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Abstract 14 

Urochloa decumbens (Stapf) R.D. Webster is one of the most important African forage grasses in 15 

Brazilian beef production. Currently available genetic-genomic resources for this species are 16 

restricted mainly due to polyploidy and apomixis. Therefore, crucial genomic-molecular studies such 17 

as the construction of genetic maps and the mapping of quantitative trait loci (QTLs) are very 18 

challenging and consequently affect the advancement of molecular breeding. The objectives of this 19 

work were to (i) construct an integrated U. decumbens genetic map for a full-sibling progeny using 20 

GBS-based markers with allele dosage information, (ii) detect QTLs for spittlebug (Notozulia 21 

entreriana) resistance, and (iii) seek putative candidate genes involved in resistance/defense against 22 

pathogens. We used the Setaria viridis genome as reference to align GBS reads and selected 4,240 23 

high-quality SNPs markers with allele dosage information. Of these markers, 1,000 were distributed 24 

throughout nine homologous groups with a cumulative map length of 1,335.09 cM and an average 25 

marker density of 1.33 cM. We detected QTLs for resistance to spittlebug, an important pasture 26 

insect pest, that explained between 4.66% and 6.24% of the phenotypic variation. These QTLs are in 27 

regions containing putative candidate genes related to resistance/defense against pathogens. Because 28 

this is the first genetic map with SNP autotetraploid dosage data and QTL detection in U. decumbens, 29 

it will be useful for future evolutionary studies, genome assembly, and other QTL analyses in 30 

Urochloa spp. Moreover, the results might facilitate the isolation of spittlebug-related candidate 31 

genes and help clarify the mechanism of spittlebug resistance. These approaches will improve 32 

selection efficiency and accuracy in U. decumbens molecular breeding and shorten the breeding 33 

cycle. 34 

Keywords: allele dosage, Brachiaria, linkage map, polyploidy, signalgrass, SNP, quantitative traits 35 
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1 Introduction 36 

Brazilian cultivated pastures are the basis for the production of beef cattle, and they cover extensive 37 

areas, most of which are populated by grasses of the genus Urochloa (syn. Brachiaria) (Jank et al., 38 

2011; Associação Brasileira das Indústrias Exportadoras de Carne (ABIEC), 2016). This genus 39 

belongs to the Poaceae family and comprises species of plants distributed in tropical and subtropical 40 

regions, mainly in the African continent (Renvoize et al., 1996; Valle et al., 2009). 41 

One of the most widely cultivated species of genus is Urochloa decumbens (Stapf) R.D. Webster, 42 

also known as signalgrass. This forage grass has relevant agronomic attributes, including exceptional 43 

adaptation to poor and acidic soils that are typical of the tropics, leading to good animal performance 44 

(Valle et al., 2010). However, the species is susceptible to several types of spittlebug, including 45 

Notozulia entreriana Berg (Hemiptera: Cercopidae), which is the most damaging pest for tropical 46 

pastures (Gusmão et al., 2016). 47 

Spittlebugs reduce biomass production, decrease palatability, and reduce the carrying capacity of 48 

pastures (Valério and Nakano, 1988). Therefore, breeding programs aim to develop new cultivars 49 

with reasonable or high resistance to spittlebugs to reduce forage loss. To achieve this advance, it is 50 

essential to understand the genetic mechanisms involved in the spittlebug resistance response in 51 

forage grass and to identify valuable markers for selection in breeding schemes. Currently, spittlebug 52 

resistance in Urochloa grasses is thought to be under relatively simple genetic control and is highly 53 

heritable (Miles et al., 1995). Therefore, despite being a trait with little genetic information, 54 

spittlebug resistance can probably be easily manipulated in a plant breeding program. 55 

Genetic breeding of U. decumbens is recent and has proven challenging because this grass is 56 

predominantly tetraploid (2n = 4x = 36) and apomictic (Naumova et al., 1999; Valle et al., 2008). In 57 

this scenario, the number of currently available molecular genetic resources is limited. Previous 58 

molecular studies have increased knowledge of U. decumbens genetics, including the development of 59 

sets of microsatellite markers (Ferreira et al., 2016; Souza et al., 2018) and the first transcriptome 60 

(Salgado et al., 2017) of the species as well as linkage maps from the interspecific progeny of U. 61 

decumbens x U. ruziziensis (Worthington et al., 2016). Other studies with molecular markers have 62 

analyzed the genetic relationships of this species to other species in the Urochloa genus (Almeida et 63 

al., 2011; Pessoa-Filho et al., 2017; Triviño et al., 2017). 64 

Until recently, it was not possible to perform intraspecific crossings due to the ploidy barriers 65 

between apomictic (polyploid) and sexual (diploid) accessions, but this restriction changed when 66 

diploid accessions were artificially tetraploidized using colchicine (Simioni and Valle, 2009). This 67 

advance allowed the generation of a base population and the exploration of a genetic variability 68 

previously conserved by apomixis, favoring new molecular studies, including building specific 69 

genetic maps to increase the genetic knowledge of the species. 70 

Genetic maps are essential tools for genetics and genomics research, and they are becoming 71 

increasingly common in polyploids species, mainly due to the development of next-generation-72 

sequencing (NGS) technologies and advances in genetic and statistical methods (Garcia et al., 2013). 73 

In this study, we utilized the genotyping-by-sequencing (GBS) technique, which enables the 74 

discovery of thousands of SNPs at low cost (Elshire et al., 2011; Poland et al., 2012). In addition, 75 

robust software has been developed for polyploid organisms, including programs that can estimate 76 

the allele dosage of SNPs and provide more genetic information to generate linkage maps with high 77 
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marker densities (Serang et al., 2012; Garcia et al., 2013; Mollinari and Serang, 2015; Bourke et al., 78 

2016, 2018). 79 

The mapping process is more complex in polyploid species, mainly because of the larger number of 80 

possible genotypes (Ripol et al., 1999; Vigna et al., 2016). Most polyploid genetic maps have been 81 

limited to the use of single-dose markers (SDMs). In this case, either each marker is considered as a 82 

single-allele copy from only one of the parents of the cross, with a 1:1 segregation ratio, or the SDMs 83 

in both parents segregate in a 3:1 ratio (Wu et al., 1992). This method has been developed and 84 

successfully adopted for various forage grass species, such as Panicum maximum (Ebina et al., 2005), 85 

Paspalum notatum (Stein et al., 2007), Panicum virgatum (Okada et al., 2010) and Urochloa 86 

humidicola (Vigna et al., 2016). However, the use of only SDMs represents a loss of genetic 87 

information, because in autotetraploid species, for example, five possible dosage classes exist: 88 

nulliplex (aaaa), simplex (Aaaa), duplex (AAaa), triplex (AAAa), and quadruplex (AAAA). Thus, 89 

many other marker segregations can be considered. Knowledge of the dosage of an SNP is essential 90 

for genetic studies in polyploids species and can significantly increase the information imparted by 91 

each locus (Voorrips et al., 2011; Garcia et al., 2013; Bourke et al., 2016, 2018). 92 

High-resolution genetic linkage mapping for polyploid species can identify beneficial trait loci and 93 

allow genomics-based breeding programs (Shirasawa et al., 2017). Molecular markers have been 94 

widely used to locate quantitative trait loci (QTL) associated with quantitative resistance to insects in 95 

many crop plants; however, genomic loci related to resistance to spittlebugs have not been 96 

determined in any plant species. Particularly in U. decumbens, the identification of loci involved in 97 

this trait is a promising tool for characterizing the genetic architecture and can assist in the design of 98 

strategies to be introduced into breeding programs to increase the efficiency of the selection 99 

processes and accelerate the release of new cultivars (Valle et al., 2009). 100 

This study reports the development and application of GBS for mapping studies in an intraspecific 101 

progeny of U. decumbens. To the best of our knowledge, there have been no reports of QTL mapping 102 

in signalgrass. Our goals were to (i) build a GBS-based integrated genetic map using autotetraploid 103 

allele dosage information in a bi-parental progeny, (ii) identify QTLs related to spittlebug resistance 104 

on the integrated genetic map, and (iii) search for putative candidate genes that may be involved in 105 

spittlebug resistance. 106 

2 Materials and Methods 107 

2.1 Plant Material and DNA Extraction 108 

At the Brazilian Agricultural Research Corporation (Embrapa) Beef Cattle (EBC), Campo 109 

Grande/MS, an intraspecific cross was made between U. decumbens D24/27 (sexual accession 110 

tetraploidized by colchicine) and U. decumbens cv. Basilisk (tetraploid, apomictic cultivar used as 111 

the pollen donor); therefore, both parents were tetraploid. The full-sib progeny of 239 F1 individuals 112 

was analyzed, from which 217 hybrids were identified using SSRs markers obtained from Ferreira et 113 

al. (2016). 114 

Leaf samples from each hybrid and both parents were collected, and genomic DNA was extracted 115 

using the DNeasy 96 Plant Kit (Qiagen GMbH, Germany). DNA concentrations were determined 116 

using a Qubit fluorometer (Invitrogen, Carlsbad, CA). 117 

 118 

.CC-BY-NC-ND 4.0 International licensea 
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 9, 2018. ; https://doi.org/10.1101/360594doi: bioRxiv preprint 

https://doi.org/10.1101/360594
http://creativecommons.org/licenses/by-nc-nd/4.0/


  Genetic Mapping in Urochloa decumbens 

 
4 

2.2 GBS Library Construction and Sequencing 119 

The GBS library was prepared at the University of Campinas following the protocol described by 120 

Elshire et al. (2011). Samples from both parents of the progeny were replicated five times for 121 

sequencing. Each individual within a library was part of a 96-plex reaction. Each DNA sample (300 122 

ng in a volume of 10 µL) was digested with the restriction enzyme NsiI (NEB) to reduce genomic 123 

complexity and then ligated to a unique barcoded adapter plus a common adapter. The 96-plex 124 

libraries were checked for quality using an Agilent DNA 1000 Kit on an Agilent 2100 Bioanalyzer 125 

(Agilent Technologies, Santa Clara, CA, United States). Libraries sequencing was performed as 150-126 

bp single-end reads on the Illumina NextSeq 500 platform. The quality of the resulting sequence data 127 

was then evaluated with the NGS QC Toolkit v2.3.3 (Patel and Jain, 2012). 128 

2.3 SNP Calling 129 

SNP discovery and genotype calling were performed using Tassel-GBS pipeline (Glaubitz et al., 130 

2014), which was modified to obtain the original count of the number of reads for each SNP allele 131 

(Pereira et al., submitted). Because this pipeline requires a reference genome, and because the U. 132 

decumbens genome has not yet been sequenced, we aligned the GBS tags using the Setaria viridis 133 

genome (v 1.0; ~394.9 Mb arranged in 9 chromosomes and 724 scaffolds; diploid forage) as an 134 

alternative pseudo-genome. This genome is available from the Phytozome website 135 

(http://www.phytozome.net/) (Goodstein et al., 2012), and it sequence data were produced by the US 136 

Department of Energy Joint Genome Institute. The Bowtie2 algorithm version 2.1 (Langmead and 137 

Salzberg, 2012) was used to align tags against the pseudo-reference with -D and -R parameters 138 

defined as 20 and 4, respectively, and with the very-sensitive-local argument. 139 

2.4 Allele Dosage Estimation and Data Filtering 140 

SuperMASSA software (Serang et al., 2012; Pereira et al., submitted) was used to estimate the allele 141 

dosage (number of copies of each allele) of each individual. The minimum overall depth considered 142 

was 25 reads, and the model used was the F1 Population Model. Markers were fitted and filtered to 143 

ploidy 4. 144 

Additionally, monomorphic SNPs were removed, and markers with a maximum of 25% missing data 145 

were selected manually using R software. 146 

2.5 Linkage Map 147 

An integrated linkage map was built using the TetraploidSNPMap (TPM, BioSS) software (Hackett 148 

et al., 2017), following the methodology described in Hackett et al. (2013, 2014). Homologous 149 

groups were constructed separately using the SNPs identified on each relative S. viridis chromosome. 150 

Markers with significance of the χ2 goodness-of-fit statistic less than 0.001 for simplex and 0.01 for 151 

higher segregations were considered distorted and were removed. A total of 2,725 distorted SNPs 152 

were excluded from the cluster analyses. The remaining 1,515 non-distorted SNPs were clustered 153 

into 9 homologous groups using a Chi-square test for independent segregation (Hackett et al., 2013). 154 

Considering the ordination of markers, a 2-point analysis was used to calculate the recombination 155 

frequency and LOD score for each pair of SNPs in each possible phase by an expectation-156 

maximization (EM) algorithm to maximize the likelihood. Duplicate and near-duplicate SNPs were 157 

removed in this step. The recombination frequencies were converted to map distances using 158 

Haldane’s mapping function, and a multi-dimensional scaling analysis (MDS) was then performed to 159 
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calculate the best order for the SNPs in the homology group. After this step, we excluded some SNPs 160 

that showed low LOD scores or that were distant from the rest of the group (Hackett et al., 2017). 161 

Some phases of the ordered SNPs were inferred by the automated phase analysis in 162 

TetraploidSNPMap, and others were completed manually based on the most likely phase for previous 163 

informative pairs prior to carrying out QTL analysis. 164 

The genetic map was drawn using MapChart 2.32 (Voorrips, 2002), in which SNPs configurations 165 

were identified with different colors. 166 

2.6 Phenotypic Evaluation 167 

The resistance of U. decumbens to spittlebugs (N. entreriana) was evaluated in greenhouse 168 

experiments at Embrapa Beef Cattle, Brazil, according to the methodology described by Lapointe et 169 

al. (1992) and Valério et al. (1997). From 2011 to 2013, a total of 12 experiments were conducted; 170 

each experiment had a randomized complete block design (RCBD) with different numbers of blocks 171 

and treatments. Common treatments were repeated in all experiments and were used as checks in the 172 

statistical analysis. A total of 349 individuals were evaluated for spittlebug resistance, of which 157 173 

were hybrids of the mapping population. 174 

During 2011 and 2012, five RCBD experiments were conducted, with ten blocks and 114 individuals 175 

evaluated. The best hybrids were selected with respect to spittlebug resistance and included in the 176 

experiments conducted in 2012 and 2013, when seven RCBD experiments were conducted, with four 177 

blocks and 259 individuals. The common checks for all experiments were U. decumbens cv. Basilisk, 178 

U. brizantha cv. Marandu, Urochloa spp. cv. BRS Ipyporã, and Urochloa spp. MulatoII. The 179 

variable evaluated was the percentage of nymphal survival (number of nymphs that reached the adult 180 

stage, as a percentage). The following statistical linear mixed model was used for the analysis: 181 

𝒚𝒊𝒋𝒍𝒌 =  µ + 𝒃𝒋(𝒍) +  𝒑𝒍 +  𝒂𝒌 + 𝒕𝒊𝒌 +  ɛ𝒊𝒋𝒍𝒌 182 

where 𝑦𝑖𝑗𝑙𝑘 is the phenotype of the i-th individual, at j-th block, l-th experiment, and k-th year; µ is 183 

the overall mean; 𝑏𝑗(𝑙) is the random effect of the j-th block within the l-th experiment 184 

(𝑏𝑗(𝑙) ~ 𝑁(0, 𝜎𝐵
2)); 𝑝𝑙 is the random effect of the l-th experiment (𝑝𝑙 ~ 𝑁(0, 𝜎𝑃

2)); 𝑎𝑘 is the fixed 185 

effect of the k-th year; 𝑡𝑖𝑘 is the random effect of the i-th individual in the k-th year (𝑡𝑖𝑘 ~ 𝑁(0, 𝑮)), 186 

in which 𝑮 is the variance-covariance (VCOV) matrix for genetic effects; and ɛ𝑖𝑗𝑙𝑘 is the residual 187 

error (ɛ𝑖𝑗𝑙𝑘 ~ 𝑁(0,  𝝈 ̂𝟐 )). The 𝑮 matrix is indexed by two factors (genotype and year) written as the 188 

Kronecker product of matrices, 𝑮 =  𝑰𝒏  ⊗ 𝑮𝒂, in which 𝑰𝒏 is an identity matrix relative to genotype 189 

effects and 𝑮𝒂 is the VCOV matrix relative to year effects. The 𝑮𝒂 matrix was evaluated considering 190 

six different VCOV structures: independent (ID), diagonal (DIAG), compound symmetry (CS), 191 

compound symmetry heterogeneous (CS-Het), first-order factor analytic (FA1), and unstructured 192 

(US). The selection model was performed considering the Akaike Information Criteria (AIC) 193 

(Akaike, 1974) and Schwarz Information Criteria (SIC) (Schwarz, 1978). 194 

Phenotypic analysis was performed using the packages ASReml-R v3 (Butler et al., 2009; Gilmour et 195 

al., 2009) and ASRemlPlus (Brien, 2016). Heritability between genotype means was estimated using 196 

the index as presented by Cullis et al. (2006) and Piepho and Möhring (2007), where: 197 
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Ĥ𝑪
𝟐 = 𝟏 − 

𝑷𝑬𝑽

𝟐𝝈𝑮
𝟐

 198 

in which 𝑃𝐸𝑉 is the prediction error variance, and 𝜎𝐺
2 is the genetic variance. 199 

2.7 QTL Mapping 200 

QTL mapping for spittlebug resistance was performed by applying an Interval Mapping (IM) model 201 

based on autotetraploid allele dosage information with TetraploidSNPMap software (Hackett et al., 202 

2017). This analysis was performed separately for each homology group using the SNP data for each 203 

homology group, the integrated genetic map with phase information and the phenotypic trait data. 204 

The interval mapping was fit to a model of additive effects using a weighted regression approach. A 205 

significant QTL was declared if the LOD score was above the 95% threshold obtained from a 206 

permutation test with 1,000 permutations. From a significant QTL, simple models such as a simplex, 207 

duplex or double-simplex QTL models were then tested using the SIC (Schwarz, 1978) to determine 208 

if the estimated genotype corresponded to the most likely QTL location. The SIC is calculated in 209 

TetraploidSNPMap as follows: 210 

SIC= -2 log L + 𝒑 𝐥𝐨𝐠 𝒎𝒐, 211 

where L is the likelihood for the simple model, 𝑝 is the number of parameters in the simple model, 212 

and 𝑚𝑜 is the number of observations (the 36 genotype means). Models with the lowest value for the 213 

SIC were considered the best models (Hackett et al., 2014). 214 

If two closely linked significant QTLs were identified on the same chromosome, TetraploidSNPMap 215 

could not estimate the individual QTL LOD and parameter values, yielding data only pertaining to 216 

the largest effect. 217 

2.8 Search for Candidate Genes in Detected QTL Regions 218 

We investigated the functional annotation of the candidate genes located close to the QTL regions 219 

associated with spittlebug resistance. Using the chromosomal locations of the markers adjacent to 220 

QTLs in the S. viridis genome as a reference, we aligned the sequences found in these regions (100 221 

kb approximately) with a BLASTX search (e-value cutoff of 1e-0.5) against plants databases using 222 

the JBrowse tool (http://www.phytozome.org/). Finally, from this alignment, we selected only genes 223 

reported in the literature as associated with resistance/defense against pathogens that were present in 224 

the transcriptome of U. decumbens (Salgado et al., 2017), our species of study. 225 

3 Results 226 

3.1 SNP Calling 227 

The GBS library generated a total of 1,183,089,925 raw reads (94% Q20 bases), with an average of 228 

4,151,193 reads per individual. Using the Tassel-GBS pipeline modified to polyploid, alignment with 229 

the S. viridis genome enabled the identification of 58,370 SNPs markers. The output of the Tassel-230 

GBS pipeline was used as the input for the SuperMASSA software, and 9,345 SNPs markers with 231 

allele dosage were selected with a minimum overall depth of 25 reads. Afterward, markers with up to 232 

25% missing data and monomorphic markers were removed, resulting in 4,240 SNPs markers that 233 

were used in the subsequent steps. 234 
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Using three different SNPs markers, Figure 1 shows how the SuperMASSA software uses the ratio of 235 

allele count to classify individuals according to their genotypes using a probabilistic graphical model 236 

(Serang et al., 2012). The markers were named with the allele dosage segregation, the homology 237 

group number, and the chromosomal position of the SNP in S. viridis genome. 238 

 239 

GBS sequence data has been submitted to the NCBI Sequence Read Archive (SRA) under accession 240 

number SRP092493. 241 

3.2 Genetic Map 242 

An integrated genetic map was built using 217 full sibs obtained from a cross between U. decumbens 243 

cv. Basilisk (apomictic cultivar) and U. decumbens D24/27 (sexual accession). Of the 4,240 markers 244 

used for linkage analysis, 1,515 showed significance of the χ2 goodness-of-fit statistic, and 1,000 245 

were placed in the linkage map (Table 1). 246 

The markers were distributed throughout nine homology groups (HGs), with a cumulative map 247 

length of 1,335.09 cM and an average marker density of 1.33 cM. The length of each group ranged 248 

from 129.70 cM (HG7) to 166.57 cM (HG9), with an average of 148 cM (Table 1). Homology group 249 

9 showed the highest average density and the highest number of mapped markers (Table 1; Figure 3). 250 

The distances between adjacent markers on the genetic map were plotted as a histogram, which 251 

revealed that the majority of markers were within 1 cM of each other (Figure 2). The two largest 252 

distances between adjacent markers were located in HG8 and had lengths of 11.2 cM and 12.4 cM. 253 

In Figure 3, the possible genotype configuration of each marker is indicated by the marker name 254 

prefix and the different colors. For example, markers with the prefix S and the color black represent 255 

the simplex configuration (Table 2). Four homologous groups showed almost all configurations 256 

(HG1, HG3, HG5 and HG9), and simplex markers (S) were the most frequent. The X-double-simplex 257 

(XSS) configuration was less frequent and appeared in only HG3 and HG5 (Table 2; Figure 3). 258 

3.3 Phenotypic Analysis and QTL Mapping 259 

The selected VCOV matrix for 𝑮𝒂 based on AIC was CS-Het and/or US, in which both account for 260 

genetic correlation and heterogeneous variance across years. Considering the SIC, the selected 261 

VCOV matrix for 𝑮𝒂 was CS, in which the genetic correlation and homogeneous variance across 262 

years are considered, in addition to requiring estimation of a lower number of parameters than the 263 

previous VCOV matrices. As the difference in SIC values between CS and CS-Het/US (18880.37 – 264 

18877.39 = 2.98) was greater than the respective AIC difference (18848.03 – 18845.13 = 2.9), the CS 265 

matrix was used for 𝑮𝒂 (Table 3). 266 

Predicted genotypic values for spittlebug (Notozulia entreriana) resistance in hybrids of the mapping 267 

population, genetic and residual variance components and trait heritability are shown in Table 4. The 268 

assumption of normality of the residuals can be visualized in Supplementary Figure 1. 269 

Best linear unbiased prediction values were used to perform QTL mapping for spittlebug resistance 270 

by applying an IM model to the integrated genetic map. Using this method, three significant QTLs 271 

were identified for spittlebug resistance (Table 5) that were located in three homologous groups: 272 

HG1, HG2 and HG6. The obtained threshold values for LOD scores using 1,000 permutations ranged 273 

from 4.39 to 5.49 and were used to declare the presence of these QTLs. The percentages of 274 

phenotypic variation (R2) explained by the QTLs ranged from 4.66% to 6.24%. The male progenitor 275 
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of the mapping population, U. decumbens D62 (cv. Basilisk), contributed with the resistance alleles 276 

for these three QTLs 277 

In homology group 1, the QTL had a LOD score of 4.68 and explained 4.80% of the phenotypic 278 

variation for spittlebug resistance. This LOD score was above the upper 95% LOD permutations 279 

threshold of 3.11. This first QTL was located at position 95 cM (Figure 3). Analyses of different 280 

simple genetic models were performed with TetraploidSNPMap to determine the best simple fitting 281 

model for the studied trait. For this QTL, the best model was a duplex genotype (AAAA x BBAA), 282 

with the allele B present on parent 2 associated with spittlebug resistance. This model had the lowest 283 

SIC (SIC = 85.34) compared with the full model (SIC = 102.99) (Table 5). 284 

In homology group 2, the maximum LOD score was 4.39, and this QTL explained 4.66% of the 285 

phenotypic variation for spittlebug resistance. The LOD peak was located at position 60 cM (Figure 286 

3), and its score was above the upper 95% LOD permutation threshold of 3.29 (Supplementary 287 

Figure 2). Again, the analysis with the simpler models estimated a duplex genotype (AAAA x 288 

BBAA) for this QTL, with the resistance allele present in parent 2. This model had the lowest SIC 289 

(SIC = 93.03) in comparison with the full model (SIC = 89.55) (Table 5). 290 

The last detected QTL, in homology group 6, had the highest LOD score, 5.49, explained 6.24% of 291 

the phenotypic variation and was above the 95% LOD permutation upper threshold of 2.79 292 

(Supplementary Figure 2). The QTL peak was located at 23 cM (Figure 3), and an analysis of 293 

different genetic models indicated that an allele explains the phenotypic variation. This QTL is linked 294 

to a simplex SNP (AAAA x ABAA), with the B allele present on parent 2 associated with spittlebug 295 

resistance. This model had the lowest SIC of 99.07 compared to the full model with SIC of 115.47 296 

(Table 5). 297 

3.4 Search for Candidate Resistance Genes 298 

Sequence similarity was detected in the regions of the markers adjacent to the mapped QTLs, with 299 

homologies for Arabidopsis thaliana and Oryza sativa. Functional annotation of these sequences 300 

showed possible candidate genes involved in the spittlebug resistance response (Supplementary 301 

Table 1) that are also present in the U. decumbens transcriptome (Salgado et al., 2017). 302 

The first identified QTL, located in HG1, had two adjacent markers, D.1_40431816 and 303 

S.1_21570712, identified from the S. viridis genome reference. The region of this QTL showed 304 

similarity to pathogenesis-related gene 1 (PR1), leucine-rich repeat (LRR) family protein and the 305 

WRKY11 gene, which are involved in pathogen defense (Supplementary Table 1). 306 

In HG2, the region of the GBS-based adjacent markers (DS.2_39902899 and S.2_399022936) to 307 

QTL2 showed similarity to NBS-LRR and NB-ARC protein domains and with the pentatricopeptide 308 

repeat (PPR) superfamily proteins (Supplementary Table 1). 309 

The region of the GBS-based markers (D.6_25761630 and S.6_35357677) adjacent to QTL3 in the 310 

HG6 showed similarity to a WRKY DNA-binding protein, a kinase superfamily protein, an F-box 311 

family protein, NB-ARC protein domains and kinase superfamily proteins. This QTL region also 312 

showed similarity to the thaumatin-like protein superfamily (TLP), which is classified within the 313 

pathogenesis-related (PR) protein family, to LRR protein domains and to F-box family proteins 314 

(Supplementary Table 1). 315 

4 Discussion 316 
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The development of GBS technology enables the identification of thousands of SNP markers across 317 

the genome at relatively low cost. This advance represents an evolution in genetic studies of 318 

polyploids species, since a larger part of the genome can be represented, favoring approaches such as 319 

the construction of genetic maps. The map reported here was developed using an intraspecific 320 

progeny of U. decumbens of Embrapa Beef Cattle and includes GBS-based markers with 321 

autotetraploid allele dosages, an approach never previously employed in a forage grass species. 322 

Although not completely elucidated, some evidence suggests that U. decumbens is a segmental 323 

allopolyploid (Mendes-Bonato et al., 2001; Worthington et al., 2016), considered to have arisen from 324 

hybridization between very closely related species (Stebbins, 1947).   325 

Our molecular markers fit a tetrasomic segregation model (Supplementary Figure 3), probably 326 

because autotetraploids as well as segmental allotetraploids, do not behave as diploids with respect to 327 

the mode of inheritance (Bourke et al., 2018). Another explanation is the fact that one of the parents 328 

of the mapping population was tetraploidized artificially and therefore this parent behaves as 329 

autotetraploid. We choose to use all possible SNP configurations to add even more genetic 330 

information to genetic map. Our map provides important genomic information, such as the detection 331 

of QTLs involved in spittlebug (N. entreriana Berg) resistance, a relevant trait for breeding programs 332 

in the Urochloa genus. 333 

We used the genome of S. viridis, a member of the Poaceae, or grass, family, to align the tags and 334 

discover GBS-based markers. This alignment was sufficient to identify a relevant number (4,240) of 335 

high-quality SNPs, with allele dosage estimated. In previous analyses, we tested other reference 336 

genomes for tag alignment, but the S. viridis genome alignment produced the best results in terms of 337 

the number of markers identified (Supplementary Table 2). The sequences obtained herein by the 338 

GBS libraries are dynamic, allowing the raw data to be reanalyzed as bioinformatics techniques 339 

evolve (Poland and Rife, 2012), as well as when some tetraploid Urochloa spp. genome is 340 

sequenced. Therefore, our sequences may be reanalyzed in the future to obtain a higher alignment 341 

rate, as well as to identify a larger number of markers. 342 

Worthington et al. (2016) detected 3,912 SNPs markers after filtering using the UNEAK (Universal 343 

Network-Enabled Analysis Kit) pipeline (Lu et al., 2013), which is similar to the number of markers 344 

that we detected using the S. viridis genome as reference. In a previous analysis, we tested the 345 

UNEAK pipeline for SNP identification in our intraspecific progeny, but this method detected fewer 346 

markers (1,210) compared with alignment to the genome reference (4,240). Most likely, the cross 347 

between two different species (U. decumbens x U. ruziziensis) favored the discovery of more SNPs 348 

through the UNEAK pipeline by Worthington et al. (2016), in addition to the different methodology 349 

used for GBS library construction. 350 

Previous polyploid genetic studies have been developed with markers scored as presence/absence of 351 

alleles, but this method does not make use of all the information available in the SNP at multiple 352 

doses. The GBS data obtained here were sufficient in terms of read depth to call allele dosage in 353 

9,345 markers from the S. viridis genome using SuperMASSA software (Serang et al., 2012; Pereira 354 

et al., submitted) (Supplementary Table 2). This methodology provided the distribution of alleles in 355 

the progeny and the relative intensities of each allele, increasing the amount of genetic information 356 

obtained (Serang et al., 2012; Garcia et al., 2013; Pereira et al., submitted). 357 

After analysis using SuperMASSA software (Serang et al., 2012) and subsequent filtering steps, were 358 

obtained 4,240 SNPs that represented all possible configurations for an autotetraploid species. 359 

Approximately 55% (2,345) of the SNPs markers identified from the S. viridis genome alignment 360 
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followed the parental genotype configurations of simplex (AAAA x AAAB/ABBB x BBBB) and 361 

double-simplex (AAAB x AAAB/ABBB x ABBB). Slightly less than 1% of the identified markers 362 

followed the nulliplex (AAAA x BBBB) and simplex-duplex (AAAB x AABB) configurations 363 

(Table 2). These results were satisfactory and relevant for genetic studies with a tetraploid species, 364 

but a GBS library construction methodology with more than one restriction enzyme might provide a 365 

larger read depth and, accordingly, increase the accuracy of allele dosage estimation and the number 366 

of markers detected. 367 

The 4,240 high-quality SNPs markers were inserted in TetraploidSNPMap software (Hackett et al., 368 

2017), but only 1,515 showed significance in the χ2 goodness-of-fit statistic, and 1,000 were placed 369 

in the linkage map (Table 1). These 1,000 SNPs markers were distributed across nine homology 370 

groups, with a total length of 1,335.09 cM and an average map density of 1.33 cM (Table 1; Figure 371 

3), reflecting the molecular source and chosen mapping methodology. Comparatively, Thaikua et al. 372 

(2016) and Vigna et al. (2016) presented the largest maps, with 1,702.82 cM and 1,423.2 cM of total 373 

size, respectively. Although small, this length difference may be due to the smaller number of non-374 

NGS markers used (89 and 64, respectively) and the exclusive usage of SDMs for mapping. In 375 

addition to having a smaller length, our genetic map has a higher marker density than these others, 376 

reflecting the ability of the GBS methodology to allow the simultaneous detection of thousands of 377 

markers. 378 

In the Worthington et al. (2016) study, genetic maps for an interspecific progeny resulting from a 379 

cross between U. decumbens x U. ruziziensis was built with GBS-based markers, and 1,916 SDA 380 

(single-dose allele) markers were distributed across the parental linkage maps. The different mapping 381 

method used in our study may have influenced the number of markers linked in the map. However, 382 

although our map has a lower marker density, it contain SNP markers with different allele dosage, 383 

adding more genetic information to the map and enabling more robust genetic analyses (Garcia et al., 384 

2013). 385 

In our study, the density of markers per HG ranged from 63 (HG6) to 187 (HG9) (Table 1). The 386 

greater density of markers for certain HGs may correspond to a greater recombination frequency. On 387 

the other hand, less saturated groups may have fewer SNP in these regions and/or correspond to 388 

highly homozygous regions that have lower recombination frequencies (Bai et al., 2016). 389 

The largest distance between adjacent markers, 12.4 cM, was observed in homology group eight 390 

(Figure 3), one of the groups with the fewest mapped markers. Compared with other linkage map 391 

studies, our map has low average marker intervals in all HGs (Figures 2 and 3). Nevertheless, 392 

substantial intervals are common and even expected using the GBS technique, mainly due to 393 

centromeric regions, which are not reached with this methodology (Conson et al., 2018). 394 

Additionally, it is possible that the number of hybrids in the mapping population was not sufficient to 395 

observe recombination in these intervals (Ma et al., 2014) or that these intervals represent regions 396 

that were not captured with the methodology used. One possible method to fill these distances is to 397 

use different combinations of enzymes to enlarge the sequencing pools and thereby enable the 398 

capture of markers in other genomic regions. Furthermore, we mapped only markers identified by 399 

aligning with the S. viridis genome. Therefore, these observed intervals may contain markers that are 400 

exclusive to the U. decumbens genome and thus cannot be represented with the methodology used. 401 

Therefore, advances in the assembly of complex polyploid genomes are expected to enable the use of 402 

the full signalgrass genome as a reference for future studies (Margarido and Heckerman, 2015). 403 
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Of the 1000 mapped SNPs, 59% (591) followed the simplex parental genotype configuration (Table 404 

2; Figure 3). This configuration was also the most common in other genetic mapping studies (Hackett 405 

et al., 2013; da Silva et al., 2017), probably because it is the most common in plant genomes and is 406 

easily scored. The least common configuration was X-double-simplex (XSS), followed by double-407 

duplex (DD) (Table 2), which is the most complete configuration because it allows the representation 408 

of all types of segregation for autotetraploid species. Overall, the map displays most of the possible 409 

SNP configurations, and these data significantly increase the information about each locus and 410 

provide several advantages for genetic analysis (Garcia et al., 2013). When building genetic maps for 411 

polyploid species, the use of markers with allele dosage information allows the development of 412 

robust genetic maps that allow the detection of QTLs (Hackett et al., 2013; da Silva et al., 2017). 413 

Until recently, no intraspecific progeny have been available for U. decumbens; therefore, no QTL 414 

mapping studies of this species have been performed to date. The identification of genes/loci 415 

underlying spittlebug (N. entreriana) resistance is critical for forage grass molecular breeding 416 

programs because these pests severely damage pastures (Valle et al., 2009). In our study, QTL 417 

mapping for spittlebug resistance was performed by applying the statistical model IM for the 418 

tetraploid progeny (Hackett et al., 2017). Although more accurate models are available, these models 419 

have not been extended to polyploidy and therefore do not use molecular markers with allele dosage 420 

information. 421 

For the multi-allelic QTL analysis, we performed a permutation test to obtain the threshold for 422 

declaring significant QTLs. This analysis allowed the identification of three significant QTLs which 423 

explained between 4.66% and 6.24% of the phenotypic variation (Table 5). The identification of a 424 

small number of QTLs with small effects reflects the median heritability found for spittlebug 425 

resistance (HC
2 = 0.37). Spittlebug resistance in forage grasses is probably not genetically complex 426 

but likely involves more than a single major resistance gene (Miles et al., 1995). Therefore, values of 427 

phenotypic variation and the number of QTLs detected in our analysis may be mainly due the low 428 

genetic variability for spittlebug resistance in the analyzed progeny, since the parents do not differ 429 

greatly for this trait. Moreover, the methodology used for QTL detection and/or map saturation may 430 

have influenced these results. 431 

Although U. decumbens is considered a susceptible species to the pasture spittlebug, our results 432 

showed that the segregation of different alleles in each tetraploid parent contributed to the observed 433 

polymorphisms in the progeny. Therefore, our results can be useful for breeders to identify the alleles 434 

from the male parent that contribute to increased values of this phenotypic trait, consequently 435 

allowing genotypes that are more resistant to the development and survival of spittlebugs to be found 436 

more rapidly. 437 

QTLs with greater effects on spittlebug resistance are necessary and more efficient for use in 438 

breeding programs, but our results represent a great gain as the only genetic architecture study using 439 

an U. decumbens intraspecific progeny. Therefore, the detection of these QTLs is the first step in the 440 

advancement of genomic studies involving spittlebug resistance. The annotation of sequences that 441 

originated markers with mapped QTLs is important to identify candidate genes involved in spittlebug 442 

resistance in U. decumbens. Thus, the regions that gave rise to these QTLs should be more 443 

thoroughly evaluated to identify more genetic information for future applications in the marker-444 

assisted selection in signalgrass breeding programs. 445 

N. entreriana spittlebug nymphs constantly suck the sap of roots, causing yellowing of the plant, and 446 

the saliva of the adults induces phytotoxemia that causes plant death (Valério and Nakano, 1992; 447 
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Gusmão et al., 2016). Thus, to respond mechanical damage due to these insect attacks, plants possess 448 

multiple molecular defense mechanisms (War et al., 2012). Based on an investigative and 449 

comparative analysis, the QTL regions of this study showed similarity to genes containing protein 450 

domains reported to be involved in disease resistance and defense responses to pathogens that attack 451 

plants (Supplementary Table 1). 452 

For spittlebug resistance trait, we can highlight the similarity of the region of the QTL1 with 453 

pathogenesis-related gene 1 (PR1). PR proteins are induced in response to attack by various types of 454 

pathogens, being that the PR1 gene is involved in biological processes related to defense responses 455 

and systemic acquired resistance (Metzler et al., 1991; Uknes et al., 1992; Van Loon and Van Strien, 456 

1999; Van Loon et al., 2006; Ali et al., 2018). This region also showed similarity to the WRKY11 457 

gene, which acts as a negative regulator of basal resistance to bacterial pathogens (Journot-Catalino 458 

et al., 2006) and plays a crucial role in cellular defense responses and defense-related gene 459 

transcriptional regulation (Jiang et al., 2016) (Supplementary Table 1). 460 

For QTL3, we can highlight the similarity of the region to the adjacent markers with WRKY DNA 461 

binding domains. These transcription factors are involved in plant defense responses (Du and Chen, 462 

2000). Moreover, F-box and WRKY DNA binding domains have orthologs in A. thaliana, with genes 463 

that develop a function in plant defense. This QTL region also showed similarity to TLPs, which play 464 

a variety of roles including plant protection against pathogen attacks (Liu et al., 2010; Mukherjee et 465 

al., 2010; Misra et al., 2016). 466 

The regions of the markers adjacent to the mapped QTLs 2 and 3 showed similarity to NBS-LRR 467 

protein domains, which are widely distributed in plants and thought to respond to pathogen attacks, 468 

including viruses, bacteria, fungi, and even insects (Song et al., 2017). NBS-LRRs are the most 469 

prevalent class of resistance proteins (Gupta et al., 2012). F-box proteins form one of the largest 470 

multigene superfamilies and control many important biological functions such as pathogen resistance 471 

(Lechner et al., 2006), and the PPR superfamily proteins (Barkan and Small, 2014) have been 472 

implicated in plant defense mechanisms. Moreover, the NB-ARC protein domain is a functional 473 

ATPase domain containing a nucleotide-binding site that is proposed to regulate plant disease 474 

resistance (Van Ooijen et al., 2008). 475 

Although we used the S. viridis genome as a reference to investigate the marker regions adjacent to 476 

the identified QTLs, we selected only genes found in the U. decumbens transcriptome (Salgado et al., 477 

2017) to lend greater reliability to our results. Therefore, our results provide a starting point, 478 

indicating possible candidate genes involved in spittlebug resistance in signalgrass. However further 479 

studies should be conducted to validate these genomic regions as well as the role of the candidate 480 

genes in signalgrass and their effects on phenotypic expression. 481 

We can conclude that this recent opportunity to analyze a U. decumbens full-sib progeny has opened 482 

new genetic molecular perspectives for this and related species. The genetic map presented herein 483 

includes important approaches such as the estimation of tetraploid dosage of each molecular SNP and 484 

greatly increases genetic information and represents an important evolution for polyploid studies 485 

(Bourke et al., 2016). In addition, the map allowed the identification of genomic regions related to 486 

spittlebug (N. entreriana) resistance, the main insect that attacks forage grasses, providing new 487 

insights about this trait. Furthermore, the molecular data developed here are dynamic and can be 488 

applied in future studies, such as genome assembly and other QTL analyses in U. decumbens. 489 

Therefore, our results are the first step towards possible marker-assisted selection (MAS) and 490 
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genomic selection (GS), a subject of great interest in genetic improvement programs for 491 

economically important plant species. 492 
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Tables 751 

Table 1. The number of GBS-based markers after significance testing, the number of mapped 752 

markers within each homology group (HG), and the length and marker density of each HG (cM) in 753 

the genetic map. 754 

HG No. GBS-based 

markers* 

No. mapped 

markers 

Length of HG (cM) Marker density 

(cM) 

1 132 100 136.74 1.37 

2 181 121 164.95 1.36 

3 219 138 151.56 1.10 

4 169 101 139.70 1.38 

5 183 123 129.70 1.05 

6 100 63 161.72 2.57 

7 154 99 140.08 1.41 

8 82 68 144.07 2.12 

9 295 187 166.57 0.89 

Total 1,515 1,000 1,335.09 1.33 

*Markers were selected if the χ2 goodness-of-fit statistic was higher than 0.001 for simplex and 0.01 755 

for higher segregations. 756 
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Table 2. Distribution of SNPs into genotype classes. 758 

Type Parent 1 Parent 2 P1 dosage P2 dosage 
SNP initial 

number 

Mapped 

SNP  

Null (N) AAAA BBBB 4 0 8 0  

Simplex (S) AAAA AAAB 4 3 

1,332 591 

Simplex (S) ABBB BBBB 1 0 

Triplex (T) AAAA ABBB 4 1 

126 0 

Triplex (T) AAAB BBBB 3 0 

Duplex (D) AAAA AABB 4 2 

720 172 

Duplex (D) AABB BBBB 2 0 

Double-

simplex (SS) 
AAAB AAAB 3 3 

1,013 78 

Double-

simplex (SS) 
ABBB ABBB 1 1 

X-double-

simplex 

(XSS) 

AAAB ABBB 3 1 65 8 

Simplex-

duplex (SD) 
AAAB AABB 3 2 11 0 

Duplex-

simplex (DS) 
AABB ABBB 2 1 773 116 

Double-

duplex (DD) 
AABB AABB 2 2 192 35 

Total     4,240 1,000 
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Table 3. Values of AIC and SIC for 𝑮𝒂 matrix, considering different VCOV structures. 760 

𝑮𝒂 matrix Df AIC SIC logREML  

ID 4 18868.02 18891.51 -9430.010  

DIAG 5 18866.02 18895.41 -9428.021  

CS 5 18848.03 18877.39 -9419.014 Selected 

CS-Het 6 18845.13 18880.37 -9416.565  

FA1 7 18847.13 18888.24 -9416.565  

US 6 18845.13 18880.37 -9416.565  
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Table 4. Summary of the predicted genotypic values, genetic (𝜎 ̂𝐺
2 ) and residual (𝜎 ̂𝑅

2 ) variance and 762 

heritability (Ĥ𝐶
2) for spittlebug resistance. 763 

Predicted Means 

 𝝈 ̂𝑮
𝟐  𝝈 ̂𝑹

𝟐  Ĥ𝑪
𝟐 

Min. Mean Max. 

56.16 70.81 85.07                68.86                382.32           0.3730 
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Table 5. QTL information for the spittlebug resistance trait analyzed in the U. decumbens progeny. 765 

Trait HG 

QTL 

Position 

(cM) 

LOD 

Variance 

Explained  

(%) 

SIC Configuration 

Spittlebug 1 95 4.68 4.80 85.33 Duplex (D) 

Spittlebug 2 60 4.39 4.66 93.03 Duplex (D) 

Spittlebug 6 23 5.49 6.24 99.07 Simplex (S) 

HG, homology group; QTL, quantitative trait loci; LOD, logarithm of the odds; SIC, Schwarz 766 

Information Criterion767 
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Figure 1. Allele dosage in the parents and progeny, and the frequency histograms. A) Marker 768 

S.5_20487325. Red squares represent the Aaaa parent and offspring, and blue circles represent the 769 

aaaa parent and offspring. B) Marker D.2_28922605. Red squares represent the AAaa parent and 770 

offspring, blue circles represent the aaaa parent and the Aaaa offspring, and green triangles represent 771 

the aaaa offspring. C) Marker XSS.1_23891474. Red squares represent AAAa parent and offspring, 772 

blue circles represent the Aaaa parent and the AAaa offspring, and green triangles represent the Aaaa 773 

offspring. 774 
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 778 

Figure 2. Histogram of the distance between adjacent markers on the U. decumbens genetic map. 779 

 780 
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 782 

Figure 3. Linkage map for U. decumbens: homologous groups from 1 to 9. The genotype 783 

configuration of each marker is indicated by the marker name prefix and color (Table 2). The QTLs 784 

are identified in HG1, HG2 and HG6. 785 
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Supplementary Figure and Tables Legends 795 

Supplementary Figure 1. Residual plots. 796 

Supplementary Figure 2. Interval mapping (IM) for spittlebug resistance from the U. decumbens 797 

mapping population in chromosomes 1 (A), 2 (B) and 6 (C). Dotted lines indicate the LOD 798 

thresholds of 90% and 95% obtained after the permutation tests. 799 

Supplementary Figure 3. Theoretical distribution of genotypes in the mapping population and the 800 

distribution of individuals assigned to each genotype. The genotype distributions are nearly identical 801 

to the theoretical distribution in a F1 population. 802 

Supplementary Table 1. Functional description of the sequences found in the regions of the markers 803 

adjacent to mapped Urochloa decumbens QTLs for spittlebug resistance based on similarity to the 804 

Setaria viridis genome. 805 

Supplementary Table 2. Number of markers identified in the alignment with five reference 806 

genomes using Tassel-GBS pipeline after allele dosage estimation with SuperMASSA software and 807 

R data filtration analysis. 808 
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