento de milho. Também
investigamos o efeito do estresse N nesses parametros. Para isso, 906 hibridos simples
obtidos de um dialelo de 49 linhagens de milho foram genotipados 7 si/ico usando
34,571 SNP e avaliados em quatro ambientes no Estado de Sao Paulo, Brasil, cada um
com dois regimes N: ideal (IN) e estresse (LN ). Trés cenarios de modelagem foram
considerados: baseado em pedigree (I), onde nenhuma informacao de relacionamento
gendémico foi considerada; aditivo (G,), onde uma matriz de incidéncia aditiva foi
atribuida as linhagens; e aditivo+dominancia (Gg44), onde os efeitos aditivo e de
dominancia foram considerados para linhagens e hibridos, respectivamente. Os HG
foram definidos com base na capacidade especifica de combinagao (SCA) em cada
cenario. As capacidades preditivas (PA) foram obtidas usando uma abordagem de
validagao cruzada de 5-fold. Os resultados indicam que a incorpora¢io de ambos
efeitos aditivos e desvios de dominancia permite discriminar melhor as estimativas de
capacidades geral e especifica de combinacao. A SCA designou agrupamentos distintos
de linhagens genitoras para cada cenario. Ocorreram diferengas mais consideraveis na
composicao heterdtica entre os cenarios G, ¢ Gg4q, embora ainda houvesse uma
sobreposicao relevante. As estimativas genéticas foram significativamente menores
para o LN em comparagio ao IN, e a distancia genética entre os grupos foi maior para
o IN. As presentes descobertas revelam que agrupar HG com base em SCA do cenario
Gg+q ¢ uma abordagem util para selecdo recorrente reciproca quando nio ha
informacdes anteriores disponiveis sobre a estrutura genética da populagao. Também
foi observado que o estresse de N dificulta a resolugiao na determinagao de padroes
heteréticos, o que compromete a exploragao da heterose. Por fim, a incorporagao da
dominancia fornece informagdes relevantes para a determinagido de grupos
heteréticos, e a modelagem diferencial dos efeitos dos marcadores para cada HG ¢
crucial para um programa de melhoramento sustentavel.

Palavras-chave: Zea mays, Melhoramento, Capacidades de combinac¢ao, Estrutura de
populacao, Grupos heteréticos



ABSTRACT

Inferring heterotic patterns and the effect of incorporating dominance deviations for

hybrid prediction: an example in tropical maize under nitrogen stress conditions

Hybrid breeding exploits heterosis, a phenomenon that relies on the
development of heterotic groups (HG). Hybrid prediction incorporates relationship
information in genetic-statistical analyses to increase the accuracy and to improve the
assessment of individuals’ genetic values. Such relationship matrices, however, often
neglect non-additive effects. Moreover, a critical factor in a hybrid breeding program
is the genomic prediction being performed based on the same allelic effects for two
heterotic groups. Finally, nitrogen (N) deficiency is a major constraint for maize
productivity and may significantly confound inferences from genetic approaches. In
this study, we considered models including additive and the combination of
additivetdominance effects for the estimation of combining abilities, the
determination of heterotic groups, and the impact of the differential modeling of
marker effects on heterotic groups in a maize breeding population. We also
investigated the N stress effect on these parameters. For that, 906 single crosses
obtained from a diallel scheme of 49 inbred maize lines were genotyped in silico using
34,571 SNP and evaluated in four environments in State of Sdo Paulo, Brazil, each
with two N regimes: ideal (IN) and stress (LN). Three modeling scenarios were
considered: pedigree-based (I), where no genomic relationship information was
considered; additive (G, ), where an additive incidence matrix was assigned to lines; and
additivetdominance (Gg4q), where the additive and the dominance effects were
considered for lines and hybrids, respectively. HG were defined based on the specific
combining ability (SCA) in each scenario. Prediction abilities (PA) were obtained using
a 5-fold cross-validation approach. Our results indicate that the incorporation of both
additive effects and dominance deviations allows us to discriminate the estimates of
general and specific combining abilities better. SCA assigned distinct clustering of
parents for each scenario. More considerable differences in heterotic pool composition
occurred between scenarios G and Ggiq, although there was still a meaningful
overlap. Incorporating HG into the prediction analysis provided a significantly
increased SCA of the single crosses, and a noteworthy increase in PA. The genetic
estimates were lower for LN compared to IN (significant at the 0.01 level), and the
genetic distance between groups was higher for IN. Our findings reveal that additive
effects are well assessed by using pedigree data when the population lacks structure.
In addition, clustering HG based on SCA from the G, 44 scenario is a useful approach
for reciprocal recurrent selection when no previous information is available about
population genetic structure. We also observed that N stress hinders resolution in
determining heterotic patterns, which compromises the exploration of heterosis.
Ultimately, the incorporation of dominance provides relevant information for the
determination of heterotic groups, and the differential modeling of marker effects for
each HG is crucial to a sustainable breeding program.

Keywords: Hybrid breeding, Heterotic groups, Dominance, Zea mays, Population
structure, Combining abilities, Nitrogen stress



1. INTRODUCTION

Hybrid breeding is based on the phenomenon called heterosis, which is the increased
vigor and fitness of a crossbred genotype compared to corresponding parental inbred lines (Shull
1909). A key factor for the maximum exploitation of heterosis throughout the cycles is the
establishment of heterotic groups (Boeven et al. 2016), which correspond to a set of genotypes

genetically distant from another set (Larnkey et al. 1998; Technow et al. 2012).

The selection of a systematic method to developing progeny, called mating design, is a
crucial step in hybrid breeding. Several types of mating design can be adopted to estimate additive
and non-additive genetic variances, heritability, and breeding values (Falconer and Mackay 1996;
Bernardo 2020). For hybrid breeding in special, the evaluation of all possible crosses is prohibitive
in practice due to the high cost and the potentially enormous number of genotypes generated,
especially in the early stages of a program. In this context, several genetic mating schemes have
been proposed to identify elite parental lines and to evaluate hybrid performance in order to access
heterosis. Among them, are the Griffing methods, Diallel, North Carolina Design II, and testcross

(Hallauer et al. 2010).

Diallel designs have been widely used to estimate the effects of general combining ability
(GCA) and specific combining ability (SCA), as well as other genetic parameters (Beyene et al.
2011; Fan et al. 2014). In maize, Griffing’s methods have become popular to estimate the effects
of GCA and SCA (Griffing 1956), and they define diallel crosses in terms of genotypic values: the
sum of GCA for the two gametes is the genetic value to the cross, while SCA represents the value

of dominance deviation in the simplest case, ighoring epistasis deviation (Olfati et al. 2012).

The reciprocal recurrent selection method (RRS) was first proposed by Comstock et al.
(1949) and aims at the simultaneous improvement of two populations and their crossing, seeking
the maximization of heterosis (Ordas et al. 2012). The genetic basis of heterosis is in the difference
of allelic frequency between heterotic groups (Falconer and Mackay 1996), and heterotic grouping
leads to a reduced SCA variance and a lower ratio of SCA to general combining ability GCA
variance. Thus, eatly testing becomes more effective and superior hybrids can be identified and

selected mainly based on their prediction from GCA effects.

Given the frequent practical impossibility of a full assessment of hybrid performance by
the complete factorial mating design, only a small fraction of the genotypes is actually carried out
in the field. For this reason, genomic models can be useful to predict the performance of the

untested hybrids (Meuwissen et al. 2001; Schrag et al. 2010; Fan et al. 2014). Recent studies have



shown that genomic models can output considerably accurate predictions of the agronomic
performance of hybrids (Kadam et al. 2016; Lyra et al. 2017). The choice of the mating design and
its composition impact on the prediction accuracy. For instance, Fristche-Neto et al. (2018)
reported the superiority of factorial and full diallel designs over testcrosses regarding the prediction

of untested hybrids in maize, which also resulted in a better mating allocation.

Despite the essentiality of the principles of quantitative genetics for breeding studies and
selection performance, some of their assumptions are rarely found in real life situations, which may
lead to sensitive differences in estimations (Piepho et al. 2008). An example is considering parents
in a breeding program as unrelated or uncorrelated. Thus, the incorporation of a kinship matrix
based on the genealogy of the individuals has the potential to increase the prediction accuracy, the
prediction of the genetic values, and the estimation of the components of variance (Holland et al.

2003).

In order to overcome the unrelated parent assumption, a pedigree matrix () that
represents the expected additive genetic covariance between genotypes could be considered.
However, this approach has some limitations, such as the non-capture of the realized kinship, and
the non-detection of hidden co-ancestry and inbreeding. Additionally, this matrix ignores variation
among family members (Hill and Weir 2011). Therefore, it overestimates either the individuals
breeding values and the additive genetic variance (Gamal El-Dien et al. 2016). Conversely, through
the use of molecular markers and genomic relationship matrices (G — Wright 1922; VanRaden
2008), it is possible to capture the realized resemblance between individuals, regardless of their
genealogy, providing accurate estimates of variance and breeding values (Gamal El-Dien et al.

2016).

Genomic selection (GS), initially proposed by Meuwissen et al. (2001), is a method of
marker-based selection that uses a large number of markers spread throughout the genome to
predict the genetic value of selection candidates base on the genomic estimated breeding value
(GEBYV) predicted from the markers (Ward et al. 2019). GS combines molecular and phenotypic
data in a training population to obtain estimates of GEBV of individuals in a testing population
that has been genotyped but not phenotyped (Crossa et al. 2017). Since the production and testing
of a substantial fraction of field hybrids are impractical, hybrid performance prediction is highly

relevant for maize breeding (Technow et al. 2014).

Previous studies have shown that the use of molecular-based relationship matrices
improves orthogonality and predictability of additive and non-additive effects (Vitezica et al. 2013;

Dias et al. 2018). Nevertheless, most genetic analyses focus only on the estimation of additive or
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total genetic effects, not considering dominance. The latter is crucial when it comes to hybrids
performance due to its measurable effect on heterosis. As such, it is important to consider the
dominant relationship among individuals to achieve more realistic combining abilities. Some
studies have reported the positive impact of incorporating dominance deviations in the genetic

models to achieve higher predictive abilities (Lyra et al. 2017; Alves et al. 2019).

Conducting GS requires estimation of the marker’s effect, treated predominantly in
practice as additive. Approaches including dominance (Technow et al. 2012), epistatic, and
genotype-by-environment effects are being developed (Rice and Lipka 2019). Nevertheless, GS
does not adjust consistently to the RRS method, since it considers only a vector of additive and
dominant effects for the entire population and their respective groups. Based on quantitative
genetics, what is expected in this case is that both groups are selected by the same allele effects,
which would lead to a reduction in the genetic distance between them along the cycles, with

consequent impairment of heterosis expression.

Response indices or selection indices are important tools in plant breeding because they
allow to simultaneously summarize the performance of plants under different conditions or traits
into a single value (Wu et al. 2011). The evaluation and selection of genotypes through this
approach is highly advantageous for situations in which contrasting scenarios need to be evaluated,
such as in nutritional stress breeding programs. For maize, nitrogen (N) deficiency represents a
major constraint, negatively affecting plant development and yield. In this context, selection based
on indices aids to improve the overall genotype performance based on several quantitative traits

simultaneously (Lyra et al. 2017; Morosini et al. 2017).

In this context, the understand of the incorporation of genomic relationship matrices for
the prediction of genetic values and its components in a diallel analyses context is of great interest.
By comparing the methods regarding the testers elected and the heterotic group composition, the
differential modeling of the marker effects for each heterotic group emerges as a potential
verification approach, since it is in accordance with the principle of RSS. In addition, understading
how the nitrogen stress affects the heterotic composition is crucial for the optimization of
population clustering towards genetic gains. For that, we considered three scenarios: inbred lines
parents as unrelated (I); inclusion of the genomic additive relationship matrix for parents (Gg,); and
inclusion of additive genomic information for parents and the genomic dominance relationship

matrix for hybrids (Gg44), for addressing these aspects.
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2. CONCLUSION

In our study, we applied three modeling scenarios considering combinations of additive
and dominance effects into a diallel analysis of a tropical maize population of 906 maize hybrids
from 49 inbred lines to understand how the genetic relationship information impacts on the
estimation of combining abilities, the assginment of heterotic groups, and genome wide prediction.
The effect of nitrogen stress on pool clustering was also assessed. We generated the 7#-silico score
GEV to compare I, G, and Gg4q. From the SCA estimates, heterotic groups were assigned
according to each scenario. Our results indicate that the incorporation of both additive effects and
dominance deviations allows to discriminate better the GCA and SCA estimates. In addition, a
population with poor structure benefits only marginally from the inclusion of additive genetic
kernels in a diallel context, since the information provided by the crosses themselves is sufficient
to estimate the effects. Heterotic patterns defined using SCA values estimated with dominance
deviations provided a greater genetic distance between clusters and potential higher expression of
heterosis compared to the groups defined using only pedigree/additive information. N stress
hinders resolution in determining heterotic patterns, with consequent impact on heterosis
assessment and exploration. In addition, we observed that a smaller set of crosses genetically well
targeted by heterotic groups is as efficient as using all inter- and intra-crosses in terms of prediction
ability. Finally, the differential modeling of marker effects for each heterotic group is crucial to a

sustainable RRS breeding program.
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