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RESUMO 

Melhoramento de forrageiras tropicais do clássico as modernas ferramentas 

genômicas: um exemplo em híbridos interespecíficos tetraploides de Urochloa spp. 

Um programa de melhoramento de forragem tropical contém várias 
peculiaridades, especialmente quando se trata de espécies poliplóides e de 
apomixia facultativa. Apesar de sua importância, atualmente, faltam 
informações sobre estudos genéticos de características forrageiras e sobre o 
emprego de ferramentas genômicas quando comparadas a outras culturas e 
forragens de clima temperado. O gênero Brachiaria é o mais importante para 
formação de pastagens nas regiões tropicais, principalmente para produção de 
carne bovina. As espécies comerciais deste gênero são excelentes forrageiras 
perenes, e a identificação de genótipos superiores depende da seleção de 
muitas características sob controle genético complexo, com alto custo e 
avaliação demorada. Portanto, o conhecimento sobre usos e aplicações de 
ferramentas clássicas e genômicas em características forrageiras pode ser útil 
para apoiar programas de melhoramento e o desenvolvimento de novas 
cultivares. Nesse contexto, objetivou-se avaliar diversas ferramentas clássicas e 
genômicas a serem empregadas como estratégias de seleção em um programa 
tradicional de melhoramento de forrageiras tropicais. Um painel de híbridos 
tetraplóides obtidos do cruzamento Urochloa brizantha x Urochloa ruziziensis foi 
fenotipado e genotipado para avaliar parâmetros genéticos e realizar estudos 
genômicos. Para a análise fenotípica clássica, concluímos que não havia uma 
tendência clara da importância dos efeitos genéticos aditivos e não-aditivos 
para características agronômicas e nutricionais. O índice de Mulamba e Mock 
deve ser usado no nível univariado, devido à promoção de uma resposta mais 
equilibrada à seleção para todas as características na seleção multivariada. Na 
extração e nas avaliações genômicas, as leituras que foram alinhadas ao genoma 
de referência 'simulado', criado a partir dos dados de GBS da cultivar 
'Marandu', tiveram a maior porcentagem de descoberta de marcadores SNP 
comparado aos genomas de referência mais próximos, Setaria viridis e S. italica. 
Recomendamos diferentes limiares de profundidade de leitura e qualidade de 
genótipo (GQ) para eliminar leituras de baixa qualidade sem introduzir viés de 
chamada de genótipo. A validação cruzada revelou que os genótipos ausentes 
foram imputados com uma precisão mediana de 0,85 pelo algoritmo Random 
Forest para produzir uma matriz genotípica completa, independentemente da 
frequência de heterozigotos. A análise de associação genômica ampla (GWAS) 
revelou genes candidatos associados a muitas características forrageiras 
tropicais, o que poderia ser o primeiro passo em direção à seleção assistida por 
marcadores (MAS). Além disso, nossos resultados sugerem que a 
contabilização da dosagem alélica é essencial, uma vez que o nível tetraploide 
fornece mais informações sobre o verdadeiro estado biológico. Portanto, 
nossos achados revelam a complexidade da arquitetura genética de 
características de Urochloa spp. e fornecem informações importantes para a 
aplicação de GWAS em espécies poliploides. A análise de seleção genômica 
revela que o GBLUP-A (aditivo) e o GBLUP-AD (aditivo + dominância) 
mostraram capacidades de predição semelhantes, considerando tanto os 
modelos simples quanto os multi-característica. Por outro lado, combinando-se 
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GBLUP-AD e informação tetraploide foi possível melhorar a coincidência de 
seleção. Além disso, o esquema de validação multi-característica 2 (VS2), onde 
uma característica não é avaliada para alguns indivíduos, pode fornecer um 
incremento de até 30% da capacidade de previsão. Portanto, é uma estratégia 
útil para características com baixa herdabilidade. No geral, todos os modelos de 
seleção genômica considerados proporcionaram maiores ganhos genéticos do 
que a seleção fenotípica tradicional. Da mesma forma, a dosagem do alelo 
associado a fatores aditivos, de dominância e multicaracteres aumentou a 
acurácia dos modelos genômicos de predição para híbridos poliploides 
interespecíficos. Finalmente, ferramentas genômicas devem ser utilizadas em 
programas de melhoramento de forragens para reduzir custos e tempo. 

Palavras-chave: Seleção genômica; Associação genômica; Modelos mistos; 
Genotipagem por sequenciamento; Dosagem alélica; 
Brachiaria spp.   
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ABSTRACT 

Tropical forage breeding from classic to new genomic tools: an example with 

interspecific tetraploid Urochloa spp. hybrids 

A tropical forage breeding program contains several peculiarities, 
especially when it involves polyploid species and facultative apomixis. 
Despite their importance, there is still a lack of information on genetic studies 
of critical forage traits and on the employment of genomic tools when 
compared to other crops and temperate forages. The genus Brachiaria is the 
most important for forage in tropical regions mainly beef production. The 
commercial species in this genus are excellent perennial forage, and the 
identification of superior genotypes depends on the selection of many 
characteristics under complex genetic control, with high cost and time-
consuming evaluation. Therefore, the knowledge about uses and applications 
of classic and genomic tools in forage traits may be useful to support 
breeding programs and the development of new cultivars. In this context, the 
aim was to evaluate several different classic and genomic tools to be 
employed as selection strategies in a traditional tropical forage breeding 
program. A panel of tetraploid hybrids obtained from crossing Urochloa 
brizantha x Urochloa ruziziensis was phenotyped and genotyped to evaluate 
genetic parameters and perform genomic studies. The classic phenotypic 
analysis showed no clear trend of the importance of additive and non-
additive genetics effects for agronomical and nutritional traits. The Mulamba 
and Mock index should be used in the univariate level, due to the promotion 
of a more balanced response to selection for all traits in the multivariate 
selection. In the genomic extraction and evaluations, the reads that were 
aligned to a ‘mock’ reference genome, created from GBS data of the cultivar 
‘Marandu’, had more SNP discovered compared to the closest true reference 
genomes, Setaria viridis and S. italica. We recommended different thresholds of 
sample depth and genotype quality (GQ) to eliminate poor quality reads 
without introducing genotype bias. Cross-validation revealed that missing 
genotypes were imputed with a median accuracy of 0.85 using Random Forest 
algorithm to produce a complete genotype matrix, regardless of heterozygote 
frequency. The genome-wide association analysis (GWAS) revealed candidate 
genes associated with many tropical forage traits across all cutting seasons, 
which could be the first step toward marker-assisted selection (MAS). 
Moreover, our results suggest that accounting for allele dosage is essential, 
since the tetraploid level provided more information about the true biological 
state. Therefore, our findings revealed the complexity of the genetic 
architecture of Urochloa spp. traits and provided important insights towards 
the application of GWAS in polyploids species. The genomic selection 
analysis revealed that GBLUP-A (additive) and GBLUP-AD (additive + 
dominance) showed similar prediction abilities considering both single and 
multi-trait models. Conversely, combining GBLUP-AD and tetraploid 
information could improve the selection coincidence. Furthermore, the 
multi-trait validation scheme 2 (VS2), where one trait is not evaluated for 
some individuals, provided an increment of up to 30% to the prediction 
ability. Therefore, it is an useful strategy for traits with low heritability. 
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Overall, all genomic selection models considered provided greater genetic 
gains than the phenotypic selection. Similarly, the allele dosage associated 
with additive, dominance and multi-trait factors increased the accuracy of 
genomic prediction models for interspecific polyploid hybrids. Finally, 
genomic tools should be used in forages breeding programs in order to 
reduce cost and time. 

Keywords: Genomic selection; Genomic association; Mixed models; 
Genotyping-by-sequencing; Allele dosage; Brachiaria spp. 
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1. INTRODUCTION 

Animal protein is an important nutritional source for humans’ health due to the 

high biological value (World Health Organization and United Nations University, 2007). 

The consumption of animal protein increased following the population growth, and meat 

and milk from cattle are undoubtedly the favored and most important protein sources 

(Tilman and Clark, 2014; Henchion et al., 2017; FAO, 2018). Despite improved animal 

production technologies and sustainable animal production systems there is still an 

association between a negative impact on the environment and cattle production 

(Henchion et al. 2017). Thus, the use of native and cultivated pastures rather than animal 

confinement has contributed to animal welfare, product quality, environmental protection 

and costs reduction, resulting in a more natural protein source (Lupo et al., 2013; Picasso et 

al., 2014; Grandin, 2015; O’Callaghan et al., 2016a; b; Henchion et al., 2017).  

Brachiaria is the most cultivated genus as pasture on tropical livestock farms and 

U. decumbens (syn. Brachiaria decumbens) and U. brizantha (syn. B. brizantha) the most used 

species (Jank et al., 2014; Pessoa-Filho et al., 2017). Cultivars from this genus have many 

advantages such as tolerance to poor and acid soils, good carrying capacity, tolerance to 

insects and good nutritional value. The economically important Brachiaria cultivars are 

tetraploid (2n = 4x = 36), but this genus also has diploid (2n = 2x = 18), pentaploid (2n = 

5x = 45) and hexaploid commercial genotypes (2n = 6x = 54) (Mendes-Bonato et al., 2002; 

Jank et al., 2014). Due to the cytogenetic behavior of the Brachiaria polyploid species, 

Mendes-Bonato et al. (2002) and Worthington et al. (2016) suggested that they may be 

complex segmental allopolyploids. The segmental allopolyploids have partial homology 

among chromosomes and sets of chromosomes with differentiated behavior, varying 

between allopolyploid and autopolyploid (Sybenga, 1996). Segmental allopolyploids also are 

common for other plants as already described in the literature for buffelgrass (Jessup et al., 

2003) and Leucaena benth (Boff and Schifino-Wittmann, 2003). 

Initially, the commercial cultivars used in tropical regions came from 

introductions from Africa (Jank et al., 2011, 2014; Maass et al., 2015). The hybridization 

between U. brizantha tetraploid cultivars was impossible due the apomictic reproduction 

and lack of compatible sexual source (Miles, 2007). Then in 1981 the Urochloa ruziziensis, 

that is originally a diploid species, had the genome duplicated by colchicine (Swenne et al., 

1981) opening a new possibility for Brachiaria breeding programs. Now it is possible to 

hybridize in a recurrent selection schemes (Miles, 2007; Worthington and Miles, 2015) 
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between sexual “polyploidized” U. ruziziensis with apomictic commercial pollen donor U. 

decumbens or U. brizantha (Lutts et al., 1991; Souza-Kaneshima et al., 2010; Monteiro et al., 

2016; Worthington et al., 2016). Thus, it is possible to select superior males (apomictic) and 

females (sexual) genotypes to provide a unique and distinctive diversity interspecific 

hybrids of Urochloa spp to be explored.  

An ideal forage plant should produce large quantities of dry matter, especially of 

leaves, good regrowth ability, which allows for more grazing cycles throughout the year, 

and high nutritional value regarding the content of protein, less fiber and lignin content, 

which allows for good digestibility (Resende et al. 2008). Although selection on a single 

trait provides for higher genetic progress, its use may be detrimental due to the occurrence 

of unwanted correlations between the traits of interest under improvement (Bauer and 

Léon 2008). Thus, multivariate methods, such as principal component analysis, allow 

multivariate patterns of interest to be shown graphically, assisting in the simultaneous 

selection of agronomic and nutritional characteristics. 

In a breeding program, it is necessary to estimate genetic parameters in order to 

establish the best strategy of hybridization, selection and germplasm organization 

considering traits of interest. Estimation of genetic parameters and correlations have been 

described in the literature for U. decumbens (Mateus et al. 2015; Matias et al. 2016) and U. 

humidicola (Figueiredo et al. 2012). However, studies about genetic parameters such as 

additive and dominance variance, as well as general and specific combining ability in 

interspecific hybrid populations are not yet available in the literature. 

The molecular studies in Brachiaria populations were restricted before to 

microsatellites (Jungmann et al., 2009, 2010; Vigna et al., 2011; Silva et al., 2013) and more 

recently in the use of genotyping-by-sequencing methods (GBS) (Worthington et al., 2016; 

Ferreira et al., 2018). However, little is known about the influence of filtering parameters 

criteria on GBS data in polyploids forages. New breeding panels and polyploid species can 

be evaluated genomically using GBS (Poland et al., 2012; Worthington et al., 2016) which is 

an interesting approach to reduce the complexity of polyploid genomes by restriction 

enzyme digestion (Huang et al., 2014). Different methods and softwares were developed to 

perform genotype calling of polyploid species using GBS. All these methodologies have in 

common the use of the ratio between the number of reads and alleles (Grandke et al., 

2014). However, estimating polyploid genotypes require higher read depth compared to 

diploids. For instance, different genotyping call requirements can be found in the literature 

for tetraploid data. Genotype call could require a depth of at least 48x as described for Poa 
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grasses (Griffin et al., 2011) or among 60-80x as described for potato (Uitdewilligen et al., 

2013). In addition, the genotype call for the single nucleotide polymorphisms (SNP) 

discovery is an inference by the allele depth, where alleles with shallow depth could be 

biased. Then, it is necessary to choose carefully the genotype quality score to prevent bias 

in genomics studies (Anderson et al., 2010; Laurie et al., 2010; McKenna et al., 2010).  

Among many quantitative genetics tools, genome-wide association studies 

(GWAS) have been used to discover genetic regions in significant association with essential 

traits (Zargar et al., 2015). However, in polyploid species, GWAS is complicated, mainly 

due to the number of genotype classes and possible modes of gene action which, until 

recently, where under supported with appropriate analysis methods (Rosyara et al., 2016). 

Consequently, GWAS use in polyploids is relatively new (Bourke et al., 2018; Ferrão et al., 

2018) and is predominantly applied by disregarding the allele dosage and then applying 

diploid models and software (Sun et al., 2016; Mourad et al., 2018). However, little is 

known about the consequences of using diploid models on the GWAS results compared to 

the use of the adequate allele dosage. Furthermore, despite the noteworthy importance of 

Urochloa spp. for livestock in tropical regions, as far as we know, there are no studies of 

GWAS using SNP markers performed on this genus.  

Usually, the whole selection process, from the generation of segregating 

populations to the release of new cultivars in tropical perennial forages, takes around 10-15 

years. Furthermore, it is a hard-working and expensive process due to the evaluation of 

animal performance apart from plant performance (Jank et al, 2014). For instance, one 

selection cycle in these species demands on average of two years, where phenotypic records 

of seven to ten cuttings are employed to evaluate the genetic value, stability, and 

adaptability of genotypes. Hence, genomic prediction methods can be a useful tool to 

reduce the costs due to the phenotyping expenses and the length of Urochloa spp. breeding 

cycle.  In this sense, a simulation study of the feasibility of GP in a traditional forages 

breeding program (Resende et al. 2014), concluded that the individual genomic prediction 

method (INDG) could be useful when marker effects have been previously estimated. 

However, the genomic prediction may be ineffective depending on the heritability of the 

target trait (de los Campos et al., 2013). Thus, an alternative is the use of the correlation 

between traits to improve the predictive ability of the models by using the multi-trait 

approach (MTM). Through this approach, it is possible to use traits with higher heritability 

to improve the power to predict the others trait (Bauer and Léon, 2008; Dos Santos et al., 

2016; Fernandes et al., 2018). It has been successfully implemented using single by single 
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trait (Jia and Jannink, 2012; Guo et al., 2014) or indices (Schulthess et al., 2016; Lyra et al., 

2017). 

In this context, our aims were (i) to estimate the contribution of additive and non-

additive effects on agronomical and nutritional traits; (ii) to estimate the accuracy of 

multivariate index selection efficiency; (iii) the influence of different quality filters to select 

markers from GBS analysis; (iv) to infer the phylogeny of Brachiaria species by GBS reads 

alignment and SNP discovery using five different grass genomes; (v) to compare the 

missing data imputation accuracy using the Random Forest and Mode methods; (vi) to 

perform GWAS analysis for forage traits of different cutting seasons using SNP markers 

from genotyping by sequencing (GBS); (vii) to verify the influence of allele dosage through 

diploid and tetraploid configuration markers in the GWAS approach; (viii) to empirically 

evaluate the influence of multi-trait and the allele dosage information in genomic prediction 

accuracy in a diversity panel of Urochloa spp. hybrids. 
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2. CONTRIBUTION OF ADDITIVE AND DOMINANCE EFFECTS ON 

AGRONOMICAL AND NUTRITIONAL TRAITS, AND MULTIVARIATE 

SELECTION ON Urochloa SPP. HYBRIDS 

ABSTRACT 

A tropical forage breeding program contains several peculiarities, 
especially when it involves polyploid species and facultative apomixis. Urochloa 
spp. are an excellent perennial forages, and the identification of superior 
genotypes depends on the selection of many characteristics under complex 
genetic control, with high cost and time-consuming evaluation. Therefore, the 
use of tools such as multivariate analysis and diallel analyzes could contribute 
to improving the efficiency of breeding programs. Thus, the objectives were to 
estimate (i) the contribution of additive and non-additive effects on 
agronomical and nutritional traits in a population of interspecific hybrids of 
Brachiaria, originated from a partial diallel between five apomictic and four 
sexual parents and (ii) the accuracy of multivariate index selection efficiency. 
Genetic variability was detected between the parents, crosses, and hybrids for 
all the traits. There was no clear trend of the importance of the additive and 
non-additive genetic effects on agronomical and nutritional traits. Furthermore, 
the predominant component of genetic variance changed descending on the 
characteristic. Moreover, there was no outstanding parent or cross on all traits 
simultaneously, showing the high variability generated from these parents. The 
Mulamba and Mock index associated with principal components analysis allowed 
a more significant gain only for agronomic characteristics. However, the per se 
index, at the univariate level, promoted a more balanced response to selection 
for all traits. 

Keywords: Brachiaria; Principal components; Mixed models; Apomixis; 
Mulamba and Mock index 
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2.1. INTRODUCTION 

Grasslands are the most economical source of livestock feed in dairy and beef 

production (Jank et al. 2014). In tropical regions, forage grasses such as Brachiaria spp., and 

Panicum maximum are the most planted pastures (Almeida et al. 2011), covering millions of 

hectares. Due to reproduction through apomixis and to a shortage of commercial cultivars 

of certain species, such as U. decumbens, with a single cultivar available, pastures constitute 

extensive monocultures with their associated risks (Sluszz 2012). It is thus necessary to 
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generate new sources of variability either by introducing exotic genotypes or by 

hybridization whenever possible. Considering the genus Brachiaria in Brazil, Embrapa 

(Empresa Brasileira de Pesquisa Agropecuparia) maintains a germplasm bank with about 

450 accesses of thirteen different species. Four of these species have commercial 

importance (U. brizantha, U. decumbens, U. ruziziensis and U. humidicola). U. ruziziensis is a 

diploid sexual species, while U. brizantha, U. decumbens and U. humidicola are apomictic 

species with different levels of ploidy. For these last three species, the diploid genotypes 

found in nature are sexual, whereas the accessions of upper ploidy are obligatorily 

apomictic (Resende et al., 2008). 

To accomplish the hybridization in Brachiaria, chromosomal duplication of diploid 

sexual individuals (Swenne et al. 1981; Simioni and Valle 2009) was used in crosses to 

overcome the apomixis barrier, thus creating new hybrids in the process of forage cultivar 

development. Sexual tetraploids of U. ruziziensis were crossed to natural tetraploids of U. 

brizantha and U. decumbens to obtain interspecific hybrids (Brachiaria interspecific breeding 

program of Embrapa), while sexual tetraploids of U. decumbens were crossed to a natural 

tetraploid commercial cultivar of U. decumbens “Basilisk” (Urochloa decumbens intraspecific 

breeding program of Embrapa) (Lutts et al. 1991, Souza-Kaneshima, et al. 2010, Mateus et 

al. 2015, Matias et al. 2016). Hybridization allowed the introgression of traits of interest 

such as high forage quality of U. ruziziensis with resistance to pasture spittlebugs present in 

some U. brizantha and tolerance to acid soils and to low soil fertility of U. decumbens as well 

(Resende et al. 2008; Jank et al. 2014). 

The improvement of forage is usually time-consuming and costly because it 

involves several steps which differ from other plant species since it requires evaluations 

with grazing animals. Forages in themselves are not the final product desired, but the 

substrate for the synthesis of animal protein (Jank et al. 2011). Thus, obtaining new 

cultivars from a partial diallel scheme involves hybridization between elite apomictic and 

superior sexual parents, evaluation of full or half-sibs, identification of the mode of 

reproduction (apomictic or sexual), evaluation of value of cultivation and use under cuts 

(VCU-cut) and VCU under grazing (VCU-grazing) to establish animal performance (Jank et 

al., 2014; Jank et al., 2011; Valle et al., 2015; Barrios et al., 2013; Hanna and Bashaw, 1987). 

An ideal forage plant should produce large quantities of dry matter, especially of 

leaves, good regrowth ability, which allows more grazing cycles throughout the year, and 

high nutritional value regarding the content of protein, less fiber and lignin content, which 

allows for good digestibility (Resende et al. 2008). Although selection on a single trait 
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provides for higher genetic progress, its use may be detrimental due to the occurrence of 

unwanted correlations between the traits of interest under improvement (Bauer and Léon 

2008). Thus, multivariate methods, such as principal component analysis, allow multivariate 

patterns of interest to be shown graphically, assisting in the simultaneous selection of 

agronomic and nutritional characteristics. 

In a breeding program, it is necessary to estimate genetic parameters in order to 

establish the best strategy of hybridization, selection and germplasm organization 

considering traits of interest. Estimation of genetic parameters and correlations have been 

described in the literature for U. decumbens (Mateus et al. 2015; Matias et al. 2016) and U. 

humidicola (Figueiredo et al. 2012). However, studies about genetic parameters such as 

additive and dominance variance, as well as general and specific combining ability in 

interspecific hybrid populations are not yet available in the literature. 

 The objectives were to estimate (i) the contribution of additive and non-

additive effects on agronomical and nutritional traits in a population of interspecific 

hybrids of Urochloa spp., originated from a partial diallel between five apomictic and four 

sexual parents and (ii) the accuracy of multivariate index selection efficiency. 

 

2.2. MATERIALS AND METHODS 

Plant material 

A population of 1,000 interspecific hybrids of Urochloa (syn. Brachiaria), composed 

by genetic background of U. ruziziensis, U. decumbens and U. brizantha, from 20 full-sib 

progenies, was originated from a partial diallel between five elite tetraploid apomictic male 

genitors (U. brizantha cultivar ‘Marandu’, U. brizantha cultivar ‘Paiaguás’, U. decumbens cultivar 

‘Basilisk’, the interspecific commercial hybrid ‘Mulato II’ and the accession ‘B140’ of U. 

brizantha) with four sexual elite tetraploid hybrids used as female genitor, obtained in the 

interspecific breeding program of Embrapa (BS9, BS15, 336-T1 and 336-T2). The 

characteristics of each genitor are highlighted in Table 1. 

 

Experimental design 

The plant material was evaluated in the experimental field area of Embrapa Beef 

Cattle in Campo Grande, MS, Brazil (latitude 20° 27' S, longitude 54° 37' W and 530 m 

altitude). This region has two defined seasons, the dry season (May to October), and the 

wet season (November to April) characterizing the Aw climate on the Köppen's climate 
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classification (Alvares et al., 2013). The field had around 3,300 m2 and was composed to be 

able to support two experimental sub designs:  

1 - The first sub design had the objective to evaluate the 20 progenies of full 

siblings described above. Then, the progenies were considered in a randomized complete 

block design (RCBD) in ten blocks. Within each block, twenty plots represented the twenty 

crosses evaluated, and each plot was represented by five different hybrids of the same 

cross/progeny (Figure 1). Therefore, each progeny was composed of 50 siblings, and the 

total of plants in this sub design was represented by 1000 hybrids evaluated individually. 

Additionally, five clonal cutting of each parent (total of 9 parents, table 1) were placed 

additional in each of the ten blocks, totalizing 45 additional plots/block and 450 plots 

considering all trial (Figure 1). However, these genotypes were only accounted as a check 

on the second sub design described below. 

2 - The second experimental sub design was adapted inside the last described sub 

design above, and it planned to evaluate the hybrid per se. Each plant was one different 

hybrid (please, follow the names inside the image, for example, HB-01, HB-02, …, HB-

1000). The hybrids did not have replicates, then, an augmented block design (Federer 1961) 

was required. For environmental effect, the nine parents were used as checks in each block 

(Resende et al. 2007), represented in dark gray rectangles. On this second sub design each 

plot was represented only by one plant, i.e., 1,000 plots of hybrids and 450 plots of parents 

were added, used as checks. In other words, each hybrid was evaluated individually, since 

they represent different hybrid combinations from heterozygous parents (Figure 1), 

therefore, the same number of blocks (10) were maintained, with one plant per plot and no 

replication for the hybrids, spaced 1.5 m x 1.5 m between plants and area of 2.25 m2 per 

plot. The parents, added in each block as checks, were used only to estimate the 

environmental effect of the statistical design.  

 

Phenotypic Data 

The experimental plots were subjected to seven cuts from 2013 to 2014, with 

intervals of 48 days: 1°- 29/04/2013, 2°- 03/06/2013, 3° - 28/10/2013, 4°- 17/12/2013, 

5°- 13/02/2014, 6°- 16/04/2014 and 7°- 03/06/2014. 
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Phenotypic Analysis 

 

1- Agronomic characteristics 

The agronomic traits were evaluated for each plant individually, through seven cuts, 

considering the cuts 1, 4, 5 and six as representing the rainy season and cuts 2, 3 and seven 

the dry season. The biomass of each plant (greenfield weight - FGW, kg ha-1), cut 10 cm 

above the soil surface, was weighed in the field using a scale. A sub-sample of around 200 g 

was taken for plant morphological separation (leaves, stem and dead material) and 

estimation of the dry matter, leaf dry matter (LDM, kg ha-1), total dry matter (TDM, kg ha-

1), the leaf: stem ratio (L:S), and the percentage of leaves (% F). 

The final plant regrowth capacity (REG) was estimated seven days after cutting, 

obtained by the combination between scores for the density of regrown tillers (DEN) and 

regrowth speed (VEL), according to the methodology described by (Figueiredo et al. 2012). 

The scores for DEN were 1 = less than 20%; 2 = 20-40%; 3 = 40-60%; 4 = 60-80%; and 5 

= more than 80% of regrown tillers and the scores for VEL were: 1 = low, 2 = medium 3 

= high. 

 

2- Nutritional characteristics 

The characteristics related to the nutritional value of the forage were evaluated in 

cuts 3 and 4. A sample of green forage was obtained through simulation of grazing. This 

technique consists of manually removing a mass of approximately 80 g forage, in each 

plant, simulating the harvesting by the animal. Subsequently, this sample was dried, ground 

and sent to the laboratory for analysis using infrared reflectance spectroscopy (NIRS) 

(Marten et al. 1989). The parameters considered were crude protein (CP), in vitro organic 

matter digestibility (IVD), neutral detergent fiber (NDF) and lignin in sulfuric acid (LIG. 

S). 

The calibration of the NIRS was performed previously by comparing the results 

obtained in the wet chemical analyzes the spectrum read from these same samples in the 

NIRS for several nutritional characteristics. For this purpose, a regression equation was 

estimated for each nutritional characteristic, using a set of samples of tropical forage 

grasses (Urochloa spp. and Panicum maximum) for this purpose (647 samples for CP, 613 for 

IVD, 631 for NDF and 147 for LIG.S). Estimates of the coefficient of determination were 

0.99 (CP), 0.96 (IVD), 0.95 (NDF) and 0.96 (LIG.S), showing a good fit of the model for 

the prediction of nutritional characteristics (unpublished data). 
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Statistical analysis 

1-  Diallel analysis (progenies of full-sib) 

1.1- Fitting the model with all cuttings 

For the analysis of phenotypic data equations of mixed models were used testing 

the random effects by the likelihood ratio test (LRT) and the fixed effects by Wald F test 

(Paula 2013) using the software R with the support of the ASReml-R (Butler et al. 2009) 

package. Thus, to obtain the variance components and estimates of genetic parameters of 

the parents and crosses, the data were subjected to analysis via the restricted maximum 

likelihood method and best unbiased linear predictor (REML/BLUP) (Resende 2000), 

according to the following model: 

𝑦𝑐𝑑𝑓𝑔 = 𝜇 + 𝑞𝑐 + 𝑡𝑑 + 𝑢𝑓 + 𝑣𝑔 + 𝑥𝑓×𝑔 + 𝑧𝑓×𝑐 + 𝑤𝑔×𝑐 + 𝑘𝑓×𝑔×𝑐 + 휀𝑐𝑑𝑓𝑔, (1) 

in which 𝑦 is the vector of phenotypic data, 𝜇 is the vector of the fixed effect of the general 

mean, 𝑞 is the vector for the fixed effect of cuts with 𝑐 = {1,2, … ,7}, 𝑡 is the vector of 

random block-level effect into cuts with 𝑡~𝑁(0, 𝐼𝜎𝑡
2) with 𝑑 = {1,2, … ,10}, 𝑢 is the 

vector of the random effect of general combining ability of apomictic parents (GCA-APO) 

with 𝑢~𝑁(0, 𝐼𝜎𝐴𝑃𝑂
2 ) and 𝑓 = {1,2, … ,5}, 𝑣 is the vector of the random effect of general 

combining ability of the sexual parents (GCA-SEX) with 𝑣~𝑁(0, 𝐼𝜎𝑆𝐸𝑋
2 ) and 𝑔 =

{1,2, … ,4}, 𝑥 is the vector of the random effect of specific combining ability (SCA) 

between the parents with 𝑥~𝑁(0, 𝐼𝜎𝐴𝑃𝑂×𝑆𝐸𝑋
2 ), 𝑧 is the vector of the random effect of the 

interaction of the apomictic parent with cuts with 𝑧~𝑁(0, 𝐼𝜎𝐴𝑃𝑂×𝑐
2 ), 𝑤 is the vector of the 

random effect of the interaction of the sexual parent with cuts with 𝑤~𝑁(0, 𝐼𝜎𝑆𝐸𝑋×𝑐
2 ), 𝑘 is 

the vector of the random effect of the interaction cross with cuts with 

𝑘~𝑁(0, 𝐼𝜎𝐴𝑃𝑂×𝑆𝐸𝑋×𝑐
2 ) and ε is the error vector with 휀~𝑁(0, 𝐼𝜎𝐸1

2 ). The components of 

variance were tested by the Deviance analysis (ANADEV) using the likelihood ratio test 

(LRT) and the significance verified by the Chi-square test with 1 degree of freedom. The 

LRT replaces the ANOVA and the F test of the analysis of variance in cases of models 

with unbalanced data (Sturion and Resende 2010). 

 

1.2- Fitting the model for each cutting 

For the estimation of variance components considering each cut, model 1 was 

modified to remove the effect of cut and interactions with cuts, keeping only the random 

effect of blocks (𝑡), apomictic parent (𝑢), sexual parent (𝑣) and cross (𝑥), as follows: 

𝑦𝑑𝑓𝑔 = 𝜇 + 𝑡𝑑 + 𝑢𝑓 + 𝑣𝑔 + 𝑥𝑓×𝑔 + 휀𝑑𝑓𝑔, (1.1) 
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1.3- Genetic components evaluation 

The use of genetic variance equations adapted to tetraploid species (Lynch et al. 

1998) was used to calculate the genetic components of variance for all cuts together and for 

each cut (harvest) separately. The approximate additive variance was estimated by the 

equation 𝜎𝐴
2 = 4 ∗ 𝜎𝐴𝑃𝑂

2  where 𝜎𝐴𝑃𝑂
2 is the variance component of the apomictic parent. 

This additive variance is approximate since this species is a polyploid, so 1/36 of the 

dominance variance is present in the 𝜎𝐴𝑃𝑂
2 component, which we, however, assumed as 

zero. The relative dominance variance was calculated by the interaction component 

𝐴𝑃𝑂×𝑆𝐸𝑋, given by 𝜎𝐷
2 =

9

2
[𝜎𝐴𝑃𝑂×𝑆𝐸𝑋

2 − 2 ∗ 𝜎𝐴𝑃𝑂
2 ], assuming that the trigenetic and 

quadrigenetic effects are equal to zero. The proportion of each variance was obtained by 

the division concerning the phenotypic variance 𝜎𝑃.1
2 = 𝜎𝐴

2 + 𝜎𝐷
2 +

𝜎𝐸1
2

𝑐∗𝑏
, where 𝜎𝐸1

2  is the 

residual variance coefficient from model 1 or 1.1, 𝑐 in the number of cuts (accounted only 

for model 1) and b is the number of blocks. The selection at the progeny level was 

simulated through the ranking of the effect of the apomictic parents, sexual parents and 

crosses BLUP from model 1. The narrow-sense heritability was calculated by ℎ𝐺𝐶𝐴
2 =

𝜎𝐴
2

𝜎𝑃.1
2 . 

 

2- Individual analysis (hybrids) 

The variance components and estimates of the genetic parameters of individual 

hybrids in an augmented block design (Federer 1961) were carried out including type 

(check and hybrids), assisting in the correction of the blocks and cuts effect according to 

the following model: 

𝑦𝑎𝑏𝑐𝑑𝑔 = 𝜇 + 𝑚𝑎 + 𝑝𝑏 + 𝑞𝑐 + 𝑠𝑑 + 𝑡𝑔 + 𝑢𝑔×𝑐 + 휀𝑎𝑏𝑐𝑑𝑔, (2) 

where 𝑦 is the vector for phenotypic data, 𝜇 is the vector for the general mean fixed effect, 

𝑚 is the vector for the fixed effect of type (check or hybrid), 𝑝 is the vector the fixed check 

effect with 𝑏 = {1,2, … ,9}, 𝑞 is the vector for the fixed cut effect with 𝑐 = {1,2, … ,7}, 𝑠 is 

the vector or the random block level within cut effect 𝑠~𝑁(0, 𝐼𝜎𝑠
2) and 𝑑 = {1,2, … ,10}, 

𝑡 is the vector for the random hybrid effect with 𝑡~𝑁(0, 𝐼𝜎𝑔
2) and 𝑔 = {1,2, … ,1000}, 𝑢 

is the vector of the random hybrid by cut interaction effect with 𝑢~𝑁(0, 𝐼𝜎𝑔×𝑐
2 ) and 휀 is 

the error effect with 휀~𝑁(0, 𝐼𝜎𝐸2

2 ).  
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The hybrid heritability at the means level, in the second model, was calculated by 

ℎ2 =
𝜎𝑔

2

𝜎𝑃.2
2 , for 𝜎𝑃.2

2 = 𝜎𝑔
2 +

𝜎𝑔×𝑐
2

𝑐
+

𝜎𝐸2
2

𝑐
, where 𝜎𝐸2

2  is the residual coefficient of the variance 

of model 2. Selective accuracy (�̂��̂�𝑔) was estimated by the square root of the hybrid 

heritability. Similarly described above for progenies selection, the selection of individual 

hybrids from model 2 was made by the rank of the hybrids BLUP and the checks BLUE.  

 

3- Multivariate analysis 

In our concern, green field weight, regrowth ability, crude protein and fiber content 

are the four traits that together could represent the main traits in forage performance. 

Then, these for traits are used to verify the multivariate pattern of the hybrid and a 

principal component analysis was conducted using the hybrids BLUP in model 2, followed 

by the construction of a biplot graph with the first two principal components. Each 

observation was identified in accordance to the cross to which it belonged. This plot had 

the purpose of assisting in the selection of hybrids with greater FGW, REG, CP and lower 

NDF. The R packages prcomp and ggfortify (Ginestet 2011) were used to fit this analysis and 

graphics. 

The Mulamba and Mock (MMI) index (Mulamba and Mock 1978) was used for 

multivariate selection of hybrids, given by: 

𝑀𝑀𝐼𝐶𝑃𝑖
=

𝑃𝐶𝑃1𝑖
+ 𝑃𝐶𝑃2𝑖

2
 

where 𝑃𝐶𝑃1𝑖
 is the position i of hybrid in the rank of the first principal component 

(CP1); 𝑃𝐶𝑃2𝑖   is the position i of the hybrid in the rank of the second principal component 

(CP2). The response to selection was estimated for a selection intensity of 1% (ten superior 

hybrids).  

 

For the comparison between the multivariate selection using principal components 

and verification of the direct and indirect effects of this selection, the MMI index based on 

the relative positions of the ranking of the hybrids for the same four traits FGW, REG, 

CP, and NDF was carried out according to: 

𝑀𝑀𝐼𝑈𝑛𝑖𝑖
=

𝑃𝑃𝑉𝐶𝑖
+ 𝑃𝑅𝐸𝐵𝑖

+ 𝑃𝑃𝐵𝑖+ + 𝑃𝐹𝐷𝑁𝑖

4
 

 

The correlations between agronomic and nutritional characteristics were estimated 

by the BLUP of the hybrids in model 2 using the Pearson Method 𝑟𝑔(𝑥,𝑦)
 using the function 
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correlation from R package Agricolae (De Mendiburu 2014). Although a formal test of 

correlation significance has not been established yet, the significance of the correlation was 

verified using an approximate Student´s t-test (Steel and Torrie 1997), considering n - 2 

degrees of freedom, where n is the number of hybrids. 

 

2.3. RESULTS 

Genetic variability in the populations  

Statistical differences between the apomictic parents (APO) were identified (p < 

0.01 and 0.05) regarding general combining ability (GCA) for VEL and LDM (Table 2). On 

the other hand, the sexual parents (SEX) showed differences in GCA for DEN, REG, CP 

and NDF (p < 0.01 and 0.05 <). Concerning the effect of crosses (SCA), there was a 

significant difference (p < 0.01 and 0.05 <) for FGW, TDM, VEL, REG, CP, and NDF, 

indicating that there are combinations of apomictic and sexual parents that can be more 

advantageous in the breeding program. 

FGW, TDM, and REG are traits with a balance between additive and non-additive 

variation. FGW presented practically 50% of each genetic effect (additive and dominant) 

when all the cuts were evaluated together (Table 2). DEN, VEL, LDM, CP, NDF, and 

IVD are predominantly additive traits, with proportions varying from 20% to 90%, while 

LIG.S showed only dominance effect of 53% (Table 2). L:S and % F showed no relevant 

genetic effect when all the cuts were evaluated together. These results are only an inference 

about the genetic behavior of these traits in this population. The narrow-sense heritability 

for progeny selection ranged from 0% to 84% depending on the trait (Table 2). 

When cuts were considered individually (Table S1), genetic effects varied with the 

seasons. FGW and TDM showed an increase in the dominance effect between cuts 3, 4 

and 5 (October 2013 to February 2014). REG showed greater dominance effect on cuts 1 

to 4 and greater additive effect on cuts 5 to 7. NDF and IVD showed more dominance on 

cut 3 and greater additive effect on cut 4. DEN, %F, L:S and LIG.S showed greater 

dominance effect while VEL, LDM, CP, had a greater additive effect over all the cuts. 

When using model 2, for all traits, except L:S (p > 0.05), genotypic differences were 

found among hybrids (Table 3) (p> 0.01 and 0.05). When evaluating them individually, 

disregarding the effect of progenies, estimates of heritability between hybrids means were 

of greater magnitude: 81%, 77.9%, 62.2%, 74% and 67.5% for FGW, TDM, VEL, REG, 

and CP, respectively. Also, selective accuracy was higher at the individual level, with values 
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higher than 70% for most traits, which indicates high experimental precision and good fit 

of the model 2, according to the limits set by Resende and Duarte (2007). The ideal plot 

size for progenies of U. ruziziensis was approximately 3 m2 (Dias et al., 2014), or a line of 3 

m with six plants (Souza Sobrinho et al. 2010, 2011). In this experiment plots with five 

plants and 2.25 m2/plant was used, which is more than commonly reported for evaluation 

of progenies. This spacing could have influenced positively on the experimental accuracy of 

model 2, for allowing some isolation of hybrids and less competition between plants. 

 

Correlations among agronomic and nutritional traits 

The characteristics more positively related to each other were FGW x TDM (0.99), 

FGW x REG (0.55), DEN x REG (0.73), VEL x REG (0.69), FGW x NDF (0.29) and 

FGW x LIG.S (0.33) (Table 4). Although DEN and VEL have high correlations with REG 

(approximately 0.70) these two characteristics have low correlation to each other (around 

0.14) (Table 4). 

The correlations of CP and IVD with most of the other traits were negative and 

non-significant even though they are positively correlated (0.50). The high content of fiber 

and lignin negatively affected digestibility as expected and, a negative correlation was 

observed between CP x NDF (-0.42), NDF x IVD (-0.31) and LIG.S x IVD (-0.26) (Table 

4). 

 

Selection of parents, crosses, and hybrids 

The selection of the best parents and crossings was made by the ranking of the 

genotypic value of estimates of GCA and SCA (Table 5). Cultivar Basilisk was the 

apomictic parent which provided greater green weight gains, and at the same time, reduced 

the fiber content, and may give rise to hybrids with better nutritional value. Regarding the 

sexual parents, the hybrid 336-T1 was the most frequent among the best crosses and was 

responsible for gains in protein and less fiber content in the progenies. For FGW, REG, 

CP, and NDF, there was no clear pattern among the parents or a better combination of 

crosses for all these traits simultaneously. 

Comparing the effects of the parents (Table 5) with the effects of the ten best 

hybrids in the population (Table 6), it was observed that the effect of the individual is far 

superior to the effect of the cross. However, although there are hybrids with great 

agronomic and nutritional potential in the population, there was no hybrid that combined 

all features simultaneously when using the univariate selection intensity of 1% (Table 6).  
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The SCA was significant for some of the main traits. However, not the same 

crosses were superior for all traits at the same time (Table 2). Therefore, a multivariate 

selection at the individual level for FGW, REG, CP, and NDF was used (Figure 2). The 

first two principal components explained approximately 75% of the total multivariate 

variation observed among hybrids. 

There was no clear pattern such as the clustering of a superior cross (Figure 2). 

Although no multivariate pattern defines the best cross for all the traits at the same time, 

there are some hybrids with high potential, with higher FGW, REG, CP and lower NDF. 

These are written in red in Figure 2 with lower values for PC1 and PC2, simultaneously. 

These hybrids were selected with the help of IMMCP and correspond to hybrids: 1357 (336-

T1 x B140), 1954 (336- T1 x MulatoII), 2002 (336-T2 x MulatoII), 1908 (BS15 x MulatoII), 

1871 and 1897 (BS09 x MulatoII), 1620, 1579 (336-T1 x BRS Paiaguás), 1623 and 1629 

(336-T2 x BRS Paiaguás) (Table 7). 

The selection of the ten best hybrids by MMIUni for the traits FGW, REG, CP and 

NDF (Table 7) are written in blue in the lower part of Figure 2. Those hybrids are 1419 

(336-T2 x B140), 1366 (336-T1 x B140), 1764 (336-T1 x Basilisk), 1954, 1964 and 1984 

(336-T1 x MulatoII), 2012 (336-T2 x MulatoII), 1863 (BS09 x MulatoII), 1546 (BS15 x 

BRS Paiaguás) and 1623 (336-T2 x BRS Paiaguás). Some of these hybrids are not among 

the ten best for each one of the traits at the same time (Table 6), which was expected, 

because these are the best hybrids in a multivariate context, representing, in general, a 

desirable hybrid. Thus, only hybrids 1954 and 1623 were identified using both strategies of 

building indexes.  

A gain of 817.5, 411.5 and 921.8 kg.ha-1 in FGW is expected for selection of the ten 

best hybrids by MMICP, MMIUni, and Uni, respectively (Table 7). MMICP and MMIUni indexes 

were coincident about selection gain for REG, promoting an increase of approximately 0.4 

relatives to the population average, which amounts to approximately 65% of the gain by 

direct univariate selection. Selection using indexes presented some differences, however: 

MMIUni allowed higher relative gain compare to Uni for CP and NDF of 63% and 50%, 

respectively, while MMICP 27% had 27% better gain for CP and a decrease of 1% for NDF 

(Table 7). 

The direct univariate selection of the best ten hybrids had gains ranging from 1 to 

60% (Table 8). Interestingly, the indirect gains of selection followed the correlations 

between the traits (Table 4). Direct and indirect gains were similar when selecting the 1% 

best hybrids for FGW and TDM as well as when selecting for CP and DIV. Univariate 



32 

 

direct selection for FGW promoted a reduction of -0.915 % in the performance of the 

population for DIV, while the univariate selection for DIV reduced -10,508 % in the 

performance of the population for FGW. 

 

2.4. DISCUSSION 

Diallel analysis and selection methods 

Significant genetic variability among the hybrids is a fundamental principle in plant 

breeding to be able to perform selection for a particular characteristic of agronomic interest 

(Pandolfi Filho et al. 2016). In reciprocal recurrent selection schemes, the specific 

combining ability between the parents is used to select the best crosses whereas the general 

combining ability indicates the additive genetic potential of a parent to produce good 

hybrids (CoTDMock et al., 1949; Oliboni et al. 2013). This combined information allows 

the selection of parents to be recombined to produce hybrids for the next cycle of selection 

and intercrossing, to gradually accumulate favorable alleles with a slow reduction in 

variability (Bernardo 2010). 

Breeding of Urochloa spp., particularly of U. decumbens and U. brizantha, involves 

recombination solely between sexual parents since apomixis prevails in this genus 

(Worthington and Miles 2015). Thus, a selection scheme called recurrent selection for 

specific combining ability has been used (RS-SCA) (Miles 2007), in which an elite apomictic 

parent is used as a tester on a group of sexual plants. Modifications of this scheme 

resemble a reciprocal recurrent selection (RRS) scheme since to promote crosses a group of 

apomictic individuals from a population is used as pollen donors to a sexual group of 

individuals from another population (Worthington and Miles 2015). Such a scheme is 

typically associated with a system of partial diallel crosses to obtain hybrids and genetic 

information on the population in each cycle of RRS. Furthermore, the parents are not 

taken to homozygosity before the next cycle of crossings since these are polyploids with 

self-incompatibility issues (Valle et al., 1996; Lapointe and Miles, 1992). 

This interspecific tetraploid population presented higher additive variability than 

that observed in a population of diploid U. ruziziensis (Simeão et al. 2016c), or Panicum 

virgatum (Bhandari et al. 2010) or Panicum maximum (Resende et al. 2004). Most of the traits 

evaluated presented more addictive effect, so the selection and use of parents with higher 

general combining ability are reasonable (Mendes et al. 2015). It must be considered, 

however, that there was no statistically significant variability between sexual and apomictic 
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parents for several traits (Table 2). Thus, the indications are of sexual parents BS15 and 336 

-T2 for higher REG, 336-T1 for higher CP and 336-T2 for lower NDF. 

The green field weight and the total dry matter are volume-related characteristics of 

forage on pasture, which are used for estimating the potential forage on offer and the 

definition of carrying capacity (Santos and Corrêa 2009). These traits showed high 

variability of non-additive origin in the case of this population, and only SCA was 

significant. In this case, the selection should be based on the performance of the best cross, 

e.g., the B140_x_336-T1 to improve FGW (Table 5). This result is the opposite of what 

was observed in U. humidicola, in which their significant difference between the sexual 

parents for GCA and no significant interaction (SCA) between sexual and apomictic 

parents for to FGW and TDM (Figueiredo 2015). In U. ruziziensis significant additive 

variability was also observed for FGW and TDM with the narrow sense heritability of 0.31 

and 0.30 respectively (Simeão et al. 2017). These values of heritability are lower than 

observed for the same traits in this interspecific population of Urochloa spp. with 

FGW=0.46 and TDM=0.59 (Table 2). 

The absence of the effect of crosses (SCA) for some of the traits was expected 

(Table 2), since this population comes from interspecific crosses between polyploid 

heterozygous species, so that there are many sources of variation within and among 

progenies, to the point of not being able to discriminate clearly, parents or ideal 

combinations. The genetic composition of the hybrids within the progenies is very variable, 

and some may show high hybrid vigor whereas others have much lower vigor within the 

same progeny, which can contribute to the non-significance of the effect of crosses for 

many traits (Figueiredo 2015). Then, the best and worst hybrids are distributed among all 

progenies, and it is not possible to identify the best progeny. Factorial statistical models 

usually promote a good fit of data from partial diallel. However, the incorrect specification 

of parameters in the construction of complex model reduces the absorption of variability 

and consequently affect GCA and SCA (Ogut et al. 2014). It is possible that the number of 

parameters used in model 1 could also have influenced the lack of significance of the 

parents and crosses. 

Estimates of the proportions of the additive variance and dominance were 

considered of moderate to a high magnitude for FGW, TDM, REG, CP and NDF in the 

progenies evaluated (Table 2). In progenies of half-sibs, it has been reported that for traits 

with lower heritability estimates greater gain is expected when selecting the parents (PST). 

However, for more substantial magnitude broad sense heritabilities combined selection 
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methods are indicated, such as selection between progenies and individual selection (HS-

IND), as well as those that are based on the selection of individual phenotypes combined 

with information about the progeny (CSBLUP) (Resende et al. 2013). In this population, 

however, the selection of parents (PST) is not indicated, since there are only four parents, 

which could quickly raise inbreeding of the population (Han and Casler 1999). Studies on 

the effect of selection on the inbreeding in populations of Urochloa, however, have not yet 

been conducted to confirm this assumption. In this case, for univariate selection, the 

evaluation and the use of the CSBLUP, HS-IND or individual (IND) methods are 

indicated. 

Traits such as FGW, REG, CP, DIV, NDF, and Lig.S are the most important in 

forage breeding since they tend to correlate well with animal production indicating a plant 

with good quantity and quality of forage (Montagner et al., 2012; Sousa et al., 2007). The 

results did not point to a single parent or crossing that could deliver all these characteristics 

at the same time (Table 5), but there are hybrids in the population that in a multivariate 

context fall within this ideotype (Figure 2). The non-standardization of complementarity of 

the parents, in a multivariate context, supports the idea of maintaining all parents, 

recombination of the sexual parents associated with the selection at the hybrid level (IND). 

Selected hybrids should be evaluated as to the reproductive system, and if they are sexual, 

they should be used as parents in crosses, and if they are apomictic, they can follow the 

next steps of the breeding program (Jank et al. 2014). 

 

Traits correlations 

There were positive correlations between FGW and TDM with structural 

characteristics such as NDF and Lig.S. On the other hand, FGW and TDM exhibited a 

negative correlation with CP and DIV thus the higher the weight of a plant, the higher its 

fiber and lignin content and lower its protein. Similar pattern was observed between REG, 

FGW and TDM with positive correlation of approximately 50% and low or no correlation 

between REG with CP, DIV, NDF and Lig.S. These results, unlike observed in U. 

decumbens (Matias et al. 2016) and U. ruziziensis (Simeão et al. 2016a), in which the increase 

in weight and regrowth promotes the increase in fiber and lignin for dealing with structural 

components of the cell wall (Van Soest 1995; Mauri et al. 2015). It indicates that for this 

population higher regrowth capacity should not promote changes in protein, fiber, and 

lignin. Furthermore, since the regrowth potential depends on the density and speed of 



35 

 

growth with a positive correlation of about 70%, the selection for REG by itself is 

recommended since it should automatically implicate in the increase of VEL and DEN  

It is interesting to note that when performing selection for CP, which has higher 

heritability, one is indirectly selecting for digestibility without drastically reducing the FGW 

and TDM (Table 8), due to the lower correlation between these traits (Table 4). These 

observations contrast with those for U. humidicola (Figueiredo et al. 2012) and U. decumbens 

(Matias et al. 2016), where a high negative correlation between CP and FGW compromised 

the selection of one in favor of the other. One possibility is that the presence of alleles 

from U. ruziziensis of high nutritional value (Euclides and de Medeiros 2003), and from U. 

brizantha and U. decumbens which involves good agronomic production (Jank et al. 2014), 

allowed for a balance or independence of these groups of contrasting traits. Therefore, 

these results indicate that hybrids with high FGW, REG, CP and less NDF and LIG.S can 

be identified. Thus, through multivariate analysis, such as the principal components or 

multivariate indices, it should be possible to find desired ideotypes for selection of a 

potential cultivar (Jain and Patel 2016). 

Correlation between agronomic and nutritional characteristics similar to this 

experiment have been estimated for a population of U. ruziziensis (Simeão et al. 2016c), 

where the concentration of fiber and cellulose were found to be inversely proportional to 

crude protein concentration. It follows the principle of plant physiology that growth or 

maturity brings about the deposition of cell wall structures and reduces energy reserves 

(Van Soest 1995). However, for legumes such as Arachis (perennial peanut), there were 

positive correlations between CP with LIG.S, NDF, and TDM (Simeão et al. 2016b), 

indicating that biomass is directly related to the concentration of CP and nutritional value 

in forage legumes (Phelan et al. 2014). 

The strong correlation between FGW and TDM allow early selection of forage 

biomass (Borges et al. 2012). The selection of hybrids with greater digestibility provides 

high crude protein content in the population (Torres et al. 2016). Understanding the 

correlations between the traits and determining the forage ideotype, assists in the selection 

of superior hybrids in breeding programs. Direct selection for a character can also promote 

indirect and disadvantageous selection of other characteristics, such as direct selection for 

high and CP and DIV promoted the reduction of FGW and TDM (Table 8). Also, the 

selection to reduce Lig.S could lead to a reduction in FGW and TDM (Table 8). In this 

case, the selection in a multivariate context becomes an interesting alternative.  
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Multivariate selection and choice of potential cultivars 

Multivariate selection in forages is intended to select commercial ideotypes or also 

to characterize germplasm banks, as previously described in P. maximum (Martuscello et al. 

2015), Pennisetum glaucum (Kumari et al. 2017), U. humidicola (Ahmed et al. 2014) and U. 

brizantha (Olivera et al. 2014). In a multivariate analysis involving principal components, it 

is possible to identify groups of crosses that present desirable commercial standards in 

progenies (Beheshtizadeh et al., 2013; Legesse et al., 2013). In this study, however, there 

was no pattern to define a better parent or multivariate cross. Nonetheless, it was possible 

to select hybrids individually that approached the commercially desirable ideotype (Figure 

2). The variability observed within the same progeny was expected, since it contained both 

the best and the worst hybrids at the same time. 

In the literature, there are approaches for multivariate selection by different 

techniques, such as the canonical analysis, used by Martuscello et al. (2015) to select 

hybrids of P. maximum adapted the conditions of “agreste” region in Alagoas/Brazil. The 

authors selected genotypes with high leaf production, height, high leaf/stem ratio and 

intermediate values of volumetric density of forage. Multiplicative multivariate indices were 

used to select tetraploid genotypes U. ruziziensis to simultaneously tackle greater regrowth 

after cutting, dry matter and crude protein concentration (Simeão et al. 2016a). In Arachis 

spp., the Mulamba and Mock index were used to select genotypes with higher dry matter 

content in the dry season and the wet season, less fiber content and highest concentration 

of protein in the stem (Simeão et al. 2016b). 

In this work, the use of the MMICP index to accomplish selection in the interspecific 

population of Urochloa spp., the gains compared to univariate selection were higher for 

agronomic characteristics and lower or negative for the nutritional ones (Table 7). On the 

other hand, although the use of the MMIUni index did not result in higher gains for 

agronomic characteristics (SG.MM) as observed for MMICP (SG.PC), for example, 411.52 

kg.ha-1 and 817.53 kg.ha-1 for field green weight respectively, at least it did not promote the 

reduction of the ones for nutritional value, as observed for digestibility where the SG.PC 

was -0.1 and SG.MM was 0.82. Thus the MMIUni is performing as a more balanced index 

between agronomical and nutritional traits, with gains in both groups of traits. This is due 

to the fact that principal component analysis reorganizes the contribution of each trait to 

capture most variability in the first component (Marques and Marques 2005), in our case 

the first two components are representing mainly the variability associated to agronomic 

characteristics which are privileged with more significant gains than nutritional traits in 
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MMICP (Table 7). The MMIUni considered each trait individually, thus provided a higher 

balance of multivariate gain than MMICP. Therefore, the use of the traits directly in the 

index of Mulamba and Mock to perform multivariate selection is indicated. 

 

2.5. CONCLUSION 

This study sought to obtain a better understanding of the inheritance of main 

characters and selection criteria for Urochloa hybrids, in order to help the plant breeder in 

choosing the selection method to obtain new commercial hybrids. There was no clear trend 

of the importance of the additive and non-additive effects on agronomical and nutritional 

traits. Furthermore, the predominant component changed regarding the characteristic. The 

understanding of the genetic behavior of the main traits, as well as the correlations between 

these, should facilitate the choice of the best selection criteria. This information is also 

expected to contribute to the definition and construction of multivariate indices to both 

identify superior hybrids. The Mulamba and Mock index, per se, at the univariate level, 

promoted a more efficient response to selection for all traits of the same time than 

associated with two main principal components.  
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FIGURES 

 

 

Figure 1. Scheme of two experimental sub design for the evaluation of interspecific 
Brachiaria hybrids from crosses between apomictic and sexual tetraploid heterozygous 
parents. The progenies are randomized and repeated in all ten blocks (ex: Cross-01, Cross-
02,..., Cross-20, represented in light gray rectangles) defining the random complete block 
design (sub design 1). Each plot in the block is composed of 5 different hybrids from a 
single cross thus totaling 50 hybrids per progeny. These 50 full-sib F1 hybrids/ progenies 
segregate in the plot. Thus there is no hybrid per se replication, and there are 1,000 different 
hybrids in the experiment (HB-01, HB-02,..., HB-1000). To evaluate and select the 
individual hybrids was added on the sub design 1 the nine parents, used as checks, in each 
block, characterizing on an augmented block design (sub design 2). Therefore, five clonal 
cutting of each parent were placed additional in each of the ten blocks, totalizing 45 
additional plots/block on the sub design 1 and 450 plots considering sub design 2. Each 
plant in sub design 2 was represented only by one plant, i.e., 1,000 plots of hybrids and 450 
plots of parents (checks). The checks only were accounted for statistical analysis of the sub 
design 2. 
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Figure 2. Biplot of the principal component multivariate analysis of 1,000 interspecific 
hybrids of Brachiaria spp., from a partial diallel between five tetraploid apomictic parents 
(U. brizantha ‘Marandu’, U. brizantha accession B140, U. brizantha  ‘BRS Paiaguás’, U. 
decumbens  ‘Basilisk’ and Brachiaria spp. ‘Mulato II’) with four tetraploid sexual interspecific 
hybrids (BS9, BS15, 336-T1 and 336-T2) for field green weight (kg.ha-1); Regrowth scores; 
% crude protein and % neutral detergent fiber. 
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TABLES 

 

Table 1 - Genitors that were used to obtain the progenies of full-siblings descriptions: 

Apomictic genitors 

Species Characteristics 

U. brizantha 

(Cv. Marandu) 

High productivity and intolerant to flood 

  

U. brizantha 

(B140) 

High productivity 

  

U. brizantha 

(Cv. Paiaguás) 

High productivity (especially in the dry season) 

  

U. decumbens 

(Cv. Basilisk) 

Medium-high productivity, tolerant to drought and tolerant to toxic aluminum  

Urochloa spp. 

(Mulato II) 

High productivity and intolerant to flood 

  

Sexual genitors 

Species Characteristics 

4 hybrids of sexual Urochloa spp (BS09, BS15, 

336-T1 and 336-T2) 

Good seed production and high productivity 
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Table 2 – Deviance analysis (ANADEV) for apomictic parents (σ2
APO), sexual parents (σ2

SEX), crosses effect (𝜎𝐴𝑃𝑂×𝑆𝐸𝑋
2 ) and interaction with cuttings 

(𝜎𝐴𝑃𝑂×𝑆𝐸𝑋×𝑐
2 ).  Additive variance (𝜎𝐴

2), dominant variance (𝜎𝐷
2) and general mean (�̅�) for agronomic and nutritional value traits based on the evaluation of 

Brachiaria spp. hybrids in seven cuts 

  FGW   TDM     DEN     VEL     REG     LDW   

σ2
APO 4381.84 ns 5777.55 ns 0.00 ns 0.01 * 0.00 ns 3709.61 * 

σ2
SEX 0.11 ns 0.04 ns 0.02 * 0.00 ns 0.05 * 3886.82 ns 

𝜎𝐴𝑃𝑂×𝑆𝐸𝑋
2  12264.92 ** 13894.79 ** 0.00 ns 0.01 ** 0.01 ** 1145.56 ns 

𝜎𝐴𝑃𝑂×𝑆𝐸𝑋×𝑐
2  3206.05 ns 5727.73 ns 0.00 * 0.00 ns 0.01 ** 0.00 ns 

𝜎𝐴
2 17527.35  23110.19  0.00  0.03  0.02  14838.43  

𝜎𝐷
2 15755.58  10528.64  0.00  0.00  0.02  0.00  

% 𝜎𝐴
2 46.45  58.88  28.28  83.69  40.98  69.62  

% 𝜎𝐷
2 41.76  26.82  0.00  0.00  38.03  0.00  

�̅� 1084.82  1369.41  2.98  1.54  1.60  443.96  

    %L     L:S   CP     NDF     IVD     LIG.S   

σ2
APO 0.00 ns 0.15 ns 0.10 ns 0.13 ns 0.22 ns 0.00 ns 

σ2
SEX 14.93 * 1.97 ns 0.21 ** 0.21 * 0.37 ns 0.00 ns 

𝜎𝐴𝑃𝑂×𝑆𝐸𝑋
2  0.00 ns 0.40 ns 0.11 ** 0.18 * 0.20 ns 0.00 ns 

𝜎𝐴𝑃𝑂×𝑆𝐸𝑋×𝑐
2  19.01 * 0.37 ns 0.00 ns 0.20 * 0.34 ns 0.00 ns 

𝜎𝐴
2 0.00  0.61  0.41  0.50  0.90  0.00  

𝜎𝐷
2 0.00  0.42  0.00  0.00  0.00  0.01  

% 𝜎𝐴
2 0.00  3.65  78.46  62.56  53.15  0.00  

% 𝜎𝐷
2 0.00  2.52  0.00  0.00  0.00  53.20  

 �̅� 62.86   2.92   15.44   63.34   72.33   2.07   

FGW: Field Green Weight (kg.ha-1); TDM: Total Dry Matter (kg.ha1); DEN: Density of regrown tiller; VEL: Regrowth speed; REG: Regrowth capacity; %L: 

Percentage of leaves; LDW: Leaf dry matter (kg.ha-1); L:S: Leaf:stem ratio; CP: Crude protein (%); NDF: Neutral detergent fiber (%); IVD: in vitro organic 

matter digestibility (%); LIG.S: Lignin in sulfuric acid (%). **significant by LRT test with one degree of freedom considering 1% of probability by the 𝑥2 test. * 

significant by LRT test considering 5% of probability by the 𝑥2 test. ns Non-significant.  
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Table 3 - Additive variance (𝜎𝐴
2), dominant variance (𝜎𝐷

2) and general mean (�̅�) for agronomic and nutritional value traits based on individual cuts of Brachiaria 

spp. hybrids 

Trait Cut  �̅�                   𝝈𝑨
𝟐                       𝝈𝑫

𝟐  % 𝝈𝑨
𝟐  % 𝝈𝑫

𝟐  

FGW 

1 1084.98 49240.15 3785.03 47.99 3.69 

2 675.92 36902.64 0.00 66.72 0.00 

3 591.95 23052.30 4834.71 54.53 11.44 

4 1287.47 51317.24 14237.91 44.96 12.47 

5 1194.32 0.17 88776.60 0.00 67.26 

6 1065.60 109389.06 0.00 74.03 0.00 

7 431.71 10969.74 0.00 66.73 0.00 

TDM 

1 1369.52 64918.31 25456.30 38.88 15.25 

2 690.32 32502.95 0.00 65.61 0.00 

3 681.20 18934.35 31607.83 27.85 46.49 

4 1321.06 51737.96 16695.75 45.57 14.71 

5 1556.59 0.26 139210.47 0.00 68.15 

6 1212.89 132436.55 0.00 74.47 0.00 

7 583.11 14019.44 0.00 61.84 0.00 

DEN 

3 2.99 0.00 0.03 0.00 42.29 

4 2.69 0.00 0.06 0.00 61.18 

5 2.47 0.01 0.02 10.79 29.57 

6 2.51 0.00 0.02 6.51 26.21 

7 2.49 0.03 0.00 41.43 0.00 

VEL 

3 1.55 0.02 0.00 45.22 0.00 

4 1.46 0.05 0.00 64.33 0.00 

5 0.87 0.08 0.00 70.67 0.00 

6 0.76 0.02 0.00 40.99 0.00 
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7 0.93 0.01 0.02 17.25 37.36 

REG 

1 1.60 0.02 0.10 12.41 51.12 

2 2.42 0.00 0.29 0.00 81.89 

3 3.53 0.00 0.11 0.00 59.61 

4 3.15 0.01 0.11 4.84 62.85 

5 2.34 0.13 0.00 65.59 0.00 

6 2.27 0.05 0.00 44.90 0.00 

7 2.42 0.02 0.00 26.32 0.00 

LDW 
2 443.99 13532.02 0.00 45.88 0.00 

3 407.86 16275.31 0.00 61.72 0.00 

%L 
2 62.86 0.00 138.96 0.00 76.36 

3 73.80 0.00 32.03 0.00 49.10 

L:S 
2 2.92 0.05 2.08 1.88 71.75 

3 10.60 2.64 0.00 4.03 0.00 

CP 
3 15.44 0.59 0.00 68.43 0.00 

4 15.57 0.26 0.00 58.53 0.00 

NDF 
3 63.34 0.21 0.65 13.66 43.33 

4 66.53 0.71 0.00 56.02 0.00 

IVD 
3 72.33 0.28 2.33 6.12 51.63 

4 69.30 1.96 0.00 61.21 0.00 

LIG.S 
3 2.07 0.00 0.01 0.00 42.59 

4 2.18 0.00 0.01 0.64 47.35 

FGW: Field Green Weight (kg.ha-1); TDM: Total Dry Matter (kg.ha1); DEN: Density of regrown tiller; VEL: Regrowth speed; REG: Regrowth capacity; %L: Percentage of leaves; LDW: Leaf dry matter 

(kg.ha-1); L:S: Leaf:stem ratio; CP: Crude protein (%); NDF: Neutral detergent fiber (%); IVD: in vitro organic matter digestibility (%); LIG.S: Lignin in sulfuric acid (%). 
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Table 4 – Deviance analysis (ANADEV) for Brachiaria spp. interspecific hybrids effect (𝜎𝑔
2). Selective accuracy (�̂��̂�𝑔), heritability between hybrid means 

(ℎ2) and general mean (�̅�) for agronomic and nutritional value traits based on the evaluation in seven cuts 

  FGW   TDM   DEN     VEL     REG           LDW   

𝜎𝑔
2 144522.40 ** 162654.20 ** 0.08 ** 0.07 ** 0.22 ** 33837.46 ** 

�̂��̂�𝑔 0.90  0.88  0.71  0.79  0.86  0.75  

ℎ2 0.81  0.78  0.51  0.62  0.74  0.56  

�̅� 1540.61  1790.55  3.57  1.81  2.29  767.86  

  %L   L:S         CP      NDF   IVD   LIG.S   

𝜎𝑔
2 41.72 ** 0.00 ns 1.47 ** 2.48 ** 5.98 ** 0.04 ** 

�̂��̂�𝑔 0.56  -  0.82  0.70  0.71  0.65  

ℎ2 0.31  0.00  0.68  0.49  0.51  0.42  

�̅� 66.92   2.57   15.75   64.41   73.32   2.17   

FGW: Field Green Weight (kg.ha-1); TDM: Total Dry Matter (kg.ha1); DEN: Density of regrown tiller; VEL: Regrowth speed; REG: Regrowth capacity; 

%L: Percentage of leaves; LDW: Leaf dry matter (kg.ha-1); L:S: Leaf:stem ratio; CP: Crude protein (%); NDF: Neutral detergent fiber (%); IVD: in vitro 

organic matter digestibility (%); LIG.S: Lignin in sulfuric acid (%).**significant by LRT test considering 1% of probability by the 𝑥2 test. * significant by 

LRT test considering 5% of probability by the 𝑥2 test. ns Non-significant. 
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Table 5 – Correlation estimates between agronomic and nutritive value traits in Brachiaria interspecific hybrids  

  TDM   DEN   VEL   REG   LDW   %L   L:S   CP   

ND

F   IVD  LIG.S   

FGW 0.99 * 0.40 * 0.49 * 0.55 * 0.51 * 0.03 ns -0.17 * 0.00 ns 0.29 * -0.19 * 0.33 * 

TDM   0.39 * 0.49 * 0.54 * 0.51 * 0.02 ns -0.16 * 

-

0.01 ns 0.30 * -0.19 * 0.33 * 

DEN     0.14 * 0.73 * 0.20 * 0.19 * 0.08 * 0.12 * 

-

0.07 * -0.05 ns 0.08 * 

VEL       0.69 * 0.33 * 0.14 * -0.05 ns 

-

0.14 * 0.21 * -0.11 * 0.24 * 

REG         0.39 * 0.29 * 0.04 ns 

-

0.08 * 0.09 * -0.13 * 0.20 * 

LDW           0.25 * -0.23 * 

-

0.15 * 0.20 * -0.17 * 0.18 * 

%L             0.38 * 0.00 ns 

-

0.02 ns 0.01 ns 0.02 ns 

L:S               0.03 ns 

-

0.14 * 0.04 ns -0.10 * 

CP                 

-

0.42 * 0.50 * -0.08 * 

NDF                   -0.31 * 0.37 * 

IVD                     -0.26 * 

FGW: Field Green Weight (kg.ha-1); TDM: Total Dry Matter (kg.ha1); DEN: Density of regrown tiller; VEL: Regrowth speed; REG: Regrowth 

capacity; %L: Percentage of leaves; LDW: Leaf dry matter (kg.ha-1); L:S: Leaf:stem ratio; CP: Crude protein (%); NDF: Neutral detergent fiber (%); 

IVD: in vitro organic matter digestibility (%); LIG.S: Lignin in sulfuric acid (%).*Correlation estimate significantly different from zero by the t test. 
ns Non-significant. 

 

 

  



50 

 

Table 6 – General combining ability (GCA) estimates of apomictic parents (APO), sexual parents (SEX) and specific combining ability (SCA) estimates of the 

five best and five worst Brachiaria spp. crosses for different agronomic and nutritional value traits 

APO 

Rank VEL  GCA LDW  GCA 
 

- 
 

- 

1 B140 0.13 Basilisk 74.44 
 

- 
 

- 

2 Basilisk -0.02 B140 45.51 
 

- 
 

- 

3 Marandu -0.02 Marandu -20.85 
 

- 
 

- 

4 MulatoII -0.04 MulatoII -47.23 
 

- 
 

- 

5 Paiaguás -0.05 Paiaguás -51.87 
 

- 
 

- 

�̅� 
 

1.54 
 

443.96 
 

- 
 

- 

SEX 

Rank DEN  GCA REG  GCA CP  GCA NDF  GCA 

1 336-T2 0.08 BS15 0.12 336-T1 0.52 336-T2 -0.51 

2 BS15 0.06 336-T2 0.11 BS09 0.05 336-T1 -0.11 

3 336-T1 0.04 336-T1 0.05 336-T2 -0.04 BS15 0.15 

4 BS09 -0.18 BS09 -0.30 BS15 -0.52 BS09 0.46 

�̅� 
 

2.98 
 

1.60 
 

15.44 
 

63.34 

APO:SEX 

Rank FGW  SCA REG  SCA CP  SCA NDF  SCA 

1 B140_x_336-T1 119.38 B140_x_BS15 0.22 MulatoII_x_BS09 0.34 B140_x_336-T2 -0.36 

2 Basilisk_x_BS09 93.81 Marandu_x_336-T2 0.08 B140_x_336-T2 0.32 MulatoII_x_336-T1 -0.32 

3 MulatoII_x_336-T2 93.12 B140_x_BS09 0.08 Marandu_x_BS15 0.20 MulatoII_x_BS09 -0.32 

4 Basilisk_x_BS15 72.85 MulatoII_x_336-T2 0.08 Basilisk_x_BS15 0.19 Basilisk_x_336-T1 -0.25 

5 Paiaguás_x_336-T2 68.49 B140_x_336-T1 0.05 MulatoII_x_336-T1 0.18 Paiaguás_x_336-T2 -0.20 

16 Marandu_x_336-T1 -92.65 Marandu_x_336-T1 -0.04 Paiaguás_x_BS09 -0.22 MulatoII_x_336-T2 0.14 

17 Basilisk_x_336-T2 -103.25 MulatoII_x_BS15 -0.05 Basilisk_x_BS09 -0.22 Marandu_x_336-T2 0.18 
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18 Paiaguás_x_BS15 -121.45 Paiaguás_x_BS15 -0.14 Marandu_x_336-T2 -0.24 B140_x_BS09 0.21 

19 Paiaguás_x_BS09 -122.17 MulatoII_x_BS09 -0.14 MulatoII_x_336-T2 -0.24 Basilisk_x_BS09 0.41 

20 MulatoII_x_336-T1 -158.24 B140_x_336-T2 -0.14 B140_x_BS15 -0.63 B140_x_336-T1 0.72 

�̅� 
 

1084.82 
 

1.60 
 

15.44 
 

63.34 

FGW: Field Green Weight (kg.ha-1); VEL: Regrowth speed; REG: Regrowth capacity; LDW: Leaf dry matter (kg.ha-1); CP: Crude protein (%); NDF: Neutral 

detergent fiber (%). �̅�: General mean. 
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Table 7 – Genotypic value (GV) of the best ten Brachiaria spp. hybrids 

Rank FGW GV TDM GV DEN GV VEL GV REG GV LDW GV 

1 HB-1620 1753.89 HB-1620 1807.96 HB-1215 0.57 HB-1371 0.56 HB-1566 1.16 HB-1797 637.75 

2 HB-1357 1253.53 HB-1897 1181.85 HB-1207 0.55 HB-1372 0.56 HB-2002 1.13 HB-1897 629.27 

3 HB-1897 1186.26 HB-1743 1170.68 HB-1552 0.54 HB-1353 0.50 HB-1954 1.13 HB-1885 447.11 

4 HB-1255 1128.18 HB-1558 1083.58 HB-1419 0.49 HB-1319 0.44 HB-1301 1.08 HB-1128 400.60 

5 HB-1743 1103.18 HB-1255 1070.22 HB-1566 0.49 HB-1366 0.44 HB-1623 0.96 HB-1785 396.80 

6 HB-1954 1083.64 HB-1785 1059.89 HB-1427 0.48 HB-1520 0.44 HB-1348 0.96 HB-1747 353.95 

7 HB-1785 1006.09 HB-1797 1030.22 HB-1629 0.48 HB-1716 0.44 HB-1366 0.95 HB-1928 327.43 

8 HB-1372 960.75 HB-1617 995.75 HB-2028 0.48 HB-1063 0.44 HB-1452 0.92 HB-1428 322.79 

9 HB-1908 956.76 HB-1372 991.44 HB-1511 0.47 HB-1311 0.44 HB-1552 0.92 HB-1943 303.97 

10 HB-2002 954.71 HB-1885 965.37 HB-1147 0.46 HB-1811 0.44 HB-1111 0.85 HB-1546 301.67 

�̅�   1540.61   1790.55   3.57   1.81   2.29   767.86 

Rank %L GV L:S GV CP GV NDF GV IVD GV LIG.S GV 

1 HB-1245 7.69 - 0.00 HB-1089 2.23 HB-1773 -4.37 HB-1683 5.15 HB-1563 -0.51 

2 HB-2035 7.21 - 0.00 HB-1744 2.20 HB-1173 -3.08 HB-1479 5.03 HB-1773 -0.44 

3 HB-1385 7.12 - 0.00 HB-1730 2.20 HB-1524 -2.92 HB-1488 4.28 HB-1685 -0.36 

4 HB-1231 6.96 - 0.00 HB-1589 2.17 HB-1512 -2.92 HB-1577 4.22 HB-1429 -0.34 

5 HB-1394 6.90 - 0.00 HB-1983 2.14 HB-1416 -2.67 HB-1582 4.10 HB-1997 -0.33 

6 HB-1177 6.70 - 0.00 HB-1991 2.12 HB-1441 -2.61 HB-1588 4.01 HB-1798 -0.32 

7 HB-1591 6.61 - 0.00 HB-1752 2.09 HB-1230 -2.55 HB-1674 3.99 HB-1191 -0.31 

8 HB-1784 6.57 - 0.00 HB-1997 2.06 HB-1407 -2.42 HB-1961 3.93 HB-1981 -0.30 

9 HB-1547 6.35 - 0.00 HB-1784 2.02 HB-1419 -2.42 HB-1374 3.88 HB-1416 -0.30 

10 HB-1794 6.22 - 0.00 HB-1665 2.00 HB-1421 -2.32 HB-1970 3.83 HB-1094 -0.28 

�̅�   66.92   2.57   15.75   64.41   73.32   2.17 

FGW: Field Green Weight (kg.ha-1); TDM: Total Dry Matter (kg.ha1); DEN: Density of regrown tiller; VEL: Regrowth speed; REG: Regrowth capacity; %L: 

Percentage of leaves; LDW: Leaf dry matter (kg.ha-1); L:S: Leaf:stem ratio; CP: Crude protein (%); NDF: Neutral detergent fiber (%); IVD: in vitro organic 

matter digestibility (%); LIG.S: Lignin in sulfuric acid (%). 
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Table 8 – Genotypic value (GV) of the ten best Brachiaria spp. hybrids selected by Mulamba e Mock index (MMI) using the first two principal components 

(MMIPC), mean genotypic value of the selected hybrids by principal components (GV.PC), mean genotipic value of selected hybrids using MMI based only in 

phenotypic information (GV.MM), mean genotypic value of selected hybrids by univariate analysis (GV.Uni), broad sense heritability estimate (ℎ2), selection gain 

by MMIPC considering 1% of selection intensity (SG.PC), selection gain by phenotypic MMIUni  considering 1% of selection intensity (SG.MM), selection gain by 

univariate analysis  considering 1% of selection intensity  (SG.Uni), relative selection gain given by SG.CP/ SG.Uni (rSG.CP), relative selection gain given by 

SG.MM, SG.Uni (rSG.MM ) and general mean (�̅�) 

 MMIPC FGW* TDM DEN VEL REG* LDW %L L:S CP* NDF* IVD LIG.S 

HB-2002 954.71 874.99 0.33 0.38 1.13 0.00 0.00 0.00 0.52 0.12 -1.59 0.26 

HB-1954 1083.64 924.72 0.43 0.38 1.13 0.00 0.00 0.00 1.70 -0.04 1.44 -0.01 

HB-1620 1753.89 1807.96 0.08 -0.05 0.15 0.00 0.00 0.00 0.04 0.22 -0.05 -0.01 

HB-1357 1253.53 931.12 0.25 0.40 0.56 0.00 0.00 0.00 0.27 1.00 -1.97 -0.03 

HB-1908 956.76 839.45 0.25 0.40 0.51 0.00 0.00 0.00 0.33 0.37 -1.94 0.27 

HB-1897 1186.26 1181.85 -0.05 0.19 0.22 629.27 1.44 0.00 0.15 -0.87 -1.54 0.09 

HB-1871 937.62 845.44 0.19 0.18 0.38 0.00 0.00 0.00 0.54 0.67 -0.40 0.05 

HB-1623 741.01 749.57 0.40 0.31 0.96 0.00 0.00 0.00 1.49 -0.92 2.16 -0.07 

HB-1629 667.64 651.08 0.48 0.19 0.70 184.95 2.09 0.00 -0.25 -0.52 1.03 0.06 

HB-1579 563.55 601.18 0.28 0.44 0.65 146.62 1.99 0.00 0.98 0.51 0.78 0.12 

GV.PC 1009.86 940.74 0.26 0.28 0.64 96.08 0.55 0.00 0.58 0.05 -0.21 0.07 

SG.PC 817.53 733.16 0.13 0.18 0.47 53.46 0.17 0.00 0.39 0.03 -0.10 0.03 

FGW: Field Green Weight (kg.ha-1); TDM: Total Dry Matter (kg.ha1); DEN: Density of regrown tiller; VEL: Regrowth speed; REG: Regrowth capacity; %L: 

Percentage of leaves; LDW: Leaf dry matter (kg.ha-1); L:S: Leaf:stem ratio; CP: Crude protein (%); NDF: Neutral detergent fiber (%); IVD: in vitro organic 

matter digestibility (%); LIG.S: Lignin in sulfuric acid (%).  *Traits used to direct selection in MMI. 
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Cont. Table 8 – Genotypic value (GV) of the ten best Brachiaria spp. hybrids selected by Mulamba e Mock index (MMI) using the first two principal 

components (MMIPC), mean genotypic value of the selected hybrids by principal components (GV.PC), mean genotypic value of selected hybrids using MMI 

based only in phenotypic information (GV.MM), mean genotypic value of selected hybrids by univariate analysis (GV.Uni), broad sense heritability estimate (ℎ2), 

selection gain by MMIPC considering 1% of selection intensity (SG.PC), selection gain by phenotypic MMIUni  considering 1% of selection intensity (SG.MM), 

selection gain by univariate analysis  considering 1% of selection intensity  (SG.Uni), relative selection gain given by SG.CP/ SG.Uni (rSG.CP), relative selection 

gain given by SG.MM/ SG.Uni (rSG.MM ) and general mean (�̅�) 

 MMIUni FGW* TDM DEN VEL REG* LDW %L L:S CP* NDF* DIV LIG.S 

HB-1419 574.27 466.83 0.49 0.19 0.68 0.00 0.00 0.00 1.61 -2.42 2.85 -0.12 

HB-1623 741.01 749.57 0.40 0.31 0.96 0.00 0.00 0.00 1.49 -0.92 2.16 -0.07 

HB-2012 511.44 585.50 0.16 0.19 0.38 0.00 0.00 0.00 1.21 -1.85 1.34 0.04 

HB-1366 470.19 361.33 0.18 0.44 0.95 0.00 0.00 0.00 1.24 -0.86 1.31 -0.12 

HB-1964 523.00 574.90 0.27 0.19 0.59 0.00 0.00 0.00 1.25 -0.96 1.47 -0.04 

HB-1863 499.87 442.51 -0.04 0.32 0.54 0.00 0.00 0.00 0.67 -1.44 0.56 -0.03 

HB-1764 141.36 129.86 0.27 0.07 0.43 0.00 0.00 0.00 1.82 -2.28 3.16 -0.03 

HB-1546 284.19 254.93 0.25 0.06 0.54 301.67 5.21 0.00 0.98 -1.58 1.34 -0.11 

HB-1954 1083.64 924.72 0.43 0.38 1.13 0.00 0.00 0.00 1.70 -0.04 1.44 -0.01 

HB-1984 254.37 196.12 0.23 0.05 0.33 81.22 1.31 0.00 1.47 -1.84 0.66 -0.08 

GV.MM 508.34 468.63 0.26 0.22 0.65 38.29 0.65 0.00 1.34 -1.42 1.63 -0.06 

SG.MM 411.52 365.23 0.13 0.14 0.48 21.31 0.20 0.00 0.91 -0.69 0.82 -0.02 

GV.Uni 1138.70 1135.70 0.50 0.47 1.01 412.13 6.83 0.00 2.12 -2.83 4.24 -0.35 

SG.Uni 921.83 885.11 0.26 0.29 0.75 229.32 2.12 0.00 1.43 -1.38 2.14 -0.15 

rSG.PC 0.89 0.83 0.53 0.60 0.64 0.23 0.08 0.00 0.27 -0.02 -0.05 -0.21 

rSG.MM 0.45 0.41 0.53 0.47 0.65 0.09 0.10 0.00 0.63 0.50 0.38 0.16 

ℎ2 0.81 0.78 0.51 0.62 0.74 0.56 0.31 0.00 0.68 0.49 0.51 0.42 

 �̅� 1540.61 1790.55 3.57 1.81 2.29 767.86 66.92 2.57 15.75 64.41 73.32 2.17 

FGW: Field Green Weight (kg.ha-1); TDM: Total Dry Matter (kg.ha1); DEN: Density of regrown tiller; VEL: Regrowth speed; REG: Regrowth capacity; %L: 

Percentage of leaves; LDW: Leaf dry matter (kg.ha-1); L:S: Leaf:stem ratio; CP: Crude protein (%); NDF: Neutral detergent fiber (%); IVD: in vitro organic 

matter digestibility (%); LIG.S: Lignin in sulfuric acid (%).  *Traits used to direct selection in MMI. 
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Table 9 – Direct selection gain (SGD%), in percentage, considering 1% of selection intensity (10 superior hybrids selected in univariate analysis – Table 7) – 

estimates placed in the diagonal of the table with values in bold. Indirect selection gain (SGI%), in percentage, considering 1% of selection intensity – estimates 

placed above and below the diagonal of the table 

  FGW TDM DEN VEL REG LDW %L L:S CP NDF IVD LIG.S 

FGW 59.84 47.24 2.22 8.97 16.34 9.23 -0.10 0.00 0.63 0.55 -0.92 2.52 

TDM 56.29 49.43 0.98 6.04 10.01 17.09 -0.32 0.00 -0.79 0.65 -1.01 3.11 

DEN 12.81 10.10 7.15 3.23 24.25 2.65 0.28 0.00 -0.41 -0.20 -0.03 -0.97 

VEL 18.41 15.54 -1.32 16.19 15.86 0.00 0.00 0.00 -1.52 0.59 -0.59 1.52 

REG 19.51 14.54 5.51 9.79 32.52 1.76 0.23 0.00 -0.15 0.27 0.00 -0.08 

LDW 37.91 34.39 1.27 6.32 11.38 29.86 0.42 0.00 -0.44 0.30 -0.59 2.26 

%L -5.26 -1.40 1.75 0.15 7.85 -2.15 3.17 0.00 1.64 -0.58 0.40 -1.03 

L:S 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

CP -10.52 -7.54 -0.32 -6.20 -9.69 -7.63 -0.17 0.00 9.09 -0.83 1.03 -1.79 

NDF -14.88 -14.57 -0.57 -4.37 -8.85 -1.99 -0.40 0.00 2.37 -2.15 0.84 -3.19 

IVD -10.51 -9.86 -0.98 -1.84 -7.77 -3.82 -0.54 0.00 4.48 -0.51 2.92 -1.87 

LIG.S -22.66 -19.21 -0.61 -6.50 -8.27 -6.98 -0.61 0.00 0.91 -1.07 0.34 -6.72 

FGW: Field Green Weight (kg.ha-1); TDM: Total Dry Matter (kg.ha1); DEN: Density of regrown tiller; VEL: Regrowth speed; REG: Regrowth capacity; %L: 

Percentage of leaves; LDW: Leaf dry matter (kg.ha-1); L:S: Leaf:stem ratio; CP: Crude protein (%); NDF: Neutral detergent fiber (%); IVD: in vitro organic 

matter digestibility (%); LIG.S: Lignin in sulfuric acid (%). 
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Table S1 - Additive variance (𝜎𝐴
2), dominant variance (𝜎𝐷

2) and general mean (�̅�) for agronomic and nutritional value traits based on individual cuts of Brachiaria 

spp. hybrids 

Trait Cut  �̅�                   𝝈𝑨
𝟐                       𝝈𝑫

𝟐  % 𝝈𝑨
𝟐  % 𝝈𝑫

𝟐  

FGW 

1 1084.98 49240.15 3785.03 47.99 3.69 

2 675.92 36902.64 0.00 66.72 0.00 

3 591.95 23052.30 4834.71 54.53 11.44 

4 1287.47 51317.24 14237.91 44.96 12.47 

5 1194.32 0.17 88776.60 0.00 67.26 

6 1065.60 109389.06 0.00 74.03 0.00 

7 431.71 10969.74 0.00 66.73 0.00 

TDM 

1 1369.52 64918.31 25456.30 38.88 15.25 

2 690.32 32502.95 0.00 65.61 0.00 

3 681.20 18934.35 31607.83 27.85 46.49 

4 1321.06 51737.96 16695.75 45.57 14.71 

5 1556.59 0.26 139210.47 0.00 68.15 

6 1212.89 132436.55 0.00 74.47 0.00 

7 583.11 14019.44 0.00 61.84 0.00 

DEN 

3 2.99 0.00 0.03 0.00 42.29 

4 2.69 0.00 0.06 0.00 61.18 

5 2.47 0.01 0.02 10.79 29.57 

6 2.51 0.00 0.02 6.51 26.21 

7 2.49 0.03 0.00 41.43 0.00 

VEL 

3 1.55 0.02 0.00 45.22 0.00 

4 1.46 0.05 0.00 64.33 0.00 

5 0.87 0.08 0.00 70.67 0.00 

6 0.76 0.02 0.00 40.99 0.00 
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7 0.93 0.01 0.02 17.25 37.36 

REG 

1 1.60 0.02 0.10 12.41 51.12 

2 2.42 0.00 0.29 0.00 81.89 

3 3.53 0.00 0.11 0.00 59.61 

4 3.15 0.01 0.11 4.84 62.85 

5 2.34 0.13 0.00 65.59 0.00 

6 2.27 0.05 0.00 44.90 0.00 

7 2.42 0.02 0.00 26.32 0.00 

LDM 
2 443.99 13532.02 0.00 45.88 0.00 

3 407.86 16275.31 0.00 61.72 0.00 

%L 
2 62.86 0.00 138.96 0.00 76.36 

3 73.80 0.00 32.03 0.00 49.10 

L:S 
2 2.92 0.05 2.08 1.88 71.75 

3 10.60 2.64 0.00 4.03 0.00 

CP 
3 15.44 0.59 0.00 68.43 0.00 

4 15.57 0.26 0.00 58.53 0.00 

NDF 
3 63.34 0.21 0.65 13.66 43.33 

4 66.53 0.71 0.00 56.02 0.00 

IVD 
3 72.33 0.28 2.33 6.12 51.63 

4 69.30 1.96 0.00 61.21 0.00 

LIG.S 
3 2.07 0.00 0.01 0.00 42.59 

4 2.18 0.00 0.01 0.64 47.35 

FGW: Field Green Weight (kg.ha-1); TDM: Total Dry Matter (kg.ha1); DEN: Density of regrown tiller; VEL: Regrowth speed; REG: Regrowth capacity; %L: Percentage of leaves; LDM: Leaf dry matter 

(kg.ha-1); L:S: Leaf:stem ratio; CP: Crude protein (%); NDF: Neutral detergent fiber (%); IVD: in vitro organic matter digestibility (%); LIG.S: Lignin in sulfuric acid (%). 
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3. DIPLOIDIZED MARKER DATA FROM GENOTYPING-BY-SEQUENCING OF THE 

TETRAPLOID FORAGE GRASS Urochloa 

ABSTRACT 

Although genotyping-by-sequencing (GBS) is a well-established marker 
technology in diploids, the development of best practices for tetraploid species is a topic 
of current research. We determined the theoretical relationship between read depth and 
expected genotype quality (GQ) for tetraploid vs. diploidized genotype calls. Assuming 
no error, 11 reads are sufficient to classify tetraploid samples as heterozygous vs. 
homozygous with 95% accuracy, compared with 61 reads to determine allele dosage. 
One response to this challenge in previous studies has been the use of diploid models, 
but their indiscriminate application to tetraploid samples can produce suboptimal 
genotype calls and incorrect GQ scores. We developed an R script to convert tetraploid 
GBS data in Variant Call Format (VCF) into diploidized genotype calls and applied it to 
267 interspecific hybrids of the tetraploid forage grass Urochloa. When reads were aligned 
to a ‘mock’ reference genome, created from GBS data of the cultivar ‘Marandu’, 46,147 
bi-allelic SNPs were discovered, compared to less than 6000 SNPs when aligning to the 
closest true reference genomes, Setaria viridis and S. italica. We recommend using 
thresholds for both sample depth and GQ to eliminate poor quality reads without 
introducing genotype bias, which reduced the number of SNPs with less than 50% 
missing data to 23,936 in the Urochloa panel. Cross-validation revealed that missing 
genotypes were imputed with a median accuracy of 0.85, regardless of heterozygote 
frequency, to produce a complete genotype matrix that will be used for genome-wide 
prediction and association analysis. 

Keywords: Brachiaria; Genotype quality; SNP; Randon forest algorithm; Missing data 

 
First draft submitted for review in the “Plant Genome” journal. 

 

3.1. INTRODUCTION 

Urochloa is the most cultivated genus as pasture on tropical livestock farms due to its 

tolerance to acidic soils, good carrying capacity, insect resistance, and nutritional value (Jank et al., 

2014; Pessoa-Filho et al., 2017). The most economically important species are U. decumbens (syn. 

Brachiaria decumbens) and U. brizantha (syn. B. brizantha), which are both tetraploid (2n = 4x = 36). 

Apomixis is the normal mode of reproduction in these species, and for many years genetic 
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improvement in South America was based on screening new introductions from Africa (Miles 2007; 

Jank et al., 2011). To facilitate breeding by sexual hybridization, Swenne et al. (1981) utilized 

colchicine-induced tetraploids of the diploid species U. ruziziensis (2n = 2x = 18) as female parents to 

cross with apomictic tetraploids. This interspecific hybridization scheme has become the foundation 

of the Urochloa breeding programs at CIAT and EMBRAPA (Lutts et al., 1991; Miles et al. 2006).  

As in other crops, genome-wide markers have the potential to provide significant value for 

Urochloa breeding programs. Several previous studies have utilized microsatellite markers to study 

population structure in Urochloa (Jungmann et al., 2009, 2010; Vigna et al., 2011; Silva et al., 2013), 

but the ubiquity and cost-effectiveness of SNPs are advantageous for discovering genetic variants 

and predicting complex traits. Both arrays and genotyping-by-sequencing (GBS) of multiplexed, 

reduced-representation libraries have been utilized to generate large, bi-allelic SNP datasets in 

heterozygous tetraploids, including potato (Felcher et al. 2012; Uitdewilligen et al. 2013), alfalfa (Li et 

al. 2014a; Li et al. 2014b), rose (Koning-Boucoiran et al. 2015), kiwi (Melo et al. 2016), and Urochloa 

(Worthington et al. 2016; Ferreira et al. 2018). Both arrays and GBS generate a signal for each allele 

that can be used to predict allele dosage, i.e., the tetraploid or other polyploid genotypes. For the 

SNP array, signal intensity is not necessarily proportional to allele dosage, and therefore different 

classification algorithms have been explored (Voorrips et al. 2011; Serang et al. 2012; Schmitz Carley 

et al. 2017).  

For GBS data, the allele signal intensity is the read count, which can be analyzed using the 

aforementioned classifiers, but the focus of this manuscript is genotype calling based on a binomial 

model. The binomial model is central to the well-established software packages GATK (McKenna et 

al., 2010; Depristo et al., 2011) and FreeBayes (Garrison and Marth 2012), as well as more recent 

contributions, such as R package updog (Gerard et al. 2018). It is generally recognized that higher read 

depth is needed to estimate allele dosage in polyploids, but precise guidelines are lacking. 

Uitdewilligen et al. (2013) developed KASP assays for 270 GBS markers in potato and compared the 

genotype calls from the two methods; the results under different filtering criteria led the authors to 

conclude that “~60-80X can be used as a lower boundary for reliable assessment of allele copy 

number….” Bastien et al. (2018) used a threshold of 53 reads for determining allele dosage because it 

was deemed “sufficient to distinguish between the five expected genotypic classes based on a chi-

square distribution.”  

Our first objective was to use probability theory to clarify the relationship between read depth 

and genotype quality (GQ) in tetraploids. GQ is a standard metric in the FORMAT field of the VCF 
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file and defined as −10 log10(𝑞), where 𝑞 is the probability that the genotype call is erroneous 

(Danecek et al., 2011). Theoretical results were used to guide the analysis of GBS data for a panel of 

267 interspecific Urochloa hybrids. Because very few markers had sufficient read depth to determine 

allele dosage with reasonable accuracy, genotype calls were made using a diploid approximation, in 

which the three heterozygotes were not distinguished. This approximation is common for GBS in 

heterozygous tetraploids, and typically a threshold of 11 reads is used to ensure the probability of 

misclassifying a heterozygote as homozygous (due to sampling error) is less than 5% (Li et al. 2014b). 

However, this threshold is based on the assumption of no error, and our theoretical treatment 

elucidates how the threshold increases with sequencing error. 

Even with a diploid approximation, the Urochloa GBS dataset contained missing data. 

Imputation of missing genotypes in GBS datasets has been studied extensively in inbred lines and 

heterozygous diploids, with Hidden Markov Models being the preferred method when a genetic or 

physical map for the markers is available (Hickey et al. 2012; Swarts et al. 2014; Fragoso et al. 2015). 

When a map is not available, as was the case for our Urochloa dataset, the Random Forest algorithm 

(Breiman 2001) can still be used and has performed well in other species (Poland et al. 2012; 

Rutkoski et al. 2013; Money et al. 2015). Our objective was to evaluate the genotyping-by-sequencing 

data using different filtering thresholds and references genomes, also to use cross-validation to 

determine the imputation accuracy of Random Forest in the Urochloa dataset. 

 

3.2. MATERIALS AND METHODS 

3.2.1. Expected Genotype Quality 

A binomial model was used to determine the statistical relationship between read depth and 

expected genotype quality (EGQ) for a particular genotypic class, such as ‘simplex’ for tetraploid 

genotypes or ‘heterozygous’ for diploidized genotypes. Let 𝑓(𝑘, 𝑁, 𝜌) denote the probability mass 

function for the binomial distribution with k successes out of N trials and success probability 𝜌. The 

likelihood of observing k reads of the alternate allele given N total reads for tetraploid genotype i  

{0,1,2,3,4} was modeled as 𝑓𝑖 ≡ 𝑓 (𝑘, 𝑁, 𝜌𝑖 =
𝑖

4
[1 − 휀] + [1 −

𝑖

4
] 휀), where the error rate 휀 is the 

probability that a read is generated by one allele but counted toward the other (due to errors in PCR 

or sequencing). Under a uniform prior, the maximum a posteriori (MAP) tetraploid genotype call for 

the observed result (k,N) is the value of i that maximizes fi. For some values of k, the MAP solution 
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does not equal the true value. Summing f over these values of k, and expressing the result on the 

phred scale, is EGQ for tetraploid genotype x at read depth N: 

EGQtet(𝑥, 𝑁) = −10 log10 ∑ 𝑓(𝑘, 𝑁, 𝜌𝑥)[1 − 𝛿(𝑥, MAPtet)]

𝑁

𝑘=0

 [1] 

The symbol 𝛿 in Eq. 1 is the Kronecker delta function, which equals 1 when its two arguments are 

equal and 0 when they are unequal.  

For diploidized genotype calls, the three possible genotypic states are denoted {𝐴, 𝐻, 𝐵}, where 

the heterozygous state H = dosages 1, 2, or 3, and the homozygous states A = dosage 0 and B = 

dosage 4. The corresponding 3-vector of posterior probabilities is proportional to (𝑝𝐴, 𝑝𝐻, 𝑝𝐵) ≡

(𝑓0, 𝑓1 + 𝑓2 + 𝑓3, 𝑓4), and the MAP solution for the observed result (k,N) is the value of j that 

maximizes pj. For some values of k, the MAP solution does not equal the diploidized genotype y 

corresponding to the true tetraploid state x. Summing f over these values of k, and expressing the 

result on the phred scale, is EGQdip for tetraploid genotype x at read depth N: 

EGQdip(𝑥, 𝑁) = −10 log10 ∑ 𝑓(𝑘, 𝑁, 𝜌𝑥)[1 − 𝛿(𝑦, MAPdip)]

𝑁

𝑘=0

 [2] 

Although Eq. 1 and 2 tend to increase with read depth, they are not monotone functions of N 

(Figure S1). The results we present for EGQ actually correspond to the monotone extension 𝜙𝑖,𝑁 =

min
𝑀≥𝑁

EGQ𝑖,𝑀, which has the property that 𝜙𝑖,𝑁 ≥ 𝜙𝑖,𝑀 when N > M.  

 

3.2.2. Urochloa GBS 

Genomic DNA was extracted using the Qiagen DNeasy kit for 267 tetraploid U. ruziziensis x 

U. brizantha hybrids from Embrapa Beef Cattle, as well as for the Urochloa cultivar ‘Marandu’. GBS 

libraries were prepared according to Elshire et al. (2011), using the ApeKI enzyme and sequenced on 

five lanes of the Illumina Hi-Seq 2500 platform with 1x100 bp reads. Reads were demultiplexed and 

trimmed using Cutadapt (Marin 2011) and then aligned to five different Poaceae genomes with bwa-mem 

(Li and Durbin 2009): Setaria viridis (Sv) (DOE-JGI, 2018a), Setaria italica (Si) (Bennetzen et al., 2012), 

Sorghum bicolor (Sb) (DOE-JGI, 2018b), Oryza sativa (Os) (Ouyang et al., 2006), and Zea mays (Zm) 

(Schnable et al., 2009). Reads were also aligned to a Urochloa “mock” reference genome (available at 

dryad), generated from the reads for ‘Marandu’ with the GBS-SNP-CROP pipeline (Melo et al., 2016). 

SAMtools (Li et al., 2009; Li, 2011) and Picard (http://broadinstitute.github.io/picard/) were used to 

mark duplicate reads, organize and combine files, respectively. The Genome Analysis Toolkit, or GATK 

http://broadinstitute.github.io/picard/
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(McKenna et al., 2010; Depristo et al., 2011), was used for variant discovery with the recommended 

hard filters and tetraploid genotype calling. The alignment percentage for each reference was 

evaluated with Bowtie2 (Langmead and Salzberg, 2012). 

The VCF file from GATK (available at dryad) was processed using R scripts (R Development 

Core Team 2017) to analyze the results and perform additional filtering. Only bi-allelic SNPs were 

retained. The VCF file includes variants relative to the reference genome, regardless of whether they 

are polymorphic in the genotyped population. To identify polymorphic markers, the total number of 

reads for the minor allele, or minor allele depth (MAD), was calculated for each marker based on the 

AD field, and variants with MAD < 2 were removed. GATK calculates allele frequency based on the 

dosage of called genotypes, which was deemed unreliable due to low read depth. A suitable proxy for 

filtering that does not require allele dosage information is the frequency of genotypes homozygous 

for the major allele, which was capped at 0.99. For each sample, GATK provides the phred-scaled 

likelihood (PL) for each of the 5 tetraploid genotypes, which was converted into a posterior 

probability pi for genotype i  {0,1,2,3,4} (assuming a uniform prior) by 

𝑝𝑖 =
10−PL𝑖/10

∑ 10−PL𝑖/104
𝑖=0

  . 

The tetraploid genotype call corresponds to the largest probability, and GQtet =

−10 log10 (1 − max
𝑖

𝑝𝑖). 

Due to the low read depth per sample in the Urochloa dataset, diploidized genotype calls were 

made in which the three heterozygous genotypes were not differentiated. This corresponds to 

defining a new vector of posterior probabilities, �̃� = (𝑝0, 𝑝1 + 𝑝2 + 𝑝3, 𝑝4), in which the 

probability of the heterozygous state is the sum of the probabilities for the simplex, duplex, and 

triplex genotypes. The diploidized genotype call corresponds to the largest probability, and GQdip =

−10 log10 (1 − max
𝑖

𝑝𝑖). 

Missing genotypes were imputed with the R package randomForest (Liaw and Wiener, 2002), 

which is based on the algorithms in Breiman (2001). For each marker, a training set of 100 clones 

was randomly selected from the clones with genotypes, and all other clones with genotype data were 

used for validation. Because each marker had no more than 50% missing data, this ensured at least 

33 clones were available for validation. 300 classification trees were used for prediction, and all 

markers with r2 ≥ 0.1 were used as m potential predictors. We used the default setting of randomly 
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sampling √𝑚 preditors at each split. Classification accuracy is the proportion of clones in the 

validation set for which the predicted genotype is correct. 

 

3.3. RESULTS 

Expected Genotype Quality 

A binomial model was used to determine the statistical relationship between read depth and 

expected genotype quality (EGQ) for a particular genotypic class, such as ‘simplex’ for tetraploid 

genotypes or ‘heterozygous’ for diploidized genotypes. EGQ involves the expectation over all 

possible allele counts at a particular depth, whereas GQ corresponds to a particular allele count. In 

addition to read depth, the other key parameter affecting EGQ is the error rate, defined as the 

probability that a read is generated by one allele but counted toward the other, due to errors during 

PCR or sequencing. Since EGQ is reported on the phred scale, a score of 13 corresponds to 95% 

accuracy, and a score of 20 corresponds to 99% accuracy.  

Figure 1 shows how EGQ differs for simplex vs. duplex genotypes, as well as when allelic 

dosage is estimated (blue) vs. diploidized calls (green). Higher accuracy is achieved for simplex 

compared to duplex samples when allelic dosage is determined, but under diploidized genotype 

calling the reverse is true. The intuitive reason for this result is that a duplex genotype can appear as 

either simplex or triplex due to sampling variation, but comparable uncertainty for the simplex 

genotype exists only in the direction of higher dosage (i.e., with the duplex). If dosage is not 

determined, however, then simplex genotypes are more readily confounded with nulliplex 

homozygotes than duplex samples are with either homozygote. In the absence of error (solid lines), 

11 reads are needed to make diploidized genotype calls with 95% accuracy, compared with 61 reads 

for tetraploid genotypes. As Figure 1 shows, allelic errors have a greater effect on EGQdip than 

EGQtet. With 1% error (dashed lines), the minimum depth needed to achieve 95% accuracy for 

diploidized genotypes increases to 17 reads, while the minimum depth for tetraploid genotypes 

increases to 63 reads.  

 

GBS of Urochloa hybrids 

As no reference genome for Urochloa was available, the reference genomes of five other Poaceae 

species were evaluated for alignment. Figure 1 shows the number and percentage of aligned reads 

from the ApeKI-reduced representation of the Urochloa brizantha cultivar ‘Marandu.’ The percentage 
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of reads aligned was low for all genomes, ranging from 1.92% for Oryza sativa to 7.88% for Setaria 

italica. For both Setaria species and Sorghum bicolor, over 3/4 of the aligned reads mapped to a unique 

location. For Oryza sativa and Zea mays, this proportion decreased to 1/2. The same five genomes 

were compared with respect to variant discovery in a panel of 267 interspecific tetraploid Urochloa 

hybrids. After removing variants with median depth < 8, the two Setaria species generated the most 

bi-allelic SNPs, in the range 5000–6000 (Table 1).  

To better utilize the GBS reads, a ‘mock’ reference genome was built by clustering the 

(trimmed) reads from cv. Marandu into 1,309,910 non-redundant, consensus sequences, or 

“centroids” (Melo et al. 2016). When the GBS reads for the 267 interspecific hybrids were aligned to 

the centroids, the number of bi-allelic SNPs with median depth ≥ 8 increased to 46,147 (Table 1). A 

highly repetitive sequence was detected in the centroids, for which the first 50 bp. The entire 50 bp 

sequence was present in 3.3% of the centroids, and when truncated to the first 40 or 30 bp, the 

frequency increased to 8.5% and 14.9%, respectively. The repetitive sequence was also detected in all 

267 Urochloa hybrids. A nucleotide BLAST search of the 50 bp sequence against the NCBI database 

returned highly significant matches to a diverse set of species, including Larimichthys crocea and 

Cyprinus carpio (100% identity across 49 bp), Triticum aestivum and Solanum pennellii (98% identity across 

50 bp).  

Our initial depth threshold of 8 reads corresponds to EGQdip ≥ 10, assuming 0% allelic error. 

Of the 46,147 bi-allelic SNPs with median depth above this threshold (using the mock reference for 

alignment), 23% were classified as “rare” alleles based on the presence of less than 5% 

heterozygosity (distribution in Figure 3). According to the binomial model, a depth threshold of 42 is 

needed for EGQtet ≥ 10 (assuming 0% error). As only 1895 SNPs had median depth ≥ 42, tetraploid 

genotype calls were not pursued. 

Figure 4 shows the distribution of GQdip scores for all 343,977 genotypes with depth = 8 in 

the filtered dataset. The sharp peak at GQdip = 10 for homozygous genotypes is consistent with our 

theoretical result that, for 8 reads, simplex genotypes constrain EGQdip at 10. By contrast, the 

distribution of GQdip for heterozygous genotypes is bimodal, with just under half of the samples over 

20 and the other half below 7. The difference between these groups is that, in the former (high GQ) 

the minor allele count is ≥ 1, while for the latter (low GQ) the minor allele count is 0. Although this 

seems inconsistent with a heterozygous genotype call, the output from the GATK Haplotype Caller 

is not based solely on read counts (e.g., base and mapping quality scores are also used). To remove 
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these problematic calls, genotypes with either GQdip < 10 or depth < 8 were set to NA, leaving 

23,936 SNPs with less than 50% missing data (Table 1).  

 

LD and Genotype Imputation 

The success of genotype imputation depends on the amount of linkage disequilibrium (LD) 

between markers, which is often quantified by the physical distance at which r2 (the squared 

correlation) drops below some threshold. However, since a physical reference genome is unavailable 

for Urochloa, LD was quantified based on the maximum r2 for each SNP. Figure 5 (left panel) shows 

the distribution of r2
max  for the 3,154 SNPs from the filtered dataset that are 25–75% heterozygous, 

to capture a range of difficulty for imputation. The median value of r2
max was approximately 0.5 for 

heterozygote frequencies below 0.5 but gradually decreased as the proportion of heterozygotes 

increased toward 0.75.  

Cross-validation accuracy was determined with a training set of 100 clones, selected at random 

from all clones with genotype data for a particular marker. The accuracy shown in Figure 5 (right 

panel) is the proportion of predicted values equal to the masked value. The results are binned by 

heterozygote frequency, with the median accuracy shown by a solid line and the first and third 

quartiles by dashed lines. Imputation with the population mode is a simple baseline method that, by 

definition, has lower accuracy as the frequency of the modal genotype declines (Figure 5). By 

contrast, the Random Forest method was largely unaffected by heterozygote frequency, with a 

median accuracy of approximately 0.85. 

 

3.4. DISCUSSION 

GBS in tetraploids 

 As mentioned in the introduction, there has been variation in the filtering criteria used in 

previous studies involving GBS of tetraploids. One of the most cited is Uitdewilligen et al. (2013), 

who recommended 60–80X to determine allele dosage. Our theoretical calculations indicate this 

range corresponds to 95–98% genotype accuracy for allelic error rates below 1%. For diploidized 

genotype calling, the threshold of 11 reads in Li et al. (2014b) has been commonly used by others, 

which corresponds to 95% accuracy in the absence of error. Allowing for some error, and 

recognizing that 98% accuracy is a better goal for genotyping, our theoretical calculations indicate 

15–20 reads is a more appropriate target for diploidized genotypes.  
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The difference in expected genotype quality for simplex (or triplex) vs. duplex genotypes has 

important implications for filtering GBS data. Setting a minimum GQ value will create bias against 

duplex samples when calling tetraploid genotypes, and against simplex/triplex genotypes with 

diploidized genotypes. Using a depth threshold corresponding to the desired minimum EGQ does 

not introduce this bias, but this does not address the issue of reads with low base or mapping quality. 

A combination of the two approaches seems best, using a depth threshold with EGQ equal to the 

GQ threshold. 

The aforementioned considerations are appropriate for genotype calling based on the 

posterior mode. An alternative approach is to estimate allele dosage based on the posterior mean, 

which produces fractional genotype calls (Ashraf et al. 2014; Sverrisdóttir et al. 2017). Such data are 

suitable when additive models are used in association analysis and genome-wide prediction, but a 

number of genetic analyses require integral estimates of dosage, including linkage analysis (Hackett et 

al. 2013; Zheng et al. 2016), dominance effects (Rosyara et al. 2016; Endelman et al. 2018; Chen et al. 

2018), and haplotype inference (Su et al. 2008; Neigenfind et al. 2008; Aguiar and Istrail 2013; Berger 

et al. 2014; Das and Vikalo 2015; Motazedi et al. 2017). 

This study used the traditional approach of setting hard thresholds for genotype calling, 

followed by imputation of the missing data. We used depth and GQ thresholds to achieve 90% 

genotype accuracy and allowed for up to 50% missing data per marker, which were imputed with 

accuracy close to this value (75% of the samples had 80–90% accuracy). We did not explore the 

interplay between GQ threshold and imputation accuracy, but this is an interesting topic for future 

research. It seems appealing to select thresholds to achieve similar accuracy in the samples called 

based on allele counts vs. those that are imputed. Ultimately, the traditional two-step approach 

(threshold then impute) is suboptimal because the read counts for the missing genotypes are not 

utilized during imputation. For ordered markers, this limitation can be overcome by using Hidden 

Markov Models (HMMs) with read counts as the emission states. This approach has been used in 

diploid mapping populations (Fragoso et al. 2015; Bilton et al. 2018; Zheng et al. 2018) and can be 

extended to the HMMs developed for SNP array data in tetraploids (Hackett et al. 2013; Zheng et al. 

2016). For unordered markers, alternative imputation methods need to be explored.  

 

Molecular breeding in Urochloa 

Few molecular studies with genotyping by sequencing (GBS) in interspecific hybrids of 

Urochloa are available in the literature. The repetitive sequence observed in the Urochloa mock 
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reference can mean repetitive elements on the genome as transposon or retrotransposon. These 

elements can be located near host genes and can regulate their activities for biotic or abiotic 

conditions (Bennetzen and Wang, 2014). The intention now is to carefully evaluate these sequences 

and understand their importance for the Urochloa towards their influence on the genomic behavior 

under stresses. 

With the molecular data it will be possible to evaluate the identity of genotypes used as a 

progenitor in the crosses, as well as the pedigree information of the hybrids from the traditional 

breeding program in forages. Usually, the crosses are made in the field by placing the sexual genotype 

within the apomictic genotype plot, and only the seeds from sexual genotype are collected to develop 

the full sib progeny. This method is widely used, but the wind can bring pollen from different 

genotypes, which can lead to mistakes when constructing the pedigree. Furthermore, to the best of 

our knowledge, there are no reports on genomic prediction and genome-wide association studies for 

this species. Thus, research applying these tools can improve the knowledge about the genetic 

control of forage traits and the development of new cultivars. 

In conclusion, we recommend the reduction in the number of genotypes per plate or on 

increase in the number of replicates of the same sample during the GBS sequencing. This approach 

is important for polyploid species to improve the depth of the reads and consequently to reduce the 

bias on the genotype call step. Also, the genotype quality filter is an interesting piece of information 

to select markers with high quality that account for the alignment step associated with depth of 

information.  
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FIGURES 

 

 

Figure 1. Expected Genotype Quality as a function of read depth, for two different allele error rates.  
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Figure 2. Number and percentage of reads from the Urochloa brizantha cultivar ‘Marandu’ that 
aligned to five Poaceae reference genomes.   

 

 

Figure 3. Distribution of heterozygote frequency for 46,147 bi-allelic SNPs discovered using the 
Urochloa mock reference genome for alignment. 
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Figure 4. Distribution of genotype quality (GQdip) scores for diploidized genotypes with sample 
depth = 8 in a filtered set of 46,147 SNPs, which were discovered using the Urochloa mock reference 
genome for alignment. 
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Figure 5. (Left) Distribution of the maximum LD (r2) for each marker, binned by heterozygote 
frequency. To exclude SNPs from the same short read, which have the same pattern of missing data 
and are therefore useless for imputation, markers for which the pattern of missing data was > 90% 
identical were excluded when calculating max r2.  (Right) Cross-validation accuracy when imputing 
missing genotypes. 
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TABLES 

Table 1. Number of bi-allelic SNPs with < 50% missing data, for different reference genomes and 
filtering criteria. Samples that did not meet the thresholds shown in the first row of the table were set 
to NA.  

Reference Genome Sample Depth ≥ 8 
Sample Depth ≥ 8  
GQdip ≥ 10 

Urochloa ‘mock’ 46,147 23,936 

S. viridis 5,948 3,195 

S. italica 5,121 2,807 

S. bicolor 2,412 1,337 

Z. mays 1,333 765 

O. sativa 994 570 
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4. ASSOCIATION MAPPING CONSIDERING ALLELE DOSAGE: AN EXAMPLE OF 

FORAGE TRAITS IN AN INTERSPECIFIC TETRAPLOID Urochloa SPP. HYBRID 

PANEL 

ABSTRACT 

The breeding process in tropical polyploid forage Urochloa is challenging due to 
the complex genetic control of the traits. Knowledge about genes associated with forage 
traits, expressed in the different cutting seasons are extremely useful to support breeding 
programs and development of new cultivars. Thus, the aims of our study were (i) to 
identify genomic regions related to forage traits during different seasons, and (ii) to verify 
the influence of allele dosage on diploid and tetraploid configuration to identify genomic 
regions using markers from genotyping by sequencing (GBS). A panel of tetraploid 
hybrids (Urochloa brizantha x Urochloa ruziziensis) evaluated in wet and dry seasons was 
used. The GWAS was performed with 26,535 single nucleotide polymorphisms (SNPs) 
using diploid and tetraploid allele dosage configurations. The GWAS revealed the first 
seven different candidate genomic regions associated with the main forage traits of 
Urochloa spp. Our results demonstrated that it is possible to identify the same regions 
using both diploidized and polyploidy configuration, however, it can be misleading for 
some regions with dominance and epistatic control. Finally, this study contributes to 
further understand tropical forage genomics in order, to accelerate the selection, and 
reduce the cost to release new cultivars. 

Keywords: GWAS; Brachiaria; Polyploid; Genotyping-by-sequencing; Allele dosage 
 

4.1. INTRODUCTION 

 Climate change, and the decreasing availability of the land for livestock are significant 

challenges to overcome in order to meet the increasing demand for animal protein (World Health 

Organization and United Nations University, 2007; Tilman and Clark, 2014; Grandin, 2015). In 

tropical regions, native or cultivated pastures constitute the most cost and environmentally effective 

form to feed cattle (Euclides et al., 2016; Henchion et al., 2017). The strategies to improve animal 

production on pastures rely on good nutrition derived from forage cultivars bred for better 

adaptation to soils, climate and pests, on good pasture management, on animals of superior genetics 

and in good health. Forage breeders have selected for typical plant traits such as biomass production, 

canopy size and structure, disease and insect resistances, forage quality and plant regrowth capacity, 
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and ease of consumption (Hayes et al., 2013; Jank et al., 2014). In this sense, l forage breeding 

programs deals with targets beyond the readily observable crop performance since the final product 

is not the plant but an animal product, such as milk or meat. Thus, animal performance on the new 

cultivar needs to be evaluated before its release. 

The genus Urochloa spp. is the most important forage for tropical regions, primarily the species 

U. brizantha, U. decumbens and U. ruziziensis (Jank et al., 2014) that are still known as Brachiaria in Brazil 

(Torres González and Morton, 2005). For the first two, genotypes available in the market are 

tetraploid and apomictic, while for the latter cultivars are diploid and sexual. In 1981 U. ruziziensis 

was artificially tetraploidized using colchicine, and later used as a sexual genitor in crosses with U. 

brizantha and U. decumbens to develop interspecific hybrids (Swenne et al., 1981; Lutts et al., 1991; 

Valle and Pagliarini, 2009). Their purpose was to identify hybrids with the nutritional quality of U. 

ruziziensis and the agronomic performance of U. brizantha and U.decumbens. Interspecific hybridization 

in Urochloa spp. has persisted as the main strategy to develop new cultivars (Figure 1) using superior 

apomictic cultivars as a pollen donor in crosses with superior selected sexual plants. Hybrids 

produced (frequently, 2,000 genotypes) are evaluated as single plants under field trials to select about 

10% of the best performing individuals (~200 genotypes), which are a subsequently evaluated with a 

higher number of replicates (Figure 1a and 1b). Following the pipeline, 1 or 2 genotypes are selected 

and evaluated in terms of animal performance in several locations (Figure 1c and 1d). Finally, new 

apomictic cultivars are selected for release (Figure 1e). The best sexual genotypes and the new 

apomictic cultivars reenter the program as parents (Figure 1f). For thorough descriptions of breeding 

schemes see Barrios and colleagues (Barrios et al., 2013) and Worthington and Miles (Worthington 

and Miles, 2015). 

Each stage of the tropical forage breeding program is usually evaluated for at least two wet and 

two dry seasons (two years) in the Cerrado biome in South America (Alvares et al., 2013). Hence, the 

time to develop a Urochloa spp. cultivar is approximately 10-15 years. The process could be 

accelerated through the development of tools to improve selection efficiency. For instance, 

significant markers identified by GWAS could be used on the first step of forage breeding (Figure 

1a) to select the most promising hybrids at the seedling stage and eliminate the incomplete block 

design experiments. Therefore, we could start directly in the second stage (Figure 1b) and reduce the 

cycle duration by 4-5 years. Also, markers associated with agronomical and nutritional forage traits 

could be used to select genotypes either during the dry and/or the wet season for traits expressed in 

one or both seasons, which has not been reported yet. Furthermore, the results could help breeders 
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to understand the complex interactions between these environmental conditions and forage yield and 

quaity, of more pressing concern in the context of climate change. 

Among many quantitative genetics tools, genome-wide association studies (GWAS) have been 

used to discover genetic regions with significant association to essential traits (Zargar et al., 2015). 

However, in polyploid species, GWAS is complicated, mainly due to the number of genotype classes 

and possible modes of gene action which, until recently, lacked appropriate analysis methods 

(Rosyara et al., 2016a). Consequently, GWAS in polyploids is a relatively new subject 16, 17 and is 

predominantly applied by disregarding the allele dosage and using diploid models and software (Sun 

et al., 2016; Mourad et al., 2018). However, little is known about the consequences of using these 

models on the GWAS results compared to the use of the adequate allele dosage ones. Furthermore, 

despite the noteworthy importance of Urochloa spp. for livestock in tropical regions, there are no 

studies of GWAS using SNP markers performed within this genus.  

This paper discusses the hypothesis that the use of the polyploid allele dosage instead of 

diploidized dosage can provided better genomic resolution for genetic value predictions, due to 

increasing the proximity of the statistical parameters to the genomic reality of the Urochloa genus. 

This type of result was observed for other species such as hexaploid chrysanthemum (Grandke et al., 

2016)4 and autotetraploid blueberries (Ferrão et al., 2018). Moreover, the diploid configuration may 

mask the discovery of significant SNPs in GWAS in some cases. This could cause error during 

marker-based or marker-assisted selection, in which the true effect of a given SNP only comes to 

light by modeling the biologically appropriate ploidy. Therefore, the aims here were: (i) to identify 

genomic regions related with forage traits performance between the different seasons in tetraploid 

interspecific Urochloa spp. hybrids, and (ii) verify the influence of allele dosage on diploid and 

tetraploid configuration to identify genomic regions using SNP markers from genotyping by 

sequencing (GBS).  

 

4.2. MATERIALS AND METHODS 

Plant material and phenotyping 

A set of 272 tetraploid interspecific hybrids were formed by crossing  Urochloa brizantha x 

Urochloa ruziziensis, from the forage breeding program of Embrapa Beef Cattle, Brazil (Matias et al., 

2018). This panel was evaluated using an incomplete block design during seven cuttings, from 2014 
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to 2015, at the experimental field area of the same company in Campo Grande-MS, Brazil (20°27'S; 

54°57'W). In these experiments, the following commercial apomictic cultivars were used as a checks:  

U. brizantha cultivar ‘Marandu’, U. brizantha cultivar ‘Paiaguás’, U. decumbens cultivar ‘Basilisk’, the 

interspecific commercial hybrid ‘Mulato II’ and the accession ‘B140’ of U. brizantha, and the sexual 

elite tetraploid hybrids from Embrapa genetic bank (BS9, BS15, 336-T1 and 336-T2). Cuts 1, 4, 5 

and 6 represented the wet season whereas cuts 2, 3 and 7 the dry season. The full experimental 

design and biological material (hybrids and checks) were already previously described by Matias and 

colleagues (Matias et al., 2018). The population was at the first stage of a forage breeding program. 

Thus, each hybrid was available as a single plant (Figure1a). Each hybrid was individually evaluated 

for the following two groups of traits: 

 

Agronomic traits: Field green weight (FGW,  kg.ha-1) was evaluated by cutting the plant 

around 10 cm above the soil surface and weighing the green matter in the field with a dynamometer. 

Final plant regrowth capacity score (REG) was estimated according to the methodology described by 

Figueiredo and colleagues (Figueiredo et al., 2012) seven days after cutting, obtained by the 

combination between scores for the density of regrown tillers and regrowth speed. 

 

Nutritional traits: Approximately 80 g of green forage fromcuttings 3 and 4 from each plant 

were dried, ground, and analyzed with infrared reflectance spectroscopy (NIRS) (Marten et al., 1989). 

The calibration of the NIRS was performed previously by comparing the results obtained in the wet 

chemical analyzes versus the spectrum read from these same samples in the NIRS for several 

nutritional characteristics (unpublished data). This process was used to estimate crude protein (CP), 

in vitro organic matter digestibility (IVD), neutral detergent fiber (NDF), and lignin in sulfuric acid 

(LIG). 

 

Season effect estimation: The significance of season effect was estimated previously by a 

fixed model approach only to verify the difference between dry and rainy season, testing the fixed 

effects by Wald F test supported by the ASreml-R package (Butler et al., 2009). This model is 

important to identify that genotypes had different performance under different seasons. For that, a 

joint analysis using incomplete block design was performed including all genotypes (9 checks and 272 

hybrids) by the following equation: 

𝑦𝑎𝑐𝑑ℎ = 𝜇 + 𝑝𝑎 + 𝑟ℎ + 𝑞𝑎(𝑐) + 𝑠𝑑 + 휀𝑎𝑐𝑑ℎ (1) 
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where 𝒚 is the vector for phenotypic data; 𝝁 is the vector for the overall mean; 𝒑 is the vector of 

genotype, modeled as a fixed effect, with 𝑎 = {1,2, … ,281}; 𝒓 is the vector indicating the fixed 

effect season, with ℎ = {𝑊𝑒𝑡 𝑜𝑟 𝐷𝑟𝑦}; 𝒒 is the vector of cut nested to season effect, modeled as 

fixed, with 𝑐 = {1, 4, 5, 6} for wet season, and 𝑐 = {2, 3, 7} for dry season; 𝒔 is the vector of the 

block effect, modeled as fixed, with 𝑑 = {1,2, … ,10}; and 𝜺 is the residual, with 𝜺~𝑁(0, 𝑰𝜎𝜀
2) where 

𝑰 is the identity matrix and 𝜎𝜀
2 is the residual variance component.  

 

Genetic effects estimation: Once the significance of season was identified by the model (1), 

the phenotypic record was adjusted to be used in the GWAS. The genetic effects were estimated for 

individual hybrids using fixed model and testing the fixed effects by Wald F test supported by the 

ASreml-R package (Butler et al., 2009). Annual, rainy and dry season were considered in a two-step 

model. The second model (2) was evaluated as a complete block design with only the nine check 

entries to estimate the block effect, by the following equation: 

𝑦𝑏𝑐𝑑 = 𝜇 + 𝑝𝑏 + 𝑞𝑐 + 𝑠𝑑 + 𝑢𝑏×𝑐 + 휀𝑏𝑐𝑑 (2) 

where 𝒚 is the vector for phenotypic data; 𝝁 is the vector for the overall mean; 𝒑 is the vector of 

checks, considered as fixed,  with 𝑏 = {1,2, … ,9}; 𝒒 is the vector of cut effect, considered as fixed, 

with 𝑐 = {1,2, … ,7} for annual, 𝑐 = {1, 4, 5, 6} for wet season, and 𝑐 = {2, 3, 7} for dry season; 𝒔 is 

the vector of block effect, considered as fixed, with 𝑑 = {1,2, … ,10}; 𝒖 is the vector of check x cut 

interaction effect, considered as fixed; and 𝜺 is the residual effect with 휀~𝑁(0, 𝑰𝜎𝜀
2) where 𝜎𝜀

2 is the 

residual variance component.  

The block effects from model (2) were deducted from observed data for each hybrid as a 

function of the hybrid position on the incomplete block design. Afterwards, the corrected data for 

each trait was used in the following equation: 

𝑦𝑔𝑐 = 𝜇 + 𝑝𝑔 + 𝑞𝑐 + 𝑢𝑔×𝑐 + 휀𝑔𝑐 (3) 

where 𝒚 is the vector for corrected phenotypic data; 𝝁 is the vector for the overall mean; 𝒑 is the 

vector of hybrids, considered as fixed, with 𝑔 = {1,2, … ,272}; 𝒒 is the vector of cut effect, 

considered as fixed, with 𝑐 = {1,2, … ,7} for annual, 𝑐 = {1, 4, 5, 6} for wet season, and 𝑐 =

{2, 3, 7} for dry season; 𝒖 is the vector of hybrid x cut interaction effect, considered as fixed; and 𝜺 

is the residual effect with 𝜺~𝑁(0, 𝑰𝜎𝜀
2). The Wald test implemented in ASReml was used to test the 

significance of the fixed effects. The broad heritability was calculated using model (3) but considered 
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the 𝒑 effect of hybrids as random, with 𝒑~𝑁(0, 𝑰𝜎𝑔
2) with 𝜎𝑔

2 is the variance component of hybrids, 

thus the 𝐻2 = 
𝜎𝑔

2

𝜎𝑔
2+

𝜎𝜀
2

𝑐

 , the random effects were tested by the likelihood ratio test (LRT). 

 

Genotyping 

Fresh leaf was used for DNA extraction with the Qiagen® kit, and samples were genotyped by 

sequencing (GBS) (Elshire et al., 2011) using the ApeKI enzyme and Illumina Hi-Seq 2500 platform. 

The Genome Analysis Toolkit (GATK) pipeline (McKenna et al., 2010; Depristo et al., 2011) was 

implemented to discover and call SNP markers using ploidy = 4 for genotype calling at the tetraploid 

level and then calls were “diploidized” based on the genotype likelihoods. Furthermore, sequencing 

reads were aligned with five different genomes: Setaria virides (Sv) (DOE-JGI, 2018a), Setaria italic (Si) 

(Bennetzen et al., 2012), Sorghum bicolor (Sb) (DOE-JGI, 2018b), Oryza sativa (Os) (Ouyang et al., 

2006), Zea mays (Zm) (Schnable et al., 2009), and the Urochloa mock reference (Um) (data not shown). 

Default alignment parameters were used in the software Burrows-Wheeler Alignment tool (BWA) (Li and 

Durbin, 2009), SAMtools (Li et al., 2009; Li, 2011) and Picard 

(http://broadinstitute.github.io/picard/). 

The SNP markers were filtered by median depth (Median DP) ≥ 8, minimum allele depth 

(MAD) ≥ 2, minor allele frequency (MAF) ≥ 0.01, and missing data ≤ 50%. Also, samples with 

genotype quality (QD) ≥ ten were eliminated and samples with DepthPerSample (DP) < 8 were set 

as missing. These filter criteria were applied in the diploid configuration, and the genotype of the 

selected markers was extended to the tetraploid level. Remaining missing data were imputed using 

the Random Forest package (Liaw and Wiener, 2002), where all markers with r2 ≥ 0.1 were used as 

predictors, and 300 trees were considered. Consequently, we selected 26,535 SNPs with diploid and 

tetraploid dosage configurations. Three possible genotypes were assigned as diploid (aa, aA and AA), 

whereas five possible genotypes were used for tetraploid (aaaa, aaaA, aaAA, aAAA or AAAA). The 

SNP matrix for both ploidies was used to evaluate the population structure according to the marker-

based additive relationship (𝑮𝐷𝑖𝑝 and 𝑮𝑇𝑒𝑡𝑟𝑎) described by Endelman and colleagues (Endelman et 

al., 2018) and Vitezica and colleagues (Vitezica et al., 2013) following the equations below where 𝑝𝑖 is 

the reference allele frequency, and  𝑋 is the allele dosage matrix with genotypes denoted 0-2 for 

diploids and 0-4 for tetraploids. A graphic representation of the kinship matrix was built using the R 

package superheat (Barter and Yu, 2018).  

http://broadinstitute.github.io/picard/
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𝑾𝐷𝑖𝑝 = (𝑿𝐷𝑖𝑝 − 2𝑝𝑖) 

𝑮𝐷𝑖𝑝 =
𝑾𝐷𝑖𝑝𝑾𝐷𝑖𝑝′

∑ 2𝑝𝑖(1 − 𝑝𝑖)
 

 

𝑾𝑇𝑒𝑡𝑟𝑎 = (𝑿𝑇𝑒𝑡𝑟𝑎 − 4𝑝𝑖) 

𝑮𝑇𝑒𝑡𝑟𝑎 =
𝑾𝑇𝑒𝑡𝑟𝑎𝑾𝑇𝑒𝑡𝑟𝑎′

∑ 4𝑝𝑖(1 − 𝑝𝑖)
 

 

Genomic association analysis (GWAS) 

The adjusted means of hybrids from the model (3) were used to perform the GWAS analysis 

of the traits on the annual data, wet and dry season. This analysis was inspired by the work developed 

by Pajerowska-Mukhtar and colleagues (Pajerowska-Mukhtar et al., 2009) with tetraploid potato and 

association studies with field resistance to diseases. The hybrids genotypes were parameterized by the 

dosage of reference allele as nuliplex (0 = 𝑎𝑎), simplex (1 = 𝐴𝑎) or duplex (2 = 𝐴𝐴)  for the 

diploid data, and the nuliplex (0 = 𝑎𝑎𝑎𝑎), simplex (1 = 𝐴𝑎𝑎𝑎), duplex (2 = 𝐴𝐴𝑎𝑎), triplex (3 =

𝐴𝐴𝐴𝑎), and quadruplex (4 = 𝐴𝐴𝐴𝐴) for the tetraploid data. The GWAS linear mixed model Q + K 

described below was proposed by Yu and colleagues (Yu et al., 2006) and adapted to support each 

ploidy based on general, additive, simplex dominant and duplex dominant gene actions, available in 

the R package GWASpoly (Rosyara et al., 2016b). 

𝒚 =  𝑿𝜷 +  𝒁𝑺𝒕 +  𝒁𝑸𝒗 +  𝒁𝒖 +  𝜺 (4) 

where 𝒚 is the vector of the adjusted phenotypes; 𝜷 is the vector of fixed effects; 𝒕 in the vector of 

SNP effects; 𝒗 is the vector of effects for the subpopulations; 𝒖 is the vector of polygenic effects 

with 𝒖~𝑁(0, 𝑲𝜎𝑔
2) where 𝑲 is the relationship matrix built according to VanRaden (VanRaden, 

2008) and 𝜎𝑔
2 is the variance component of genotypes; and 𝜺 is the residual effect vector with 

𝜺~𝑁(0, 𝑰𝜎𝜀
2) where 𝑰 is the identity matrix 𝜎𝜀

2 is the variance component of error. The incidence 

matrix 𝑿 is the indicates fixed effects, 𝒁 is the incidence matrix of SNPs, 𝑸 is the incidence matrix of 

population, and 𝑺 is the incidence matrix to structure the genetic models. Genetic models fitted are 

general, additive, and dominance. The general model uses each genotype class independently; only 

the difference between the levels matter for the F-test. For the additive model, the effect was 

evaluated by dosage of the reference allele. Dominance models are for simplex and duplex 

dominance. Basically the first dominance model evaluates the hypothesis that the presence of one or 
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more copies of a reference allele has a  similar performance between them and different performance 

from the homozygote genotype of the alternative allele (Rosyara et al., 2016b). The second 

dominance model is specific for tetraploid configuration and evaluates if the duplex genotype had 

similar performance of nuliplex and simplex genotype or similar performance to triplex and tetraplex 

genotypes (Rosyara et al., 2016b). False discovery rate was controlled by setting the significance 

threshold with Bonferroni's multiple testing correction methods. Also, the influence of the first two 

principal components (PCs) from the SNP set was evaluated on the GWAS models for both 

ploidies. The software MapChart (Voorrips, 2002) was used to illustrate chromosome regions with at 

least one significant SNP on GWAS analysis according to the reference genome.  

 

Gene annotation 

The sequence of fifty nucleotide positions from both sides of significant SNPs was selected 

from the respective reference genome and compared to the other species using the BLAST tool 

(Altschul et al., 1990) to determined candidate genes. Gene function and homology were annotated 

using the NCBI platform (NCBI Resource Coordinators, 2017).  

 

4.3. RESULTS 

Agronomical and nutritional phenotypic variation 

There was a significant effect of genotype and season (Supplementary Table S1), and genotype 

effect nested in each environmental condition (Table 1) for all traits. This indicates that at least one 

genotype had a differential performance between and within wet and dry seasons.  The broad 

heritability considering the annual data ranged from 0.46 to 0.81 for lignin and field green weight 

(FGW), respectively. This trait showed a different trend when compared to the other traits:regrowth 

capacity (REG), crude protein (CP), in vitro organic matter digestibility (IVD), neutral detergent 

fiber (NDF), and lignin (LIG). FGW presented a higher heritability in the wet season (77%) than in 

the dry season (53%) whereas all other traits followed the opposite trend, for instance, NDF showed 

a moderate heritability in the dry season (45%) and very low in the wet season (27%).  

As one would expect,  the average values for all traits (across growing seasons) were 

intermediate between those observed in the wet and dry season. For example, the average FGW yield 

was 1468.26 kg.ha-1, while its performance in the dry and wet season was 1062.26 kg.ha-1 and 1773.83 

kg.ha-1, respectively (Table 1). Thus, the genotypes had a better performance for FGW, REG and 
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IVD in the wet season than in the dry one.  In contrast, for CP, NDF, and LIG there were no 

significant differences between the two seasons.  

Considering the correlations among the traits, a positive one was found between FGW and 

REG, and NDF and LIG (Figure 2). Also, a strong positive correlation was observed between IVD 

and CP. On the other hand, IVD showed a negative correlation with LIG and NDF, and between 

CP with NDF, and FGW, as well. It is important to highlight that the correlation trend among traits 

retained its directionality across seasons, yet the magnitudes of the correlation tended to be lower in 

the wet compared to the dry season. 

  

Population structure and diversity analysis  

For the diploid and tetraploid configurations, population structure was evaluated in terms of 

genotype frequencies, visual representation of additive relationship matrix, and a biplot of the first 

two principal components of the marker data. The proportion of homozygous to heterozygous 

genotypes was slightly different between diploid and tetraploid configurations (Figure 3A). In 

homozygote genotypes 0 for both ploidies, the difference between diploid and tetraploid 

configurations was 0.75%. On the other hand, using the reference allele homozygote genotype 2 for 

diploid (𝐴𝐴) and 4 for tetraploid (𝐴𝐴𝐴𝐴), the difference was 0.16%. The diploid heterozygote 

genotype 1 (22.75%) was distributed among the three possible heterozygote tetraploid genotypes 1 

(12.41%), 2 (6.74%) and 3 (2.7%), that summed 21.85%. The heatmap of the kinship additive matrix 

showed differences between the diploid and tetraploid levels (Figure 3B). There, the shape and size 

of the clusters are different for the ploidies. In the diploid configuration, the number of clusters is 

easier to identify compared to the tetraploid configuration. However, the use of tetraploid data 

organized the population in three greater groups. The biplot from the first two principal components 

(PCA) explained 13.7% at the diploid level and 12.8% using tetraploid marker data (Figure 3C). The 

cloud of points for both ploidies had a triangular shape, but with a different orientation. The 

genomic structure from the diallel origin can be identified by the PCA analysis using diploid or 

tetraploid data configuration. 

 

GWAS analyses for the different seasons 

A complex interaction of genotype by environment was observed when different heritability 

and performance values were found for all traits across seasons as mentioned above.  Overall, 

additive and dominant models of GWAS were evaluated using markers at the diploid and tetraploid 
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level, and only the significant results are described below. We verified that each trait showed a 

different response regarding the combination between season, ploidy, and GWAS model. For 

instance, no significant marker effect was found for IVD at the diploid level. However, at least one 

marker was identified in each season using the tetraploid level (Figure 4).  

All significant markers across all traits and all GWAS models are summarized in Table 2. We 

found a marker associated with REG, for the annual and dry season, mapped on the chromosome 

eight of Setaria virides at the position 7,908,449. This SNP was annotated inside the gene trnD-GUC, 

corresponding to a synthesis of tRNA-Asp. For NDF, two markers for the annual performance and 

one for the dry season were identified. The first SNP for annual data was aligned with Setaria italica 

scaffold_5 at the position 15,551,397, with a dominant negative effect (-2.54) for the alternative 

allele. Furthermore, it is near to the gene LOC101778276, which is related to the Exocyst Complex 

Component SEC15B. The second marker for annual data and the marker for the dry season were 

aligned with Urochloa mock (Um) reference at the positions 8,160,655 and 128,132, respectively 

(Supplementary Fig. S1). These markers came from centroids in the Um genome reference (data not 

shown) originated by the GBS-SNP-CROP approach (Melo et al., 2016). Although there were no 

candidate genes on these regions, the last part of both sequences showed the same final nucleotide 

sequence. In particular, this coincident part had homology with Triticum aestivum chromosome 3B, 

but no function was annotated.  

 Significant markers were found for IVD in all environmental conditions (Table 2). For these 

traits, we used the first two principal components in GWAS models aiming to correct for the effect 

of population structure. The markers Um_128132, mentioned above for NDF, was also significant 

for IVD in the annual period of evaluation. The Um_91613 marker was significant for the dry 

season, but its MAF was very low (0.02), and no significant similarity was found. During the wet 

season, the dominant model revealed two significant markers. The former was aligned with Urochloa 

mock reference at 3,259,930 position (MAF=0.41). The region near this marker is similar to the gene 

LOC101780209 (Uncharacterized protein At3g52155). The latter was previously reported for 

regrowth capacity, Sv_Chr08_7908449, with a negative dominance effect, which reduces the IVD to 

about -3.38. 

Only one marker effect was significant in the dry season for FGW. It was located on Sorghum bicolor 

chromosome 02 at position 1,588,978. The alternative allele of this SNP is dominant and associated 

with a 172.5 kg ha-1 reduction in the trait when present. Furthermore, the gene LOC8084285 was 

annotated in this region, which corresponds to an uncharacterized protein. 
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Differences between diploid and tetraploid levels results 

 Concerning the different models, no pattern was observed for ploidy level within seasons 

(Table 2). For the diploid level, only the single copy dominance (1-dom-alt/ref) and general models 

allowed the identification of significant SNPs associated with the traits. Besides these two models, 

significant SNPs were also found using the tetraploid configuration in combination with two copy 

dominance (2-dom-ref) model.  

As already mentioned, the same marker Sv_Chr08_7908449 that was significant for REG in the 

annual data and dry season, was significant for both diploidized and tetraploid data sets (Table 2 and 

Figure 5A). The model had excellent fit as highlighted by the quantile-quantile plot (Figure 5B). This 

marker had dominant behavior for the reference allele. In turn, at the diploidized level, at least one 

copy of this allele (𝐴 −) was necessary to improve the REG from -1 for approximately -0.5 (Figure 

5C). However, when the ploidy was expanded to the tetraploid level, we found that only genotypes 

with three (𝐴𝐴𝐴𝑎) or four copies (𝐴𝐴𝐴𝐴) of this allele were responsible for improving this trait. 

This fact indicates that the allele substitution effect was biased when estimated with the diploidized 

marker data. 

For LIG, the same marker (Um_8160655) was identified by the diploid and tetraploid models 

(Table 2, Figure 6A and Figure 6B). However, for REG, the results were different with the ploidy 

models. We verified that the alternative allele exerts a dominant effect on the trait. In this case, the 

homozygous genotypes for the reference allele and all the heterozygous displayed reduced average 

values for this trait in comparison to genotypes with two copies (diploid adjustment) or four copies 

(tetraploid adjustment) of the alternative allele. Thus, only genotypes homozygous for the alternative 

allele showed the undesirable high levels of LIG. 

Furthermore, for some traits, significant SNPs were found only using specific marker 

configurations (Table 2). For example, a significant association for FGW (dry season) was only 

identified with the diploid model. In contrast, for IVD, all the significant SNPs were identified by the 

tetraploid model (dry, wet season, and annual data).  

The alignment of the significant SNPs on reference genomes revealed that these sequences 

were positioned on the chromosome 2 of Sorghum bicolor, chromosome 5 of Setaria italica, and 

chromosome 9 of Setaria virides (Supplementary Fig. S2). Moreover, the Setaria italica allowed more 

alignments in general, which were relatively well distributed across the genome. 
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4.4. DISCUSSION 

Variability of forage traits during the dry and wet seasons 

Tropical forages are generally subjected to seasonal differences in environmental conditions 

favoring growth during the rainy season and dormancy in the dry one. This results in an irregular 

supply of fodder across the year. According to Jones (Jones, 1979), this seasonal difference in forage 

growth is the main obstacle to animal production in tropical and subtropical regions. The results here 

reported showed that Urochloa spp. interspecific population has genetic variability in seasonal 

production to be explored. Genotypes with combined maximum production for both dry and wet 

seasons can be identified. One of the species used for this interspecific population is U. brizantha 

which, despite sensitivity to water deficit,  has a deep rooted system and can contribute alleles for dry 

season adaptation (Santos et al., 2013). The morphological advantage from this parental species may 

have improved specific genotypes to better resist the water stress resulting in a fast regrowth in the 

dry season. These results support the strategy of this breeding program to develop cultivars for the 

Cerrado biome (Janusckiewicz et al., 2015).  

Seasonal variation modifies the environment and promotes physiological and morphological 

reactions on the plant. For example, about 20% of the measured metabolites in potato leaflets were 

simultaneously affected by drought, CO2 enrichment and diurnal factors combined (Barnaby et al., 

2015). During the dry season, the plant uses physiological and anatomical tools to reduce the cell 

activity and control the osmotic regulation (Zheng et al., 2000). Consequently, there is a reduction in 

cellular turgor and leaf area expansion, stomata closure, floral abscission, acceleration of tissue 

senescence, and reduction of growth and photosynthesis (Endres et al., 2010; Xoconostle-Cázares et 

al., 2010; Varshney et al., 2011). All these changes in the plant during water stress may have invoked 

the expression of different alleles in the evaluated interspecific hybrids, exposing the variability 

between the genotypes and, consequently, increasing the heritability for the majority of the traits in 

the dry season.  

The correlation between the agronomical and nutritional traits follow what has been observed 

previously for the genus Urochloa, as described for U. humidicola (Figueiredo et al., 2012), U. decumbens 

(Matias et al., 2016), U. ruziziensis (Simeão et al., 2016) and U. brizantha (Mauri et al., 2015). For 

forage growth a considerable content of lignin and fiber is needed for the structural development 

and thickening of the cell wall. These nutritional traits will concentrate in tillers following the plant 

senescence. Furthermore, the accumulation of old tillers increases the proportion of epidermis, 
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bundle sheath cells, and xylem that is not digested. In turn, these morphological structures are heavy 

and increase the correlation with plant weight. Even though leaves are lighter this is the most 

important component of the forage for animal production on pastures, thus leaf dry matter 

production should be the target in any forage breeding program  (Van Soest, 1995). 

 

Importance of the annotated genes for forage yield 

New sequence generation genotyping approaches have generated a massive volume of 

genomic information for different species of animals and plants. This tool also is not restrictive, and 

species without a reference genome can be evaluated. In these cases, the available genome of related 

species can be used to discover variant nucleotides in the target population (He et al., 2014). This 

new genomic information can be used for many biological studies and applications in breeding such 

as genomic selection and GWAS analysis. Here, the genome of five grasses were used to discover 

SNPs in an interspecific Urochloa spp. population. These markers were evaluated in a genomic 

association study to find markers that are in linkage disequilibrium with quantitative loci for forage 

traits, following the descriptions of Collard & Mackill (Collard and Mackill, 2008). Furthermore, to 

our knowledge, this is the first study reporting the application of GBS in this type of population for 

GWAS analysis. We found seven SNPs in candidate regions related to forage yield. The marker 

Sv_Chr08_79084 tags a pleiotropic gene that was significant for distinct agronomical (REG) and 

other nutritional (IVD) traits. Reports on  the gene function annotated for this marker, describes the 

tRNA(Asp) as the acceptor of aspartyl-tRNA synthetase; this recognition is highly specific and 

essential for cell viability (Choi et al., 2003). Aspartyl-tRNA synthetase (AspRS) is encoded by the 

impaired in baba-induced immunity 1 (IBI1) gene, that in turn, is activated by b-aminobutyric acid 

(BABA) to control plant immunity and growth pathways (Luna et al., 2014). Hence, this marker is 

correlated with Aspartate (Asp) metabolism, one of the prominent amino acids in leaf tissues which 

is usually decreased in response to abiotic stress such as drought, as described for potato plants 

(Barnaby et al., 2015) and barley (Singh et al., 1973). In addition, Asp is a reserve of organic nitrogen, 

so that its decrease during water stress suggests that rates of nitrogen uptake and assimilation can be 

diminished (Sicher and Barnaby, 2012). In this study, this marker was significant for the annual and 

dry seasons and thus implicates the influence of Asp on the plant growth pathways, which is directly 

related to REG. Si_Scaffold5_15551397 marker showed significant association with NDF, annotated 

with gene LOC101778276, which synthesizes the exocyst complex component SEC15B. In turn, this 

is involved in cell growth and organ morphogenesis, part of the cell plate development on the new 
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primary cell wall. Also, it is involved in the docking of exocytic vesicles with fusion sites on the 

plasma membrane during secretion (Fendrych et al., 2010). Furthermore, previous findings indicate 

the role of this macromolecule in cooperation with other proteins for the secretion of cellulose 

synthase complexes (Zhu et al., 2018), as the cellulose directly related to the fiber content in the 

plant. 

On the other hand, for some markers, there were no annotated genes, or uncharacterized 

proteins found. However, these Urochloa spp. genomic regions have genomic variability associated 

with fundamental forage traits. For example, FGW is the most reported trait in forages studies, 

directly related with forage production. Therefore, further studies to characterize this region could 

help breeders understand the genetic base of forage development.  

Additionally, different markers were identified for the same trait in different environmental 

conditions (annual, dry and wet season), which corroborates that forage yield is associated with the 

hybrid's performance for abiotic and biotic stress (Pabon et al., 2007; Mendonça et al., 2013; Matias 

et al., 2016). Furthermore, it may indicate  that there is a pleiotropic action among many forage traits. 

For instance, the marker Um_8160655 was significant for NDF (annual period) and LIG (wet 

season), and earlier phenotypic studies have shown the high correlation among fiber and lignin 

content in Urochloa species (Figueiredo et al., 2012; Matias et al., 2016).  Although no significant 

markers for the nutritional trait CP were found, it showed a high correlation with digestibility. Thus, 

IVD performance could indirectly evaluate CP.   

Specifically, the significant SNPs related to Neutral Detergent Fiber (NDF) for the annual and 

dry season, aligned with Urochloa mock (Um) reference genome showed a similar final sequence. 

Probably, these markers are in linkage disequilibrium with different copies of the same gene scattered 

in the polyploid genome. Another possibility is that these sequences can be different haplotypes of 

the same region, and the ploidy level is confounding the alignment during the mock reference 

building. Moreover, repetitive DNA sequences are common in the genome of several polyploid 

species playing an essential role in genome and gene evolution (Vicient and Casacuberta, 2017). In 

this sense, further studies are necessary to verify its distribution and frequency within the genome. 

Once confirmed, this sequence could be used as a marker for phylogenetic analysis and could be a 

benchmark towards unraveling the origin of polyploid species of Urochloa spp. and their relationship 

with closely related species.  

The alignment of significant SNPs with reference genomes revealed a considerable consensus 

of genomic regions between Urochloa and other important grasses. It highlights that these species 
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share genes and genomic regions with Urochloa spp. Among them, Setaria italica genome allowed more 

alignments and coverage. It indicates that this reference genome may be an option to develop SNP 

primers while the Urochloa complete genome is not available. Furthermore, these SNPs might help 

breeders improve forage yield in other Panicoideae grasses, if used as a novel model plant for 

understanding genetic and biological processes in the tribe Poaceae (Tang et al., 2017). On the other 

hand, just the terminal and central regions of chromosome 2 of Sorghum bicolor, had common 

alignments with Urochloa. These result corroborates others of phylogeny and genome evolution 

studies in grasses where Urochloa spp. and Setaria spp. belong together in the  same evolutionary clade 

whereas Sorghum bicolor belongs to a different clade (Gale and Devos, 1998; Paterson et al., 2009; 

Schnable et al., 2009; International and Initiative, 2010). 

 

Effect of ploidy 

Most of the genetic studies in polyploids simplify the data to use diploid models. However, 

that can under- or over-estimate the real genetic control of important traits (Dufresne et al., 2014). 

This study corroborates that the marker configuration is essential in GWAS discoveries for forage 

traits of Urochloa spp. interspecific populations.  It demonstrated that the same SNP was significant 

for both diploid and tetraploid levels in some cases. In these cases, a more detailed information 

about the performance of intermediate genotypic classes allowed for a better resolution of the 

substitution allele effects and the number of copies needed for a given phenotype. Although the 

proportions between homozygotes and heterozygotes were similar, the inclusion of dosage 

information promoted different kinship matrix configurations, and also different biplot of principal 

components.  Consequently, the efficacy of the MAS approach relied essentially on the information 

about the performance of all the genotypic classes.   

Furthermore, the allele dosage information has several advantages, including the development 

of highly saturated maps that facilitate the detection of regions associated with important crop traits 

through QTL mapping (Bourke et al., 2018; Ferreira et al., 2018). Thus, these results provide 

evidence that the use of allele dosage for GWAS in polyploid species is indeed significant especially 

to better understand the inter-allelic interactions among the different alleles, however difficult it is to 

utilize a larger population size in order to represent well each of the all the possible genotypic classes. 
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4.5. CONCLUSION 

This study presents the first GWAS analysis in interspecific tetraploid hybrids of Urochloa spp, 

the most important forage genus in the tropical regions. The genetic variability of this panel allowed 

the identification of SNP markers significantly associated with forage yield traits in different cutting 

seasons. We found seven different regions related to the main forage traits, which can be different, 

conserved and pleiotropic. The season (dry or wet) may influence the genomic regions that are 

controlling the trait variability, as observed for digestibility. Unfortunately, Urochloa spp does not 

have reference genome yet, but the region around these markers can be further investigated and 

improve the knowledge about the genomic control of tropical forage traits. This information could 

also be applied towards selection assisted by markers. These results showed the importance of the 

tetraploid configuration of markers for the identification of SNPs and to understand the behavior of 

gene action relative to allele dose. They also showed that diploid configuration can be used to do 

GWAS in polyploid species but without the possibility to estimate allele dosage. It was possible to 

identify the same regions using diploid or tetraploid data but the genetic effect of the alleles present 

may be masked in regions with dominance or epistatic control. The tetraploid configuration normally 

has five classes of genotypes (0, 1, 2, 3 and 4), consequently it complicates computational analyses 

compared to diploidized configuration with only three classes (0, 1 and 2). To account for 

trustworthy information the tetraploid configuration will need a higher amount of phenotypic data. 

As described by Morgante and colleagues (Morgante et al., 2018), the simple models are better for 

datasets with a low number of observations. These authors conclude by simulation approach that the 

number of observations should increase following the complexity of the parameters. Normally in 

practical forage breeding programs, the size of the genotyped population is not generally enough to 

get high confidence using tetraploid configuration on GWAS. In other words, the majority of 

markers does not have enough observation of each possible genotype (0, 1, 2, 3 and 4). Thus, the use 

of diploidized configuration could be more realistic, due to a greater number of genotypes in each 

possible class (0, 1 and 2). Finally, this study contributed to the advancement in the tropical forage 

genomic understanding and after the validation, the significant SNPs could be useful to the breeding 

program of Urochloa spp. aiming to accelerate the selection of future cultivars by reducing the cost 

and the time to release them. 
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FIGURES 

 
Fig 1. Urochloa spp. breeding program scheme to develop apomictic cultivars. a) Hybridization - 
single-cross between commercial apomictic cultivars and synthetic sexual parents (two years); b) 
Stage 1 - progeny evaluation based on one plant per plot (two years); c) Stage 2 - individuals selected 
in stage 1 are evaluated trials with more replicates (two years); d) Stage 3 - the hybrids selected in 
stage 2 are evaluated for animal performance (two years); e) Stage 4 - Regional multi-trial 
experiments considering the selected genotypes from stage 3 (two years); f) Seed production and 
release of the newest apomictic cultivar, which also enters the breeding program as a male parent 
(two-five years). 
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Fig 2. Correlation network between field green weight (FGW), regrowth capacity (REG), crude 
protein (CP), in vitro organic matter digestibility (IVD), neutral detergent fiber (NDF) and lignin in 
sulfuric acid (LIG). 
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Fig 3. Population structure and diversity analysis using diploid and tetraploid marker configuration. 
A) The proportion of each class of genotype; B) Kinship matrix heatmap; and C) Biplot from the 
first two principal components. 
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Fig 4. Manhattan plot of genome-wide association using diploid and tetraploid markers of 272 
Urochloa spp. hybrids for in vitro organic matter digestibility (%). The values of -log10(p) in each 
Manhattan plot were sorted by position and identified by the following reference genomes: Si=Setaria 
italica, Sb=Sorghum bicolor, Sv=Setaria virides, Os=Oryza sativa, Zm=Zea mays, At=Arabidopsis thaliana 
and Um=Urochloa mock. The additive gene-action GWAS model was used for all diploid level 
scenarios. For the tetraploid level, general gene-action GWAS model is shown for annual and dry 
season whereas a dominance gene-action GWAS model is shown for wet season. 
 

 
Fig 5. Comparison of the significant SNPs found for Neutral Detergent Fiber (NDF) for annual and 
dry season aligned with Urochloa mock (Um) reference genome at the positions 8,160,655 and 128,132, 
respectively. The SNP markers are highlighted in red and the coincident sequences in blue. 
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Fig 6. GWAS results of Urochloa spp. for regrow capacity (REG) on annual period using diploid and 
tetraploid configuration markers. A) Manhattan plot; B) QQplot; C) Box plot showing the trait 
average by genotype for significant SNPs. Reference genomes: Si=Setaria italica, Sb=Sorghum 
bicolor, Sv=Setaria virides, Os=Oryza sativa, Zm=Zea mays, At=Arabidopsis thaliana and Um=Urochloa 
mock. 
 

 
Fig 7. GWAS results of Urochloa spp. for lignin in sulfuric acid (LIG) on wet season using diploid and 
tetraploid configuration markers. A) Manhattan plot; B) QQplot; C) Box plot showing the trait 
average by genotype for significant SNPs. Reference genomes: Si=Setaria italica, Sb=Sorghum bicolor, 
Sv=Setaria virides, Os=Oryza sativa, Zm=Zea mays, At=Arabidopsis thaliana and Um=Urochloa mock. 
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Fig 8. Relative positions regions (kb) with the presence of at least one Single Nucleotide 
Polymorphism (SNP) identified on reference genomes: Sorghum bicolor, Setaria italica and Setaria virides. 
The GWAS significant SNPs are highlighted in red. 
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TABLES 

Table 1. Wald test to fixed effects of genotype, broad-sense heritability (𝐻2) and general average (�̅�) 
of field green weight (FGW), regrowth capacity (REG), crude protein (CP), in vitro organic matter 
digestibility (IVD), neutral detergent fiber (NDF) and lignin in sulfuric acid (LIG)  

Parameters FGW REG CP IVD NDF LIG 

Annual 

Genotype 8181.20 ** 5035.10 ** 3374.10 ** 2122.20 ** 2267.70 ** 1882.40 ** 

𝑯𝟐 0.81 0.75 0.68 0.52 0.52 0.46 

�̅� 1468.26 3.23 15.80 71.74 65.91 2.21 

Dry Season 

Genotype 4653.70 ** 3999.70 ** 2823.00 ** 2702.00 ** 1632.40 ** 1765.20 ** 

𝑯𝟐 0.53 0.68 0.55 0.53 0.45 0.49 

�̅� 1062.26 3.56 15.72 74.69 65.06 2.20 

Wet Season 

Genotype 5683.30 ** 2519.95 ** 1641.00 ** 1557.30 ** 977.20 ** 1287.95 ** 

𝑯𝟐 0.77 0.52 0.47 0.39 0.27 0.32 

�̅� 1773.83 2.98 15.85 68.80 66.80 2.21 

(*) significant at 0.05 or (**) 0.01  level 
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Table 2. Annotated genes from significant SNP markers associated with Urochloa spp. forage traits identified by GWAS analysis.  

Season Trait Ploidy model PC Threshold Reference Chrom Position Score MAF Effect Gene Protein R2 

Annual 

REG 
Dip 1-dom-alt 

0 
5.18 

Sv Chr08 7908449 
5.83 0.25 0.45 

trnD-GUC tRNA-Asp 
0.14 

Tetra 2-dom-alt 5.02 5.27 0.25 0.42 0.15 

NDF 
Dip 1-dom-alt 

0 
5.18 Si Scaffold_5 15551397 5.21 0.07 -2.54 LOC101778276 Exocyst Complex Component SEC15B 0.07 

Tetra 2-dom-ref 4.80 Um   8160655 4.94 0.46 1.98   Aligned with Triticum aestivum chromosome 3B 0.07 

IVD Tetra general 2 5.44 Um   128132 5.47 0.17 NA   Aligned with Triticum aestivum chromosome 3B 0.09 

Dry 

FGW Dip 1-dom-alt 2 5.34 Sb Chr02 1588978 5.59 0.18 -172.5 LOC8084285 Uncharacterized protein 0.05 

REG 
Dip 1-dom-alt 

0 
5.18 

Sv Chr08 7908449 
5.92 0.25 0.5 

trnD-GUC tRNA-Asp 
0.11 

Tetra 2-dom-alt 5.02 5.9 0.25 0.5 0.13 

NDF Tetra general 0 5.21 Um   128132 5.37 0.17 NA  Alligned with Triticum aestivum chromosome 3B 0.11 

IVD Tetra general 2 5.44 Um   91613 7.09 0.02 NA   No significant similarity found 0.14 

Wet 

LIG 
Dip 

general 0 
5.28 

Um   8160655 
5.46 0.49 NA 

  Alligned with Triticum aestivum chromosome 3B 
0.11 

Tetra 5.21 5.35 0.46 NA 0.13 

IVD Tetra 2-dom-ref 2 4.81 
Um   3259930 5.76 0.41 -2.31 LOC101780209 Uncharacterized protein At3g52155 0.08 

Sv Chr_08 7908449 6.21 0.25 -3.38 trnD-GUC tRNA-Asp 0.06 

FGW = Field Green Weight, TDM = Total Dry Matter, NDF = Neutral Detergent Fiber, Os = Oryza sativaI, Sb = Sorghum bicolor, Si = Setaria italica, 

Sv= Setaria virides, Um= Urochloa mock. 
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SUPPLEMENTARY TABLE 

Table S1. Wald test to fixed effects of Intercept, Genotype, Season, Season/Cut and 

Season/Cut/Block of field green weight (FGW), regrowth capacity (REG), crude protein (CP), in 

vitro organic matter digestibility (IVD), neutral detergent fiber (NDF) and lignin in sulfuric acid 

(LIG). 

Parameters FGW REG CP NDF LIG IVD 

Intercept 41785.70 ** 124367.03 ** 345430.50 ** 1644665.20 ** 85046.86 ** 849886.60 ** 

Genotype 7316.89 ** 4696.61 ** 3582.20 ** 2333.22 ** 1877.51 ** 2196.84 ** 

Season 3257.40 ** 1309.74 ** 9.27 ** 907.89 ** 26.63 ** 374.09 ** 

Season/Cut 873.98 ** 5150.87 ** 0  0  0  0  

Block 188.72 ** 73.27 ** 21.39 ** 25.42 ** 11.76  5.21  

(*) significant at 0.05 or (**) 0.01 level. FGW = Field Green Weight, REG= Regrowth Capacity, 

CP= Crude Protein, NDF = Neutral Detergent Fiber, LIG= Lignin in Sulfuric Acid, IVD= 

Vitro Organic Matter Digestibility.  
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5. ON THE ACCURACY OF GENOMIC PREDICTION MODELS CONSIDERING 

MULTI-TRAIT AND ALLELE DOSAGE IN Urochloa SPP INTERSPECIFIC 

TETRAPLOID HYBRIDS 

ABSTRACT 

Currently, there is a lack on the information regarding the employment of 
genomic prediction in tropical forages when compared to other crops and temperate 
forages. Moreover, genomic prediction models have been extensively developed for 
diploid species, whereas to apply those to polyploids most studies consider the 
genotypic information parametrized for diploids. This simplification may reduce the 
accuracy to estimate the genetic effects and, consequently, the genomic breeding 
values. Another challenge is that agronomical and nutritional traits in forages 
frequently are negatively correlated and may have low heritability. To circumvent 
those problems one attractive alternative is the multi-trait approach, accounting the 
correlation between the traits to adjust the prediction models. Therefore, we 
compared the impact of the ploidy parametrization over the prediction accuracy of 
agronomical and nutritional traits in Urochloa spp. hybrids using single and multi-trait 
models. GBLUP-A (additive) and GBLUP-AD (additive + dominance) showed 
similar prediction abilities considering both single and multi-trait models. Conversely, 
combining GBLUP-AD and tetraploid information improved the selection 
coincidence. Furthermore, the multi-trait validation scheme 2, where one trait is not 
evaluated for some individuals, can provide an increment of up to 30% of prediction 
ability.  Therefore, it is an excellent strategy for traits with low heritability. Overall, all 
genomic selection models provided greater genetic gains than phenotypic selection. 
Similarly, the allele dosage associated with additive, dominance and multi-trait factors 
increased the accuracy of genomic prediction models for interspecific polyploid 
hybrids. Finally, genomic prediction can be used in forages breeding programs in 
order to reduce time. 

Keywords: Polyploid; Genotyping-by-sequencing; Tropical forage; Dominance 
 

5.1. INTRODUCTION 

 Genomic prediction (GP) has been employed successfully in several species of plants and 

animals (Daetwyler et al. 2013; Jonas and De Koning 2013; Desta and Ortiz 2014; Meuwissen et 

al. 2016). This technique uses the whole-genome markers to predict complex traits (Meuwissen et 

al. 2001). Therefore, GP offers the opportunity to reduce the cost per cycle and the time required 

for variety development (Crossa et al. 2017). The accuracy of GP depends on the training and 

testing population sizes, trait heritability, number of markers, and statistical model (Heffner et al. 

2009). Conversely, it is inversely proportional to the number of segregating chromosomes 

sections in the target crop (Hayes et al. 2009). Some of these factors are considered challenges to 
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be overcome in order to apply the genome prediction, mainly in polyploid species (Hayes et al., 

2013). 

Even playing an essential role in economy and contributing to the food security worldwide, 

the number of genomic prediction studies in polyploidy species is modest (Gouy et al. 2013; 

Annicchiarico et al. 2015; Li et al. 2015; Biazzi et al. 2017; Sverrisdóttir et al. 2017; Endelman et 

al. 2018; You et al. 2018; Nyine et al. 2018). The problems in these species start with the 

reference genome, once that most of the polyploid species do not have a complete genome 

sequence. Consequently, it is necessary to use the closest diploid species to compare and to make 

inferences (You et al. 2018). Also, the majority of current genomic sequencing tools are specific 

for diploids, and statistical approaches are necessary to predict the polyploids genotypes (Serang 

et al. 2012; Schmitz Carley et al. 2017). Those difficulties are due to the complexity of polyploid 

genomes and the necessity to use the allele dosage information (Uitdewilligen et al. 2013). 

Usually, for most of the studies applying the GP in polyploid species, the genotypic information 

is parametrized at  diploid level (Annicchiarico et al. 2015; Biazzi et al. 2017), and only a few 

studies consider a polyploid parametrization (Sverrisdóttir et al. 2017; Nyine et al. 2018). 

The influence of allele dosage in polyploid species was recently evaluated in genomic 

association studies (Ferrão et al. 2018; Sharma et al. 2018) which concluded that different 

genomic regions are assessed when using molecular data in diploid versus tetraploid 

configuration. Thus, the missed information of heterozygous is one of the most critical problems 

caused when the polyploid genome is simplified as diploidized data (Voorrips et al. 2011; Hackett 

et al. 2013). For example, in tetraploid species, the genotypic classes simplex (𝐴𝑎𝑎𝑎), duplex 

(𝐴𝐴𝑎𝑎), and triplex (𝐴𝐴𝐴𝑎) are summarized in a single class (𝐴𝑎). Hence, this simplication may 

affect the correct estimation of allele substitution effects, dominance deviations, and 

consequently, the genomic breeding values.  

The genotypic value in autotetraploid species is orthogonally decomposed among additive 

effects of each allele, digenetic dominance effects between the pair of alleles, trigenic and 

quadrigenic interaction effects (Kempthorne 1957). In order to understand the influence of allele 

dosage in genomic predictions in these situations new methods to build the kinship matrix have 

been developed (Endelman et al. 2018).  

The use of molecular breeding techniques is relatively new to tropical forage species 

compared to other crops (Hayes et al., 2013). A common group of polyploid forage species in 

tropical climates is Brachiaria and Panicum. This genus has a vast importance in promoting “beef 

farm pastures” in the livestock business (Montagner et al. 2012; Euclides et al. 2016). 

Additionally, it is wide adaptation to the soil and climate of Brazilian savannals and contributed 
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to make Brazilian beef vary competitive (Jank et al. 2014). The primary commercial species are U. 

brizantha, U. decumbens, U. humidicola, and U. ruziziensis, and they were classified before as Brachiaria 

(Keller-Grein et al. 1996). The most important cultivars in subtropical countries are apomictic 

and tetraploids, such as U. brizantha cv Marandu(Jank et al. 2014), where an ideal genotype should 

have excellent agronomical and nutritional performance, to support and to feed cattle (Jank et al. 

2011; Euclides et al. 2016).  

Usually, the whole selection process, from the generation of segregating populations to the 

releasing of new cultivars in tropical perennial forages, takes around 10-15 years. Furthermore, it 

is hard-work and an expensive process due to the evaluation of animal performance apart from 

plant performance (Jank et al, 2014). For instance, one selection cycle in these species demands 

an average of two years, where phenotypic records of seven to ten cuttings are employed to 

evaluate the genetic value, stability, and adaptability of genotypes. Hence, genomic prediction 

methods can be a useful tool to reduce the costs due to the phenotyping expenses and the length 

of Urochloa spp. breeding cycle.  A simulation study of GP in a traditional forages breeding 

program (Resende et al. 2014), concluded that the individual genomic prediction method 

(INDG) could be useful when marker effects have been previously estimated. However, the 

genomic prediction may be ineffective depending on the heritability of the target trait (de los 

Campos et al. 2013). Thus, an alternative is the use of the correlation between traits to improve 

the predictive ability of the models by using the multi-trait approach (MTM). Through this 

approach, it is possible to use traits with higher heritability to improve the power to predict the 

ones of low heritability (Bauer and Léon 2008; Dos Santos et al. 2016; Fernandes et al. 2018). It 

has been successfully implemented using single by single trait (Jia and Jannink 2012; Guo et al. 

2014) or indices (Schulthess et al. 2016; Lyra et al. 2017). 

Many traits of Urochloa are negatively correlated and have different heritabilities, such as 

crude protein and field green weight (Figueiredo et al. 2012; Matias et al. 2016, 2018). 

Consequently,  the use of MTM could may provide higher simultaneous selection gains for the 

inversely correlated traits (Bauer and Léon 2008; Guo et al. 2014). Thus, our goal was to 

empirically evaluate the influence of multi-trait and the allele dosage information in genomic 

prediction accuracy in a diversity panel of Urochloa spp. hybrids. 
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5.2. MATERIALS AND METHODS 

Genotypes 

A representative subset of 272 individuals was selected from a larger population of 

tetraploid interspecific hybrids of Urochloa spp. This population was generated from crosses 

among apomictic cultivars of U. brizantha and tetraploid sexual access of U. ruziziensis in Embrapa 

Beef Cattle, Mato Grosso, Brazil (Matias et al. 2018). The genomic DNA was extracted by 

Qiagen® kit and genotyped by sequencing (GBS) (Elshire et al. 2011) using ApeKI enzyme and 

Illumina Hi-Seq 2500 platform. The sequencing data were evaluated using FastQC software 

(Andrews 2010) to determinate the quality by Phred score. The Cutadapt software (Martin 2011) 

was used to remove the barcodes and then the software Genome Analysis Toolkit (GATK) was used 

to discovery single nucleotides polymorphisms using ploidy = 4 for genotype calling in tetraploid 

level (McKenna et al. 2010; Depristo et al. 2011) and then made “diploidized” calls based on the 

genotype likelihoods. Furthermore, the software Burrows-Wheeler Alignment tool (BWA) (Li and 

Durbin 2009), SAMtools (Li et al. 2009; Li 2011) and Picard 

(http://broadinstitute.github.io/picard/) were used to align the reads, mark duplicate reads and 

estimates the average insert size of the single-end reads, respectively. Urochloa spp does not have a 

complete reference genome available, then, six different genome references were used to the 

alignment step: Setaria viridis (Sv) (DOE-JGI 2018a), Setaria italica (Si) (Bennetzen et al. 2012), 

Sorghum bicolor (Sb) (DOE-JGI 2018b), Oryza sativa (Os) (Ouyang et al. 2006), Zea mays (Zm) 

(Schnable et al. 2009) and the Urochloa mock reference (Um) (data not shown).  

All aligned markers with median depth (MedianDP) ≤ 8, minimum allele depth (MAD) ≤ 

2, minor allele frequency (MAF) ≤ 0.01, and missing data ≥ 50% were eliminated. Also, samples 

with DepthPerSample (DP) < 8 were set as missing, and samples with genotype quality (QD) ≤ 

ten were eliminated.  The filtration criteria described above were adequate for the diploid level. 

However, we had the interest to evaluate the performance of permissive filtration criteria in 

predictions of the greater polyploid level, then all markers selected in diploid level was extended 

to tetraploid level. Therefore, a total of 26,535 SNPs were selected and used in the diploid and 

tetraploid level. The remained missing data were imputed by the package Random Forest from R 

software (Liaw and Wiener 2002) for each ploidy, in particular, all markers that had r2 ≥ 0.1 with 

the inputting locus were used as predictors and 300 trees were used to fit the algorithm.  

 

Phenotypes 

The population was evaluated in the field (20°27'S; 54°57'W) for two years (2013 and 2014) 

over seven cuttings using an incomplete block design with ten blocks. The plots consisted of 

http://broadinstitute.github.io/picard/
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squares covering 2.25 m2. Nine genotypes were added to each block as checks and used to 

estimate the environmental effect of the statistical design. The checks were U. brizantha cultivar 

‘Marandu’, U. brizantha cultivar ‘Paiaguás’, U. decumbens cultivar ‘Basilisk’, the interspecific 

commercial hybrid ‘Mulato II’, the accession ‘B140’ of U. brizantha, and the sexual interespecific 

hybrids ‘BS9’, ‘BS15’, ‘336-T1’ and ‘336-T2’. Additional information about experimental design 

and biological material (hybrids and checks) are available on Matias et al. (2018).  

The materials were agronomically evaluated by cutting the plants around 10 cm above the 

soil surface and weighed using a scale to determine the field green weight (FGW) in kg.ha-1. 

Seven days after each cutting the regrowth capacity (REG) was obtained by the combination of 

scores for the density of regrown tillers and regrowth speed (Figueiredo et al. 2012). The 

nutritional traits were evaluated only on the third and fourth cutting, where the crude protein 

(CP) and neutral detergent fiber (NDF) were measured by infrared reflectance spectroscopy 

(NIRS) (Marten et al. 1989). The calibration of the NIRS was performed previously by 

comparing the results obtained in the wet chemical analyzes to the spectrum read from these 

same samples in the NIRS for several nutritional characteristics (unpublished data). 

We employed a two-step approach to estimate the phenotypic record of each hybrid. First, 

the block effect was estimated by a complete block design considering only the checks as 

described in the equation [1]. Afterwards, these effects were deducted from the observed data of 

each hybrid as a function at the field position. Then, the new corrected trait data were evaluated 

according to the equation [2]. 

𝑦𝑏𝑐𝑑 = 𝜇 + 𝑝𝑏 + 𝑞𝑐 + 𝑠𝑑 + 𝑢𝑏×𝑐 + 휀𝑏𝑐𝑑 [1] 

𝑦𝑔𝑐
∗ = 𝜇 + 𝑝𝑔

∗ + 𝑞𝑐 + 𝑢𝑔×𝑐
∗ + 휀𝑔𝑐 [2] 

where 𝒚  is the vector of checks phenotypic data; 𝒚∗ is the vector of hybrid’s corrected 

phenotypes; 𝝁 is the intercept; 𝒑 is the vector of check effects, considered as fixed, with 𝑏 =

{1,2, … ,9};  𝒑∗ is the vector of hybrids effect, considered as fixed, with 𝑔 = {1,2, … ,272}; 𝒒 is 

the vector of cut effect, considered as fixed, with 𝑐 = {1,2, … ,7} for agronomical traits and 𝑐 =

{3,4} for nutritional traits; 𝒔 is the vector of block effect, considered as fixed, with 𝑑 =

{1,2, … ,10}; 𝒖 is the vector of the check by cut interaction, considered as random, with 

𝒖~𝑁(0, 𝑰𝜎𝑏×𝑐
2 ) where 𝑰 is the identity matrix and 𝜎𝑏×𝑐

2  is the variance component of described 

interaction; 𝒖∗ is the vector of the hybrid by cut interaction effect, considered as random, with 

𝒖∗~𝑁(0, 𝑰𝜎𝑔×𝑐
2 ) where 𝜎𝑔×𝑐

2  is the variance component of described interaction; and 𝜺 is the 

residual vector with 𝜺~𝑁(0, 𝑰𝜎𝜀
2) where 𝜎𝜀

2 is the variance component of error.  
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All models used to obtain the genetic value of each hybrid and its significance tests were 

fitted using the ASreml-R package (Butler et al. 2009). 

 

Regression models applied to study the dosage information 

Genomic values were predicted using the additive and additive+dominance GBLUP 

(GBLUP-A and GBLUP-AD, respectively) assuming the model: 

𝒚 =  𝟏𝝁 + 𝒁𝒂 + 𝑻𝒅 + 𝜺 [3] 

where 𝒚 is the vector of genetic hybrids values from the equation [2], 𝛍 is the intercept, 𝒂 is the 

vector of additive effect with 𝒂~𝑁(0, 𝑮𝜎𝑎
2), 𝒅 is the vector of dominance effect with 

𝒅~𝑁(0, 𝑫𝜎𝑑
2), 𝜺 is the residual vector with 𝜺~𝑁(0, 𝑰𝜎𝜀

2). 𝜎𝜀
2, 𝜎𝑎

2, and 𝜎𝑑
2 is the variance 

component of error, additivity, and dominance, respectively. 𝑮 and 𝑫 are the covariance matrices 

associated with the additive and dominance effects, respectively. 𝑰 is the identity matrix. 𝒁 and 𝑻 

are the incidence matrices of each assumed genetic effect. The genomic kinship matrices for 

additive and dominant effects for diploid genetic configurations were estimated according to 

(Vitezica et al. 2013) and tetraploid according to (Endelman et al. 2018) following the equations: 

 

Diploid additive: 

𝑾𝐷𝑖𝑝 = (𝑿𝐷𝑖𝑝 − 2𝑝𝑖) 

𝑮𝐷𝑖𝑝 =
𝑾𝐷𝑖𝑝𝑾𝐷𝑖𝑝′

∑ 2𝑝𝑖(1 − 𝑝𝑖)
 

Diploid dominance: 

𝑺𝐷𝑖𝑝 = 2𝑝𝑖𝑿𝐷𝑖𝑝 − 2𝑝𝑖
2 − 𝑿𝐷𝑖𝑝(𝑿𝐷𝑖𝑝 − 1) 

𝑫𝐷𝑖𝑝 =
𝑺𝐷𝑖𝑝𝑺𝐷𝑖𝑝′

∑ 4𝑝𝑖
2(1 − 𝑝𝑖)

2
 

Tetraploid additive: 

𝑾𝑇𝑒𝑡𝑟𝑎 = (𝑿𝑇𝑒𝑡𝑟𝑎 − 4𝑝𝑖) 

𝑮𝑇𝑒𝑡𝑟𝑎 =
𝑾𝑇𝑒𝑡𝑟𝑎𝑾𝑇𝑒𝑡𝑟𝑎′

∑ 4𝑝𝑖(1 − 𝑝𝑖)
 

Tetraploid dominance: 

𝑺𝑇𝑒𝑡𝑟𝑎 = 6𝑝𝑖
2 − 3𝑝𝑖𝑿𝑇𝑒𝑡𝑟𝑎 +

𝑿𝑇𝑒𝑡𝑟𝑎(𝑿𝑇𝑒𝑡𝑟𝑎 − 1)

2
 

𝑫𝑇𝑒𝑡𝑟𝑎 =
𝑺𝑇𝑒𝑡𝑟𝑎𝑺𝑇𝑒𝑡𝑟𝑎′

∑ 6𝑝𝑖
2(1 − 𝑝𝑖)2

 

where 𝑝𝑖 is the reference allele frequency, and  𝑿 is the allele dosage matrix with genotypes. 
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Selection approaches and validation systems  

1 – Single trait model (INDG) 

To estimate the predictive ability (𝑟�̂�𝑦) of each scenario (Trait+Ploidy+GBLUP) using the 

INDG scheme, we randomly divided 75% of individuals in a training population (TP) and 25% 

in validation population (VP). This process was repeated 100 times for each scenario. For each 

random sample replicate, we assessed the prediction ability by estimating the Pearson’s 

correlation among the predicted and observed phenotypes of the individuals from VP (𝑟�̂�𝑦). 

Finally, we compared the evaluated scenarios by the average of the 100 prediction ability 

estimates. The genomic prediction analyses were carried out using the BGLR-R package (Pérez 

and de los Campos 2014) assuming 30,000 Gibbs samples, a burn-in of 5,000, and thinning of 5.  

 

2 – Multi-Trait Model (MTM) 

The four traits (FGW, REG, CP, and FDN) were evaluated in a Bayesian Multivariate 

Gaussian Models using the MTM package in R software (de los Campos, 

http://quantgen.github.io/MTM/vignette.html), following the equation:  

𝑦𝑛𝑖 = 𝜇 + 𝛽𝑖 + 𝑢𝐴 + 𝑢𝐷 + 휀𝑛𝑖 [4] 

where 𝑦𝑛𝑖 = (𝑦1𝑖, … , 𝑦𝑛𝑖)′ is the phenotypic data with 𝑖 equal the number of traits 𝑖 = {1,2,3,4}  

and 𝑛 the number of hybrids 𝑛 = {1,2, … ,272}; 𝝁 is the model intercept; 𝜷 is the vector of the 

𝑖𝑡ℎ trait effect; 𝒖 is the genetic vector of hybrids, considered as random, with 𝒖𝑨~𝑀𝑉𝑁(0, 𝑮𝜎𝑎
2) 

and 𝒖𝑫~𝑀𝑉𝑁(0, 𝑫𝜎𝑑
2); 𝜺 is the residual vector with 𝜺~𝑀𝑉𝑁(𝑦𝑛𝑖|𝜂𝑛𝑖, 𝑹). Where 𝑀𝑉𝑁(. |. , . ) 

denotes a multivariate-normal density with mean 𝜂𝑛𝑖 and covariance matrix 𝑹; here, 𝜂𝑖 is an r-

dimensional vector whose entries are the expected phenotypic values of the 𝑛th individual for 

each of the traits. 

For the multi-trait genomic method, we considered two different validation schemes. The 

first (VS1) considers a scenario in which an individual is not evaluated for any traits. This scheme 

mimics the situations in which the breeder desires to predict the performance of newly developed 

materials, without any phenotypic record (Fig.1A). The second (VS2), assume that the breeders 

aim to predict the performance of a particular individual for a determined trait (i.e., neutral 

detergent fiber - NDF) based on the phenotypic records of other traits in which this material was 

previously phenotyped (Fig.1B). For each trait we tested three scenarios assuming a training set 

(TP) of 75, 50, and 25% of the total population size in a multi-trait genomic prediction 

approaches. The sampling process was repeated 100 times for each scenario 

(MTM+VP.size+Ploidy+GBLUP). We assessed the prediction ability by estimating the Pearson’s 

correlation among the predicted and observed phenotypes and compared the average of the 100 

http://quantgen.github.io/MTM/vignette.html
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prediction ability estimates. We assumed 30,000 Gibbs samples, a burn-in of 5,000 and thinned of 

5. 

The validation error bar was calculated by SE = SD ∗ √
1

n
+

n2

n1
, where SE is the standard 

error, SD is the standard deviation, n = 272, and  
n2

n1
 is the ratio of 

VP

TP
 size (Bouckaert and Frank 

2004). 

 

Genetic gains and validation approach comparations 

Genetic gains were estimated by Δ𝐺 =
𝑖𝑟𝜎𝑎

𝐿
 , where 𝑖 is the standardized selection intensity, 

𝑟 is the model accuracy, 𝜎𝑎 is the genetic standard deviation, and 𝐿 is the generation interval 

(Hayes et al. 2013). 𝑟 is the average prediction ability of all scenarios (Trait+Ploidy+GBLUP) for 

the genomic approaches, and the square root of heritability for phenotypic selection (PS). 𝐿 is the 

time to conclude the first stage of traditional tropical forage breeding program (four years for 

PS), and the time to get seedlings to extract DNA of GP (six months). The standardized selection 

intensity was fixed in 10% (𝑖 = 1.76). The genomic prediction approach INDG and MTM were 

compared with the phenotypic selection by the ratio among genetic gains with GP by genetic 

gains with PS, following the equation: Δ𝐺𝑔𝑒𝑛𝑜𝑚𝑖𝑐:𝑃𝑆 =
Δ𝐺𝑔𝑒𝑛𝑜𝑚𝑖𝑐

∆𝐺𝑃𝑆
⁄ . In light of this, the 

values of 𝜎𝑎 and 𝑖 were considered the same and the genetic gains were estimated only by Δ𝐺 =

𝑟

𝐿
. 

 

5.3. RESULTS 

Phenotypic selection 

Significant genetic effects were found for studied all traits (Table 1), highlighting the 

possibility of genetic gains when applying the phenotypic selection in this Urochloa spp 

population. The heritability estimates were high for agronomical traits, 0.81 and 0.75 for field 

green weight and regrowth capacity, respectively. On the other hand, the heritabilities were 

moderate for nutritional traits, 68% for crude protein and 52% for neutral detergent fiber. The 

highest genetic gain was observed when employing the univariate phenotypic selection for CP 

(SG%=9.17) and the lowest for NDF (NDF=-0.52) (Table 1). It is important to point out that, 

the selection in tropical forages is made to improve FGW, REG, and CP and to reduce the NDF. 

Regarding the univariate phenotypic selection, the population performance for a given trait in the 
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next generation is estimated by the response to selection 𝑺𝑮 = ∆ �̅� ∗ 𝑯𝟐 plus the original 

population mean  (�̅�𝒑𝒐𝒑). Concerning the relation among traits, moderate to low correlations 

values were observed between them: 0.38** (FGWxREG), -0.04ns (FGWxCP), -0.24** 

(FGWxNDF), -0.04ns (REGxCP), -0.08ns (REGxNDF) and 0.49** (CPxNDF), where ** means 

correlation estimate significantly different from zero by the t-test and ns non-significant.  

 

Single-trait genomic prediction 

The prediction ability (𝑟) by single-trait genomic models were 0.20, 0.15, 0.13, and 0.31 for 

crude protein, green weight, fiber, and regrowth capacity, respectively (Fig.2A). Slightly 

differences were observed among the 𝑟 estimates obtained by the GBLUP-A and GBLUP-AD 

using 75/25 cross-validation (INDG). Similarly, for CP and FGW the GBLUP-A prediction 

ability was equal to or larger than those obtained when fitting the GBLUP-AD. Regarding NDF 

and REG, the 𝑟 estimates were not as consistent as for the other traits, and the best prediction 

model varied according to the ploidy considered to build the kinship matrices. The tetraploid 

level had slightly lower prediction ability than the diploid level for CP and FGW. However, the 

latter led to better results to predict REG and NDF𝑟 (Fig.2A). 

Breeders should choose the genomic selection model not by only considering the 

prediction ability but also the selection coincidence. It is the proportion of coincident hybrids 

selected by the genomic prediction model and phenotypic selection, generally in the tails of a 

distribution.  Thus, despite the small differences observed by 𝑟 between GBLUP-A and GBLUP-

AD, the latter performed better than GBLUP-A by comparing the selection coincidence using 

10% of intensity of selection for all scenarios (Fig.2B). GBLUP-AD showed 0-5% higher 

selection coincidence than GBLUP-A for crude protein, and 5% for regrowth capacity. 

Concerning the dosage information, the tetraploid level combined to the GBLUP-A, in general, 

does not affect the selection coincidence. However, when it was combined with GBLUP-AD, the 

selection coincidence was improved for all traits (Fig.2B).  

 

Multi-trait genomic prediction  

The prediction ability of multi-trait genomic prediction models through the validation scheme 1 

(VS1) were modest and slightly different, even considering different testing population sizes (Fig. 

3A). The smallest prediction accuracy was observed for NDF, ranging from 0.05 (TP=25%, 

GBLUP-A-Diploid) to 0.15 (TP=75%, AD-Tetraploid). Conversely, it was the trait with the best 

advantage of increasing the training population size for prediction using a multi-trait framework.  

For most scenarios, the additive model led to slightly higher prediction accuracies for both 



120 

 

diploid and tetraploid parametrization.  However, even with the small differences on the 

prediction accuracies the additive plus dominance models provided the more substantial selection 

coincidence, reaching the highest coincidences when combining with the tetraploid matrix. 

 The validation scheme 2 (VS2) showed the highest prediction abilities for all scenarios 

(Fig.3A and Fig.4A). For example, accounting only crude protein, the average of multi-trait 

prediction accuracy by VS1 were 0.16, 0.20, and 0.21 while the values by VS2 were 0.23, 0.33, and 

0.37 for training set sizes of 25, 50, and 75%, respectively. The same trend was observed for all 

traits, where the prediction ability highly increased according to the training population size and 

scheme. 

Regrowth ability showed the highest prediction values using both validations schemes, also 

for all training/testing populations sizes with prediction accuracies always superior to 0.25 

(Fig.3A and Fig.4A). However, the difference concerning the other traits was diminished using 

VS2. For instance, the difference of prediction ability between REG and NDF, considering VS1 

were around 0.10-0.20 and reduced to 0.02-0.06 using VS2.  

Overall, the GBLUP-AD performed better than the GBLUP-A regarding the prediction 

ability, but as observed for single-trait predictions, the differences between the additive and 

additive-dominance GBLUP were tiny, being the most considerable differences observed in small 

training populations sizes, such as 25% (Fig.4A). Regarding the ploidy information, the 

differences in prediction abilities between diploid and tetraploid parametrizations were small for 

all scenarios. However, there is an increase in the selection coincidence according to the training 

set size and the ploidy considered to build the relationship matrices. . Furthermore, the tetraploid 

matrix led to highest coincidence estimates than the diploid matrix, achieving a maximum of 0.63 

for FGW (Fig.4B).  

Based on the standard error proposed by Bouckaert and Frank (2004), that accounts the 

size of validation and training population, shows that only when TP=75% and VP=25% there 

will be a significative difference between  GBLUP-A and GBLUP-AD (Fig.3B and Fig.4B). 

 

Genetic Gains 

The genetic gain per unit of time using genomic prediction approaches was at least 1.383 

times more efficient than phenotypic selection (Table 2). Using single-trait models (INDG) to 

select it is possible to increase the response to selection in 1.543, 3.322, 2.431, and 2.038 times 

concerning the phenotypic selection for FGW, REG, CP, and NDF, respectively. The gains 

obtained by multi-trait prediction VS1 were similar to those observed by the INDG approach. 
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However, in general, the estimates observed by MTM using the VS2 were the highest for all traits 

(Table 2). 

 

5.4. DISCUSSION 

Genomic prediction in polyploids 

Currently, there is a lack on the information regarding the employment of genomic 

prediction in tropical forages breeding when compared to crop and temperate forages species. 

Furthermore, the genomic prediction has been extensively applied for diploid in detriment of 

polyploid species (You et al. 2018). The use of allele dosage in genomic prediction is important 

once that in theory the genetic value (𝐺𝑉𝑖𝑗𝑘𝑙) of one tetraploid genotype 𝐴𝑖𝐴𝑗𝐴𝑘𝐴𝑙 from a 

random mating population at equilibrium may be partitioned according to the equation described 

by Kempthorne (1957): 𝐺𝑉𝑖𝑗𝑘𝑙 = µ +  αi +  αj +  αk +  αl +  βij +  βik +  βil +  βjk +

 βjl +  βkl +  γijk +  γijl +  γikl +  γjkl +  δijk, where µ is the population mean, 𝛼 is the 

main effects of each allele, 𝛽 is the diallelic interaction effect, 𝛾 is the triallelic interaction effect, 

and 𝛿 is the tetra-allelic interactions effect. Conversely, the genetic value in a diploid genotype 

(𝐺𝑉𝑖𝑗) is provided only by 𝐺𝑉𝑖𝑗 = µ +  αi +  αj + βij. Therefore, simplify a tetraploid genotype 

as a diploid might insert a bias on the genomic predictions due to high order interactions and 

allele substitution effects to be estimated. In our study, we compared the impact of the ploidy 

parametrization over the prediction accuracy of agronomical traits in Urochloa spp hybrids using 

single and multi-trait models. 

To apply the tetraploid dosage information in genomic prediction, we admitted that these 

traits are polygenic and controlled by many genes with small effects distributed on the whole 

genome. In this case, the locus dosage should be diminished by the number of markers and 

genome coverage. Usually, high-density marker set shows the best predictions (Guo et al. 2012; 

Pérez-Rodríguez et al. 2012; Combs and Bernardo 2013). Thus, we admitted that genome 

coverage is more important than depth and use the high-quality filtering for diploid to select 

markers in the quality control process. Our results indicated that the influence of the ploidy in 

this population depends on the trait. For example, diploid and tetraploid levels showed little 

differences in prediction ability between them for FGW, CP, and REG (Fig.2A, 3A, and 4A). 

However, the prediction ability using tetraploid level was at least 2-5% greater than the diploid 

for NDF. 

 Generally,  the dosage diagnostic in GBS genotype calls for polyploid species demands 

high read depths, as 100x for sugarcane (Song et al. 2016), 48.7x for strawberry (Bassil et al. 
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2015), 60–80x for potato (Uitdewilligen et al. 2013). Alternatively, Griffin et al. (2011) using 

simulations showed that a read depth of 15x or more is required to identify allele in tetraploids. 

These depths are necessary once genotype calling in tetraploid species is more challenging than 

diploid species. In this case, there are five different genotype categories to be distinguish: 

nulliplex (0, aaaa), simplex (1, Aaaa), duplex (2, AAaa), triplex (3, AAAa), and tetraplex (4, 

AAAA) (Uitdewilligen et al. 2013). In this situations, low depth of reads is a barrier to cross and 

identify correctly the simplex, duplex, and triplex, due to be more challenging than the nulliplex 

and the tetraplex (Serang et al. 2012; Rosyara et al. 2016; Schmitz Carley et al. 2017). Therefore, it 

is possible to infer that in cases when the genomic data has lower reading depth than expected 

for tetraploid genotype calling, the approach of grouping all "heterozygous" genotypes in one 

class, i.e., considering the diploid parametrization, seems to be a good strategy to circumvent this 

problem and apply genomic tools. 

As noted above, the dosage information in genomic tools needs to be evaluated carefully. 

Our results suggest that the use of quality filtration adequate for diploid level and extended for 

tetraploid level, it means, a couple of markers with a lower depth of reads than recommended for 

tetraploid species in the literature, was not a problem to perform the genomic predictions in 

Urochloa spp hybrids. As one can observe, the more considerable selection coincidence provide by 

tetraploid information under the diploid filtration criterions is a strong argument to be more 

permissive during the genotyping calling step in tetraploid species (Fig.2, 3 and 4). It is important 

to highlight that this Urochloa spp. population is an allotetraploid segmental with part of the 

genome with autotetraploid configuration and part with allotetraploid configuration (Mendes-

Bonato et al. 2002; Worthington et al. 2016), and for a complete autotetraploid species the results 

could be different. 

Slight differences in prediction accuracies between tetra and diploid matrices were found in 

our population. However, this differs from the findings of Nyine et al.  (2018), who observed a 

significant reduction in the prediction accuracy when considering allele dosage in triploid banana. 

According to the same authors, this can be due to the variation on the minor allele frequency 

across loci, with have a significant impact on the estimation of SNP effects. In this context, our 

study is the first to compare both diploid and tetraploid matrices for interspecific hybrids, but we 

were more permissive for the tetraploid markers calling. Therefore, further studies accounting for 

a "recommended" read depth in polyploids markers calling are necessary.    
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Genomic prediction in Urochloa spp. hybrids 

Several problems can be circumvented in a breeding program by using genomic prediction. 

The most common is the situation in which the material was not evaluated in field trials, and the 

breeder aims to determine the best materials for the field evaluations. This scenario is mimicked 

by two of the tested validation schemes we used, the INDG and MTM-Validation Scheme 1. In 

this case, all recovered information will mainly be due to the genetic relationship between the 

training and testing sets (Burgueño et al. 2012; Crossa et al. 2017).  Another typical situation 

observed in a breeding program is that a developed material was not evaluated for all traits. In 

this case, the material's performance for a determined trait can be easily obtained by using multi-

trait prediction analyses and can take advantage of the high correlations among the considered 

traits (Guo et al. 2014; Lyra et al. 2017) and broadly increase the prediction accuracy of genomic 

models. This scenario can be represented by the MTM-Validation Scheme 2, and it is similar to 

the “trait-assisted GS approach” proposed by Fernandes et al. (2018). However, we considered 

three traits are assisting the prediction of one. Furthermore, we considered a variation on the 

training sets the size for the MTM models.  

Single and multi-trait models did not show significative differences in their prediction 

accuracies for the same training population size (Fig.2A, and 3A, TP=75%). This result is in 

accordance to some previous studies in annual crops (Lyra et al. 2017; Fernandes et al. 2018) but 

differs of several others (Jia and Jannink 2012; Guo et al. 2014; Schulthess et al. 2016). As 

pointed before, the information recovered in these validation schemes is mainly due to the 

relationship among genotypes within trait. It is similar to the CV1 proposed by Burgueño et al. 

(2012) and does not retrieve information among traits, commonly observed for multi-

environments prediction models in crops (Lopez-Cruz et al. 2015; Souza et al. 2017). Thus, these 

similarities among prediction accuracies were expected.  

The prediction of newly developed materials using single or multi-trait models (INDG and 

MTM-VS1) showed smaller prediction accuracy than the observed by the MTM-VS2 (Figures 

2A, 3A, and 4A). This result is in accordance to the findings of Fernandes et al. (2018), who 

found in sorghum more substantial prediction accuracy of the “trait-assisted GS” when 

compared to single and multi-trait prediction models for biomass yield. Also, it is interesting to 

note that the MTM-VS2 provided higher prediction accuracies when we used the smallest 

training population size (TP=25%). Furthermore, it suggest that a small number of individuals 

should be phenotyped for the “assisted trait” to reach larger accuracies estimates than the single 

(INDG) and multi-trait (MTM-VS1).   
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As already described no high correlation was observed among the traits. The highest value 

was between crude protein and fiber (0.49), followed by the correlation between green weight 

and regrowth (0.38). Also, no significant correlation was observed between FGW and CP, REG 

and CP, and REG and NDF. Thus, the absence of all phenotypic information of individuals in 

MTM-VS1 was a challenge to modeling than MTM-VS2, due to the model was using low values 

in the variance and covariance matrix of traits. 

The prediction ability of INDG and MTM were lower than 0.45 for all traits (Fig.2 and 

Fig.3). Frequently, low accuracy of genomic prediction was found for agronomic and nutritional 

traits in polyploid forages. For instance, alfalfa forage quality traits show low accuracy for neutral 

detergent fiber (leaf and stem) and crude protein (stem) (Biazzi et al. 2017). In our case, this fact 

was not verified due to FGW had high heritability around 80% but the prediction capacity was 

0.15 and 0.40 using INDG and MTM-VS2 approaches, respectively. Moreover, the markers 

density influences the predictions (Resende et al. 2014). Hence, the absence of reference genome 

and the complexity of the Urochloa genome make it challenging to cover the whole genome.    

GBLUP-A and GBLUP-AD models presented similar prediction abilities (Fig.2A, 3A, and 

4A). In general, GBLUP-A was slightly superior to GBLUP-AD using the INDG approach. 

Probably, this dataset was not enough to cover and capture the nonadditive effects accurately, 

like was observed in alfalfa (Biazzi et al. 2017). In our study, we cannot conclude precisely the 

influence of additive and non-addictive marker effects on the prediction of new materials. 

Despite of this, the inclusion of non-additive effects in the genomic model can improve the 

prediction ability in diploid species as pine (De Almeida Filho et al. 2016), eucalyptus (Tan et al. 

2018), maize (Dias et al. 2018), and also tetraploid species as potato (Endelman et al. 2018). On 

the other hand, the scenarios with GBLUP-AD showed higher selection coincidence than 

GBLUP-A for all traits, mainly when combined with tetraploid information (Fig.2B, 3B, and 4B). 

We observed that more levels of alleles dosages provide subtle but different configuration of 

additive and non-additive kinship matrix. These differences were not enough to improve the 

prediction accuracy of the models but could explain better the genetic variability and approximate 

the genomic prediction rank to the real rank for all traits.  

 Furthermore, we believe that there is a trade-off between the amount and quality of 

information and accuracy.  Indeed, using a tetraploid level, there are many more parameters to be 

estimated. Thus, even biologically correct, depending on the number and depth of markers, it is 

not possible to estimate all the genetic effects with accuracy.  Therefore, this bias on the 

estimates led the models to perform similarly under poor conditions. However, the differences 
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between them tend to appear regarding the data improvement. Consequently, as the lower limit 

of the tetraploid model is diploid, we strongly recommend the former in genomic predictions. 

 

The genomic prediction fes in Urochloa spp. breeding programs 

Forages breeding programs focus on improved yield and quality of herbage aiming at 

conversion into meat or milk (Jank et al. 2014). Field green weight, regrowth ability, crude 

protein, and fiber require expensive and destructive measurement, which make them good 

candidates for GP (Hayes 2013). Also, reducing costs and increasing genetic gain per unit of time 

are common aims of any breeding program. According to Resende et al. (2014), during the early 

stages of forage breeding programs, several traits must be selected simultaneously. In this case, it 

is possible to use markers associated with multiple traits as a tool for a multivariate selection. Our 

study provided an insight of the use of genomic prediction models on early stages of a traditional 

Urochloa spp. breeding program (Jank et al. 2014), but also could be extended to later stages. 

Genomic prediction should be used when the phenotypic selection (PS) has lower 

predictability using sward conditions, low meaningful selection pressure within families, and long 

and expensive phenotyping cycle (Resende et al. 2014). Different schemes of application GP in 

forages were described in the literature (Hayes et al. 2013; Resende et al. 2014; Biazzi et al. 2017). 

However, this is the first applying in tropical forages. We compared genetic gains achieved for 

critical agronomic traits when GP is used in a tropical forage breeding program (Table.2). Instead 

the low values of prediction accuracy, the gains in a unit of time provided for all scenarios larger 

genetic gains for genomic selection (GS) when compared to the phenotypic selection (Table.2). It 

is in accordance to several authors (Heffner et al. 2009; Hayes et al. 2013; Crossa et al. 2017) and 

indicates that the employment of genomic tools for Urochloa spp hybrids prediction should be 

adopted in breeding programs.  

The genetic knowledge of forage crops is underdeveloped compared with cereals. Few 

studies applying genomic prediction to real polyploid forage dataset are available (Annicchiarico 

et al. 2015; Biazzi et al. 2017), and we believe that our work can improve the understanding of 

different selection processes on apomictic forages breeding programs. We evaluated the influence 

of polyploidy and the quality of genotyping call on predictions. No difference of prediction ability 

was observed using GBLUP-A and GBLUP-AD, however, combining GBLUP-AD and 

tetraploid information can improve the selection coincidence. Also, to improve prediction ability 

others different strategies were recommended in literature as use multi-trait models (Guo et al. 

2014). For our dataset, the MTM approach improves significantly the prediction values, manly 
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using MTM-VS2 that also provide the most significant genetic gains (Table.2). INDG and MTM-

VS1 had similar prediction abilities and genetic gains.  

The Urochloa breeding program from the EMBRAPA beef-cattle follow-up the breeding 

scheme described by Jank et al. (2014). Each stage takes at least two years and adding one year 

for seed multiplication between them. The whole process takes 10–15 years. In a traditional 

program, the focus in the initial stage is to obtain new genotypes, in the intermediate stage is 

selected, and in the final stage is the recommendation of superior genotypes (Jank et al. 2014). 

Genomic prediction and selection tools can be applied to skip the stage 1, and the selected 

genotypes should be evaluated directly on stage 2. Consequently, at least two or four years would 

be reduced. Also, the breeder can use the information of costs and more accessible traits to be 

measured as a tool to decide which one will be evaluated in field trials and which one will be 

predicted in the MTM approaches. The costs of GBS methods have the price around $35 per 

sample (Peng et al. 2017), this value is less than observed to phenotype tropical grasses around 

$180 per sample (personal communication). Therefore, by computing the costs on the genetic 

gains’ equation, the advantages to use genomic prediction approaches would be even higher than 

described above (Table.2). Although the challenges detected for SNP discovery and genotyping 

in this polyploid interspecific population, noticeable progress has been developed to help the 

application of genomic tools in polyploids for computational (Serang et al. 2012; Schmitz Carley 

et al. 2017) and statistics analysis (Endelman et al. 2018). Finally, genomic prediction should be 

used in forages breeding programs to reduce the time and the costs of recommending a new 

cultivar.  
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FIGURES 

 
Fig.1 - Multi-trait model validation schemes, A) an individual is not evaluated for any traits (VS1); 
B) one trait is not evaluated for part of individuals (VS2). 
 
 
 

 

Fig.2 – INDG univariate (75/25) genomic prediction approach: (A) Predictive ability of INDG 
genomic prediction and (B) selection coincidence between the10% of the best hybrids selected by 
phenotypic selection and by genomic prediction carried out using two prediction models 
(GBLUP-A and GBLUP-AD) and two levels of ploidy (Diploid and Tetraploid) for (FGW) field 
green weight, (REG) regrowth ability (CP) crude protein and (NDF) neutral detergent fiber in a 
Urochloa spp. hybrid panel.  
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Fig.3 – Validation Scheme 1 (VS1) for Multi-Trait genomic prediction approach: (A) Predictive 
ability of INDG genomic prediction and (B) selection coincidence between the ten percent of the 
best hybrids selected by phenotypic selection and by genomic prediction carried out using two 
prediction models (GBLUP-A and GBLUP-AD) and two levels of ploidy (Diploid and 
Tetraploid) for (FGW) field green weight, (REG) regrowth ability (CP) crude protein and (NDF) 
neutral detergent fiber in a Urochloa spp. hybrid panel. Three sizes of training population (TP) and 
validation population (VP) were evaluated 1 - { TP=75% & VP=25%}, 2 - {TP=50% & 
VP=50%} and 3 - {TP=25% & VP=75%}.  
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Fig.4 – Validation Scheme 2 (VS2) for Multi-Trait genomic prediction approach: (A) Predictive 
ability of INDG genomic prediction and (B) selection coincidence between the ten percent of the 
best hybrids selected by phenotypic selection and by genomic prediction carried out using two 
prediction models (GBLUP-A and GBLUP-AD) and two levels of ploidy (Diploid and 
Tetraploid) for (FGW) field green weight, (REG) regrowth ability (CP) crude protein and (NDF) 
neutral detergent fiber in a Urochloa spp. hybrid panel. Three sizes of training population (TP) and 
validation population (VP) were evaluated 1 - { TP=75% & VP=25%}, 2 - {TP=50% & 
VP=50%} and 3 - {TP=25% & VP=75%}.  
  



135 

 

 

TABLES  

Table 1. Wald test for fixed effects of Genotype, broad heritability (𝑯𝟐), average of population 

(�̅�𝒑𝒐𝒑), average of 10% best hybrids (�̅�𝟏𝟎% 𝑩𝒆𝒔𝒕), average of 10% worst hybrids (�̅�𝟏𝟎% 𝑾𝒐𝒓𝒔𝒕), 

selection differential (∆ �̅� = �̅�𝟏𝟎% 𝑩𝒆𝒔𝒕 − �̅�𝒑𝒐𝒑) and response to selection (𝑺𝑮% = ∆ �̅� ∗

𝑯𝟐/�̅�𝒑𝒐𝒑) of field green weight (FGW), regrowth capacity (REG), crude protein (CP), and 

neutral detergent fiber (NDF) 

Parameters FGW REG CP NDF 

Genotype 8181.20 ** 5035.10 ** 3374.10 ** 2267.70 ** 

𝑯𝟐 0.81 0.75 0.68 0.52 

�̅�𝒑𝒐𝒑 1468.26 3.23 15.80 65.91 

�̅�𝟏𝟎% 𝑩𝒆𝒔𝒕 1614.57 3.47 17.93 59.32 

�̅�𝟏𝟎% 𝑾𝒐𝒓𝒔𝒕 447.88 1.83 13.11 70.81 

∆ �̅� 146.31 0.24 2.13 -6.59 

𝑺𝑮% 8.07 5.57 9.17 -0.52 

 

 

Table 2. Genetic gain per unit of time comparing the phenotypic selection (PS) to 75/25 cross-
validation (INDG) and multi-trait prediction (MTM) with validation population size equal to 
25% of population for field green weight (FGW), regrowing ability (REG), crude protein (CP) 
and neutral detergent fiber (NDF) from in interspecific hybrid Urochloa spp. panel  

Methods Parameters FGW REG CP NDF 

PS 

𝐻2 0.810 0.750 0.680 0.520 

𝑟 = √𝐻2 0.900 0.866 0.825 0.721 

Δ𝐺𝑃𝑆 0.225 0.217 0.206 0.180 

INDG 

𝑟 =
𝑟𝑦�̂�

√𝐻2
⁄  0.174 0.360 0.251 0.184 

Δ𝐺𝑔𝑒𝑛𝑜𝑚𝑖𝑐 0.347 0.719 0.501 0.367 

Δ𝐺𝑔𝑒𝑛𝑜𝑚𝑖𝑐:𝑃𝑆 1.543 3.322 2.431 2.038 

MTM-VS1 

𝑟 =
𝑟𝑦�̂�

√𝐻2
⁄  0.156 0.346 0.255 0.208 

Δ𝐺𝑔𝑒𝑛𝑜𝑚𝑖𝑐 0.311 0.693 0.509 0.416 

Δ𝐺𝑔𝑒𝑛𝑜𝑚𝑖𝑐:𝑃𝑆 1.383 3.200 2.471 2.308 

MTM-VS2 

𝑟 =
𝑟𝑦�̂�

√𝐻2
⁄  0.411 0.439 0.485 0.610 

Δ𝐺𝑔𝑒𝑛𝑜𝑚𝑖𝑐 0.822 0.878 0.970 1.220 

Δ𝐺𝑔𝑒𝑛𝑜𝑚𝑖𝑐:𝑃𝑆 3.654 4.053 4.706 6.769 

Additive variance (𝐻2), accuracy (𝑟), genetic gain using PS (Δ𝐺𝑃𝑆), genetic gain using genomic 

selection (Δ𝐺𝑔𝑒𝑛𝑜𝑚𝑖𝑐) and ratio gain (Δ𝐺𝑔𝑒𝑛𝑜𝑚𝑖𝑐:𝑃𝑆). 


