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Abstract 

The development of genotyping-by-sequencing (GBS) methods has facilitated genomics studies 

in non-model species, including polyploids. Variant and genotype calling methods have been 

established for autopolyploids but for a species with a complex genome, such as sugarcane, the 

level of uncertainty within GBS data increases making trait mapping difficult. Furthermore, 

variant and genotype calling methods remain a challenge for both recent and ancient 

allopolyploids (e.g. wheat, maize, soybean, Miscanthus), particularly where the reference 

genome contains highly similar paralogous sequences that do not pair at meiosis. Alignment of 

sequence tags to the appropriate position within highly duplicated reference genomes remains a 

challenge inadequately addressed by existing alignment software. Although some variant calling 

pipelines can discriminate a paralogous locus from a Mendelian locus, the detection of these 

paralogous loci is typically for the purpose of the exclusion of these loci from the downstream 

analysis of genomic studies. We explore the significance of eliminating paralogous loci in 

downstream analysis using a newly developed pipeline developed to sort sequence tags to their 

correct alignment locations based on the novel Hind/HE statistic. The goal of this study was to 

evaluate the sorting pipeline’s ability to properly align paralogous loci to the correct position 

with respect to the reference genome. Three studies were conducted with a population of 400 

individuals simulated based upon the Triticum aestivum, the reanalysis of a previously published 

genome-wide study of fusarium head blight in 273 wheat breeding lines, and the reanalysis of a 

previously published genome-wide study of traits associated with yield in a Miscanthus diversity 

panel. Results from the study suggested that the filtering of sequences using the Hind/HE statistic 

underlying polyRAD v1.2 may lead differences in the output of sequences. Further comparison 

of each output suggested that the output of the novel pipeline, polyRAD, was concentrated in 
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gene-rich regions compared to other standard variant calling pipelines. From this study, we 

provide recommendations for future users of the polyRAD v1.2 variant calling pipeline. Overall 

we recommend that polyRAD v1.2 is more useful for populations of outcrossing species.   
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Chapter 1: Literature Review  

1.1 Advantages and barriers to breeding polyploid crop species  

Species or populations within species are often characterized by the number of chromosomes 

they possess. Species that undergo whole-genome duplication are further characterized as 

polyploid. Genomics studies have revealed that whole-genome duplication has been a major 

theme of plant evolution (Jiao & Paterson, 2014; Barabaschi et al., 2012; Tang et al., 2008; 

Moore et al., 1995). Polyploidization has facilitated speciation in plants and has occurred 

frequently in nature (Osabe et al., 2012; Renny‐Byfield & Wendel, 2014, Moghe & Shiu, 2014, 

Cui et al., 2006). Polyploids are often characterized into two major categories depending upon 

the mechanism by which the species was formed. Specifically, polyploid-driven speciation 

derived from interspecific hybridization, or allopolyploidy, has been found by comparative 

genomic studies to be more common than autopolyploidy, which is caused by chromosomal 

doubling within a species (Soltis et al., 2015; Barker et al., 2016). Because of this difference in 

frequency, less is understood about the mechanisms underlying autopolyploids compared to 

allopolyploids (Ayala et al., 2000; Doyle & Coate, 2019; Spoelhof et al., 2017). Several 

assumptions about autopolyploids have been supported strongly through research: i) 

autopolyploids form multivalent and/or random bivalents during meiosis resulting in polysomic 

inheritance; ii) autopolyploids have higher levels of heterozygosity than their diploid progenitors 

leading to higher genetic variability; and iii) for some species, natural populations of 

autopolyploids can survive despite the irregular meiotic phases leading to unbalanced gametes 

(aneuploidy) and reduction in fertility (Soltis & Soltis, 2000).  
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Polyploids have persisted in nature despite known fertility problems due to chromosome 

mispairing during meiosis, suggesting that polyploids can have strong competitive advantages 

over diploids (Murat et al., 2010; Lynch & Conery, 2000; Baduel, Bray, Vallejo-Marin, Kolář, & 

Yant, 2018). Diversification of gene function and genomic complexity in allopolyploids is 

thought to provide advantages in environments to which their diploid progenitor species were not 

adapted (Gottlieb, 1973; Chelaifa, Monnier, & Ainouche, 2010). Genome doubling as a major 

driver of observed diversification has been studied in the Poaceae, Solanaceae, Fabaceae, and 

Brassicaceae plant families based on nucleotide diversification rates (Dar & Rehman, 2017; 

Soltis & Soltis, 2009). Greater genomic plasticity via duplicated gene subfunctionalization or 

neofunctionalization can enable polyploids to acquire differing morphological and physiological 

characteristics than their diploid relatives (McCarthy et al., 2019; Sato et al., 2012; Otto, 2007). 

Despite the complications that may arise from polyploidization, polyploids have many potential 

advantages, including i) increased heterosis or hybrid vigor, which may produce a more adaptive 

plant, ii) increased allelic diversity, and iii) gene expression changes (Comai, 2005; Estep et al., 

2014; Kashkush et al., 2003). For example, Sánchez Vilas & Pannell et al. (2017) examined a 

population of Mercurialis annua with varying ploidy levels, including diploid, tetraploid and 

hexaploid, and observed that the M. annua with a higher ploidy had higher nutrient levels and 

higher biomass yields (Sato et al., 2012). Varying ploidy levels expressing different levels of 

variation has also been observed in other polyploid species (Gao et al., 2017; Todd et al., 2017; 

Jeyasingh et al., 2015).  

Disadvantages that are associated with polyploids include i) difficulties during mitosis and 

meiosis ii) epigenetic instability iii) negative effects from the changes in gene expression and iv) 

aneuploidy (Comai, 2005; Adams et al., 2003; Ramsey & Schemske, 1999; Song & Chen, 2015; 
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Matzke et al., 1999). These disadvantages can lead to gene expression levels similar to one 

parent, gene expression levels lower or higher than both parents, or an unequal contribution of 

gene expression (Chen, 2007). Investigating gene expression levels from non-additive effects is 

more difficult for polyploid species especially for recent polyploids that lack genomic resources 

such as a reference genome than diploids (Chang et al., 2010; Combes et al., 2013; Flagel & 

Wendel, 2010; Hawkins & Yu, 2018). From a commercial breeding perspective, higher levels of 

heterozygosity are often exploited, and gene redundancy can lead greater genetic stability but 

without the knowledge of how the gene expression effects phenotypic values it is difficult to 

exploit the heterozygosity observed (Sattler et al., 2016). This uncertainty has limited the 

development of varieties in polyploids (Jansky & Spooner, 2018). However, non-additive effects 

in the expression levels create unpredictable phenotypic values in offspring compared to species 

that demonstrate predominantly additive effects (Bouvet et al., 2016).  

The impact of polyploidy on different species has been widely studied among grasses because 

many grasses are polyploids (Levy & Feldman, 2002). Among polyploid grasses, commercial 

sugarcanes are interspecific hybrids that have a genomic contributions primarily from S. 

offinarium (typically octaploid with x = 10) and to a lesser extent S. spontaneum (typically 

octaploid with x = 8), and are a great example of the genomic barriers that can hinder the 

progress of polyploid breeding pipelines (Ming et al., 2010). With the recent interest in 

sugarcane being used for bioenergy, Kandel (2018) addressed some of the challenges of 

developing sugarcane cultivars, in particular the amount of time and resources required. The 

selection cycle of commercial sugarcane is typically greater than 10 years using traditional 

breeding methods, in comparison to 1-4 years for model diploid plant species such as maize in 

which modern genomic and biotechnology techniques are more widely adopted (Mirajkar et al., 
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2019; Chaikam et al., 2019). The amount of variation is high in Saccharum spp., which makes 

understanding the allelic variation of this species challenging (Zhang et al., 2012). Barriers that 

lead to long breeding cycles in commercial sugarcane include poor synchronization and fertility, 

and high complexity of the sugarcane genome (Kandel 2018). These barriers mentioned are 

consistent among other grasses considered polyploids (Matsuoka, 2011; Carnahan & Hill, 1961; 

Ouyang & Zhang, 2013; Griffin et al., 2011).  

All polyploid crops do not present the same obstacles to breeding. Triticum aestivum (common 

wheat) is an allohexaploid crop that has been less difficult to breed and is one of the most 

characterized examples of allopolyploids. The duration of the breeding cycles of wheat is 

comparable to diploid crop species (Curwen‐McAdams & Jones, 2017). Outside of yield-related 

traits, wheat breeding programs also focus on traits greatly affected by abiotic and biotic 

stressors such as stem rust resistance and drought tolerance (Chen et al., 2019; Zörb et al., 2018; 

Olivera et al., 2018; Kulkarni et al., 2017). Many of these traits in wheat have large effects and 

are only influenced by a few genes; therefore, using modern techniques to introgress the genes in 

wheat and other allopolyploids is achievable (Bernardo, 2003). However, many genes associated 

with other traits of can be difficult to identify due to the similarities of sequences within 

homeologs and overall polyploid nature of the genome (Chen et al., 2018; Blumstein et al., 2020; 

Leal-Bertioli et al., 2018). Small mutations between homeologs can lead to subtle phenotypic 

effects but distinguishing all variations of genes working together to amplify variation through 

additional copies is difficult. In wheat, the squamosa-promoter binding protein (SBP)-box genes 

are an example of homeologs that have diverged in function, impacting flowering, leaf 

development, plant architecture and grain yield (Zhang et al., 2017). Studies have suggested that 

understanding the relationship between polyploids and the diploid progenitors has been the most 
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appropriate way to unravel the complexity of polyploids (Soltis et al., 2016).The improvement of 

understanding of polyploids has most recently been facilitated through improved tools developed 

genomic studies (Pérez-de-Castro et al., 2012).  

1.2 Genotyping using next-generation sequencing in polyploids 

Strategies for crop breeding can be categorized as conventional, molecular, or a mix of the two. 

Compared to the conventional methods (i.e. phenotypic selection), molecular methods (i.e. 

marker-assisted selection, or genomic selection) have the potential to increase efficiency while 

reducing cost (Grover et al., 2012; Elshire et al., 2011; Sattler et al., 2016). Recently genotyping-

by-sequencing (GBS), a reduced representation method, has become popular for obtaining 

molecular markers in crop species (He et al., 2014). GBS sequences a fraction of the whole 

genome by making use of restriction enzymes, which cleave DNA only at specific short (four to 

eight basepair) recognition sites. The restriction enzymes cut sites are located randomly 

throughout the genome, and only fragments of a certain length and/or ending in a certain cut site 

are sequenced, resulting in a random but reproducible fraction of the DNA being assayed. Table 

1 lists genotyping-by-sequencing methods currently available. Many of the reduced 

representation methods listed in Table 1 derive from restriction site-associated DNA sequencing 

(RADseq) protocol described in Baird et al. (2008) and double-digestion protocol described 

Peterson et. al (2012). Reduced representation approaches enhance coverage of the gene-rich 

regions of the genome while minimizing the effort towards sequencing the repetitive genomic 

regions (Elshire et al., 2011). Reduced representation approaches have also enhanced the 

knowledge of many species through simultaneous discovery and genotyping of SNPs.  
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RADseq and GBS have advantages and disadvantages in terms of depth of coverage and 

distribution of loci in comparison to other reduced representation sequencing methods such as 

sequence capture. One major drawback of restriction enzyme-based approaches is that genomic 

regions of interest may fail to be sequenced if they do not possess restriction cut sites at the 

appropriate spacing (Puritz et al., 2014; Beissinger et al., 2013; Kim et al., 2016). In a 

comparison study between RAD-seq and sequence capture, two reduced representation methods, 

the analysis of previously published data revealed that the sequence capture method (Gnirke et 

al., 2009) provided more information per locus while RADseq provided more informative 

nucleotide sites (Harvey et al., 2016). Harvey et al. (2016) also highlighted that both methods 

produce great coverage for single loci, but RADseq had more coverage across individuals and 

across loci genome-wide. Though it is preferred in some studies due to random distribution of 

loci across the genome, RAD-seq had greater variation within coverage than sequence capture, 

which could introduce genotyping errors and make analysis performed with RAD-seq difficult to 

reproduce. The comparison study was performed on Xenops minutus, a diploid species, therefore 

how these sequencing methods compare with a more complex genome was not addressed in this 

study (Harvey et al., 2016). Although polyploids require greater read depth than diploids for 

accurate genotyping, this reduced representation approach can still provide enough coverage of 

the genome to be useful and permits single nucleotide polymorphism (SNP) discovery in non-

model polyploid species (Garvin et al., 2010; Liu et al., 2014; Berthouly-Salazar et al., 2016).  

Reduced representation methods also have drawbacks and advantages relative to whole genome 

sequencing, but generally have been applied with success in polyploid species. However, as with 

any method, there are many drawbacks to GBS including an increased error rate for sequencing 

repetitive regions and non-gene-rich regions and the requirement of additional statistical methods 



7 
 

and bioinformatic tools (Heslot et al., 2013; Wickland et al., 2017). For example, GBS data has 

lower coverage compared to whole-genome sequencing methods leading to a high missing data 

rate and high error rate (Chen et al., 2014). These drawbacks can lead to a lowered ability to 

identify rare variants. Despite the disadvantages, GBS is an effective methodology for breeding 

populations due to the low cost compared to WGS and has been widely used for important non-

model polyploids such as cotton and potato (Zhang et al., 2019; Caruana et al., 2019). Examples 

of the GBS technology used for improvement of key crops include common wheat (Triticum 

aestivum), an allohexaploid, and maize (Alipour et al., 2017; Kadam et al., 2016), an ancient 

tetraploid. Although sequencing technology has advanced our understanding of polyploids, many 

of the unresolved issues that create a complex structure within the genome often have residual 

effect complicating analysis of polyploid species. Thus, the use of molecular methods in 

breeding programs has been further developed in diploid species than polyploid species. Despite 

the disadvantages for polyploid species, GBS methods have been used successfully for many 

polyploid crops (e.g. potato, blueberry, wheat, cotton, sweet potato, strawberry) (Baral et al., 

2018; Vining et al., 2017; Shirasawa et al., 2017).  

GBS is comparable to SNP microarrays, another genotyping method that has been widely-used 

for plant breeding and understanding the genomic architecture of many crop species. SNP 

microarrays provide high genotyping accuracy, in contrast to GBS, but typically requires more 

upfront cost compared to GBS, causing it to be used most widely in model species 

(LaFramboise, 2009). SNP microarray technology allows the integration of reliable markers and 

has been successful in polyploid species where information is known about the genomic 

architecture such as T. aestivum (Wang et al., 2014). In non-model polyploid species, a hybrid 

method that incorporates both SNP microarray and GBS has been used to increase the accuracy 
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of allelic variants observed in polyploid species (Manimekalai et al., 2020). Incorporating known 

SNPs in the downstream analysis of polyploid species may resolve the issue of allelic ratios that 

do not behave in a Mendelian manner, which is common in GBS studies (Akhunov et al., 2009). 

Without the use of known markers, GBS allows SNP discovery by genomic resources such as a 

reference genome, or the reference genome of a related species when a reference genome for the 

species being studied is not available (Clark et al., 2019a; Kyriakidou et al., 2018).  

1.3 Challenges of analyzing molecular markers in polyploids 

Simple sequence repeats have historically been utilized for the application of molecular markers 

in polyploids, but recently developed GBS methods that rely on restriction enzymes have the 

potential for successful application of molecular markers at a fraction the cost (Cordeiro et al., 

2000; Wang et al., 2019; Schie et al., 2014; Clevenger et al., 2018; Stafne et al., 2005). SSR 

markers are reproducible and informative.  If markers from reduced representation methods can 

achieve reproducibility and be informative, then these methods may also lead to the development 

of molecular markers (Vieira et al., 2016; Mammadov et al., 2012). The identification of SNPs 

by these methods has been used for overall crop improvement through linkage maps, marker-

assisted selection and genome-wide diversity analysis. One major drawback of reduced 

representation methods is the coverage due to these methods only sequencing a portion of the 

genome resulting in important regions of the genome not being characterized (Scheben et al., 

2017). More importantly reduced representation methods have created a new barrier, data 

analysis. Despite these barriers, efforts have been placed towards developing genetic markers in 

important polyploids (e.g. cotton, wheat, potato, sugarcane) (Koebner & Summers, 2003; Hinze 

et al., 2017; Li et al., 2015; Yu et al., 2020; Balsalobre et al., 2017). 
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The interpretation and application of GBS in polyploid species are heavily predicated upon the 

estimation of genotypes and allele frequencies. The inability to detect differences and over 

estimation of genetic effects among individuals and populations of polyploid species can largely 

be attributed to poor genomic coverage and missing data (Dufresne et al., 2014). Approaches to 

polyploid genetic marker analysis can be categorized as those that simplify the data and analyze 

it as if the species were diploid, and those that estimate and utilize allele dosages. Treating 

polyploid genotypic information as if it were from a diploid has been a common approach to 

enable the use of analyses and software designed for diploids, despite the loss of allele dosage 

information (Grandke et al., 2017). For example, for genetic mapping in polyploid biparental 

populations, it is common to use markers that are heterozygous in only one parent at a time 

(Crawford et al., 2016; Adhikari et al., 2018). Recently, to circumvent the many limitations of 

analyzing polyploids, software with underlying Bayesian statistical methods have been 

developed to estimate the allele dosages of polyploids (Gerard et al., 2018; Blischak et al., 2018; 

Clark et al., 2019b). The Bayesian statistical approaches to the estimation of allele dosages allow 

the use of recently developed downstream software that does not require the diploidization of 

genotype information. There are over twenty softwares frequently used for interpreting 

polyploids (Table 2). Newer developed softwares that cater to polyploid species are tested on 

simulated datasets, but the testing using empirical populations could better facilitate 

improvements to newly developed software (Bourke et al., 2018a; Mollinari & Garcia, 2018).  

With a plethora of available software to process RAD-seq data, many recommendations across 

multiple studies evaluating these methods have been published, and the software chosen by the 

researcher has an impact on the outcome (Stift et al., 2019; Pereira et al., 2018; Larsen et al., 

2018; Tinker et al., 2016; Nielsen et al., 2011; Peng et al., 2020). The most appropriate strategy 
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is ultimately based on the population type, species, sequence read depth, and the missing data 

rate being below the recommended threshold. A hybrid strategy between the reduced-

representation method and SNP microarray technology can potentially be used to increase the 

power of downstream analyses by combining high-quality genotypes with broad coverage free of 

ascertainment bias (Koren et al., 2012). In non-model polyploid species, suggestions such as 

simulating variants from the data, performing the analysis on the simulated datasets, and 

determining the best software to use based on the population type, species and other parameters 

set within the software (Gompert & Mock, 2017; Gao et al., 2015). Genome resources such as a 

reference genome may not be available for non-model species, thus the use of a reference 

genome for the study species or a close relative is particularly important for maximizing the 

number and quality of SNPs identified (Payá-Milans et al., 2018). 
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1.4 Tables 

Table 1. The name of 14 reduced representation methods accompanied by a description of the 

novel aspect of the method that distinguishes the method from others and the citation describing 

the protocol in depth.  

Name of reduced representation 

method 

Citation Novel description 

Complexity Reduction of 

Polymorphic Sequences 

(CRoPs) 

 

Orsouw et al., 2007 CRoPs approach for 

polymorphism discovery 

combines the power of 

amplified fragment length 

polymorphism (AFLP) 

markers with the novel 

Genome Sequencer (GS) 

20/GS FLX next-

generation sequencing 

technology. 

Restriction site-associated DNA 

sequencing 

Baird et al., 2008 Restriction-site associated 

DNA (RAD) tags are 

paired with sequencing 

technology to discover 

novel SNP markers and 

simultaneously genotype 

individuals. 

Reduced representation library Van Tassell et al., 2008 Single-step method for 

SNP discovery using 

reduced representation 

libraries.  

Multiplexed shotgun genotyping Andolfatto et al., 2011 Restriction enzyme 

digestion of genomic 

DNA that does not require 

shearing and repair of 

DNA prior to adapter 

ligation. 

Genotyping-by-sequencing 

method  

Elshire et al., 2011 Methylation-sensitive 

restriction enzymes are 

paired with sequencing 

technology to discover 

novel SNP markers while 

avoiding the digestion of 

repetitive regions.  
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Table 1 (cont.)   

Sequence based genotyping Truong et al., 2012 A technology that allows 

the simultaneous marker 

discovery and co- 

dominant scoring of 

individual species.  

Double-digest RAD sequencing Peterson et al., 2012 The use of two enzymes 

simultaneously, double 

digestion, that results in a 

cost reduction in library 

production.  

Two-enzyme genotype-by-

sequencing approach 

Poland et al., 2012 The use of two enzymes 

and a Y-adapter to 

generate “uniform” GBS 

libraries.  

2b-RAD Wang et al., 2012 The method allows for 

nearly every restriction 

site in the genome to be 

screened and genotyped in 

parallel.  

ezRAD Toonen et al., 2013 Library preparation 

requires very little 

technical expertise or 

laboratory equipment to 

complete. The library 

preparation is directly 

compatible with 

companies that render 

sequencing services.  

Modified GBS Sonah et al., 2013 Optimized GBS method 

through the use of 

selective primers for the 

library preparation to 

increase genome 

coverage.  

RESTseq Stolle & Moritz, 2013  Optimized for SNP 

discovery and genotyping 

through small scale 

sequencing platforms.  

SLAF-seq Sun et al., 2013 Use of pre-designed 

barcode system for locus-

specific amplification to 

optimize SNP discovery. 

RAD Capture (Rapture) Ali et al., 2016 Improved RAD protocol 

that recovers more 

unique) RAD fragments.  
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Table 2. The name of twenty-one softwares developed specifically for polyploid genomic 

studies. The name of each software is accompanied by the citation describing the novel software. 

The software tools included are used to assign marker genotypes, assemble haplotypes, generate 

linkage maps, identify the mode of inheritance, and simulate polyploid populations.  

Analytic Process  Name of software Citation  

Genotyping   

 polysegRatioMM Baker et al., 2010 

 ClusterCall Schmitz Carley et al., 2017 

 updog Gerard et al., 2018 

 SuperMASSA Pereira et al., 2018 

 polyRAD Clark et al., 2019b 

 FitTetra Zych et al., 2019 

Haplotype Assembly    

 SATlotyper Neigenfind et al., 2008 

 HapCompass Aguiar & Istrail, 2012 

 HapTree Berger et al., 2014 

 SDhaP Das & Vikalo, 2015 

 SHEsisplus Shen et al., 2016 
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Table 2 (cont.)   

Linkage Mapping   

 TetraploidMap Hackett et al., 2007 

 PERGOLA Grandke et al., 2017 

 TetraploidSNPMap Hackett et al., 2017 

 PolyGembler Zhou et al., 2017 

 polymapR Bourke et al., 2018b 

 MAPpoly da Silva Pereira et al., 2020 

Mode of Inheritance   

 TetraOrgin Zheng et al., 2016 

Simulation   

 polySegratio Baker et al., 2010 

 PedigreeSim Voorrips & Maliepaard, 

2012 

 HaploSim Motazedi et al., 2018 
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Chapter 2: Assessment of the novel polyRAD v1.2 variant calling pipeline’s capability to 

correctly align sequence tags from paralogous loci and its impact on genome-wide association 

studies of polyploids  

2.1 Abstract 

Background 

The development of genotyping-by-sequencing (GBS) methods has facilitated genomics studies 

in non-model species, including polyploids. Recently software has been developed to call 

genotypes in polyploids, but limitations within the available software still present challenges. For 

example, variant and genotype calling methods have been established for autopolyploids but 

remain a challenge for both recent and ancient allopolyploids (e.g. wheat, maize, soybean, 

Miscanthus), particularly where the reference genome contains highly similar paralogous 

sequences that do not pair at meiosis. Alignment of sequence tags to the appropriate position 

within highly duplicated reference genomes remains a challenge inadequately addressed by 

existing alignment software. Although some variant calling pipelines can discriminate a 

paralogous locus from a Mendelian locus, the detection of these paralogous loci is typically for 

the exclusion of these loci from the downstream analysis of genomic studies, which hinders the 

opportunity to study these potentially important regions. We explored how to properly navigate 

through the uncertainty of GBS data and the significance of eliminating paralogous loci in 

downstream analysis using a newly developed pipeline that sorts sequence tags to their correct 

alignment locations based on the novel Hind/HE statistic. In this study, we explored the challenges 

of variant calling methods in allopolyploids. 
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Results 

Through simulated data we demonstrated that polyRAD’s variant calling pipeline can align 

sequences to the correct position with high accuracy. The evaluations of empirical data further 

highlighted that the output from polyRAD provides markers concentrated in genomic regions to 

be included in downstream analysis when the reference genome is utilized. The concentration in 

genomic regions across the three studies led to a decrease in the number of loci included in the 

genome-wide analysis performed. Depsite the decrease in genomic coverage, polyRAD 

identified 78 significant associations observed for all 13 yield component traits assessed in the 

Miscanthus diversity panel compared to 61 and 83 associations identified by UNEAK and 

TASSEL respectively.  

Conclusion 

Our study directly addresses a knowledge gap noted by bioinformatic software users by 

assessing the impact of higher confidence in alignment position. We anticipate that this study 

and newly developed sorting pipeline of polyRAD v1.2 will result in improved genotyping 

quality, resulting in improved power for GWAS, GS, trait mapping, and population genetics. 

2.2 Introduction 

Many of humanity’s most important crops are polyploids (e.g. wheat, sugarcane, canola, 

strawberry). Moreover, as polyploidization is a major theme of plant evolution, most diploid 

crops are either recent or ancient diploidized polyploids (e.g. maize and rice) (Stebbins, 1940; 

Moore et al., 1995; Tang et al., 2008). Thus, duplicate sequences are common within the 

genomes of plants and especially within recent polyploids. Next-generation sequencing (NGS) 
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methods have increased our ability to gain an understanding of polyploids. However, 

differentiating relatively similar, short sequences produced by NGS is difficult, and thus 

detecting paralogous loci has become a primary problem in genetic studies of polyploids 

(Dufresne, Stift, Vergilino, & Mable, 2014). The identification and differentiation of paralogous 

loci from one another is even more difficult without a reference genome (Gayral et al., 2013). 

Loci that are not filtered are prone to misaligning to the incorrect region of the genome in the 

variant calling process and therefore may lead to false conclusions in the downstream analysis 

(Kyriakidou, Tai, Anglin, Ellis, & Strömvik, 2018). For example, in a previously published study 

of the species Robinia pseudoacacia L., approximately 20% of the variants detected with 

restriction site-associated DNA sequencing (RADseq) technology were labeled as paralogous 

loci (Verdu et al., 2016). Although some variant calling pipelines can discriminate a paralogous 

locus from a Mendelian locus, the detection of these paralogous loci is typically used to exclude 

these loci from the downstream analyses in genomics studies, which reduces their power. 

Ignoring duplicated loci limits our understanding of polyploid genomics. Overcoming this 

challenge could potentially increase our understanding of the variation in polyploid genomes that 

contributes to phenotypic diversity and increase the power to detect significant associations 

within genomic studies.  

The development of genotyping by sequencing (GBS), sequence-based genotyping (SBG), and 

RADseq methods have enabled genomics studies in non-model species (Mastretta-Yanes et al., 

2014; Elshire et al., 2011; Truong et al., 2012). These methods provide low-cost incomplete 

coverage of the entire genome but are prone to a high error rate, which can lead to bias (Gerard, 

Ferrão, Garcia, & Stephens, 2018; Catchen, Hohenlohe, Bassham, Amores, & Cresko, 2013). For 

most crops, including polyploids, GBS methods have become the preferred cost-effective 
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solution to obtaining quality sequencing data over other more costly sequencing approaches such 

as whole-genome sequencing (Chen et al., 2014). These cost-effective reduced-representation 

NGS methodologies, such as GBS, typically require the removal of most sequencing data in 

post-sequencing analysis resulting in an increased level of uncertainty that is not observed in 

more costly whole genome sequencing approaches (Peterson, Weber, Kay, Fisher, & Hoekstra, 

2012; Yu & Sun, 2013). Despite the need for filtering of many of the small read sequences from 

the GBS method, copious amounts of sequences pass through filtering and contribute to the 

characterization and identification of genomic regions of interest. Without the application of 

proper statistical methods for analyzing GBS sequence data from polyploids, inferences may be 

based on spurious interpretations originating from inflated estimates of inbreeding, heterozygote 

undercalling, and incorrect assumptions of the population structure (Davey et al., 2013). This 

phenomenon has been observed using simulated data; therefore, the principles that underlie 

polyploid bioinformatic software are specifically established to circumvent biases and build 

better-adapted software (Eaton, 2014).  

GBS methods are based on the digestion and amplification of millions of sequence reads, but due 

to the short length of the sequence reads and the minimal variation within, it can be difficult for 

alignment software (e.g. Bowtie (Langmead & Salzberg, 2012), BWA (Li & Durbin, 2009)) to 

correctly and separately bin similar sequences that are in fact from different parts of the genome. 

Similar sequences that result from ancient or recent allopolyploidization, i.e. paralogous 

sequences, can represent homologous loci that possess different alleles or even functions; 

therefore, it is imperative to differentiate paralogous sequences from one another. In the post-

sequencing analysis process, differentiating paralogous sequences from one another is especially 

difficult for organisms without a reference genome (Ohno, 1970). Though the power for 
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differentiating paralogous loci of duplicated genomes is higher with a reference genome than 

without, assigning and aligning the loci to the correct position in the reference genome remains 

difficult. Conventional variant calling software, used in the post-sequencing analysis, either filter 

out paralogous loci, arbitrarily assign the paralogous loci to a position in the reference genome, 

or merge the paralogous loci into one single locus (Nadukkalam Ravindran et al., 2018; Catchen 

et al., 2013; McKinney et al., 2017). Paralogous loci with low coverage, along with the inability 

to distinguish homology, are sources of error for GBS data, and the removal of paralogous loci 

contributes to the problem of missing data in downstream analysis of polyploids (Shafer et al., 

2018). Additionally, the ability to correctly estimate allele dosage in polyploids is hampered by 

the low coverage of GBS data, contributing to errors in assigning tag sequences to the correct 

paralog, which can lead to erroneous conclusions in genomics studies (Clark, Lipka, & Sacks, 

2019a; Gerard, Ferrão, Garcia, & Stephens, 2018).  

At least four methods for the identification of paralogous loci have been employed in alignment 

and genotype calling software to alleviate biased downstream analysis, although each has 

limitations: 1) A method developed specifically for GBS datasets of self-pollinating species 

using clustering and a maximum likelihood-based approach allows the assignment of similar 

sequence tags to the appropriate group of tag sequences without the use of a reference genome 

(Tinker et al., 2016). 2) Another approach is based on the distribution of heterozygous 

individuals within a population and the allelic depth ratio within the heterozygous individuals 

(McKinney et al., 2017). The method includes the approximate proportion of heterozygous 

alleles in the population and the deviation of each locus from the expected Mendelian ratio (1:1) 

to detect likely paralogous loci. The loci with allelic depth ratios higher than the expected ratio 

are typically removed. 3) Another approach identifies loci with an excess of heterozygotes as 
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compared to expected heterozygotes based on the Hardy-Weinberg equation (HWE) to identify 

and remove paralogous loci (Lexer et al., 2014). However, because not all loci (i.e. diverged 

duplicates, isoloci) in polyploids behave in a Mendelian manner, the ratio of observed to 

expected heterozygotes may not be the most appropriate method to implement in genomic 

studies (Clark & Schreier, 2017). 4) In contrast to the previously discussed approaches, which 

are based on the assumptions of population statistics, an alternative method employed in 

allopolyploid studies identifies suspected paralogous loci based on sequence similarity, and 

utilization of a threshold based on the expected maximum of sequence similarity (Ravindran, 

Bentzen, Bradbury, & Beiko, 2018). Generally, each of the methods described can distinguish 

paralogous loci from non-paralogous loci based on the knowledge of the expected behavior of 

these populations. Different types of populations present different barriers, therefore, these 

common solutions typically only cater to one specific population type or a subset of population 

types.  

Recently, a new pipeline in the bioinformatics software polyRAD was developed to sort GBS tag 

sequences to their correct alignment locations based on the novel Hind/HE statistic, where Hind is 

the probability that two reads sampled from a single individual and locus correspond to different 

alleles, and HE is the expected heterozygosity at the same single locus (Clark et al., 2020). 

Employing pre-existing alignment software with the option of accommodating multiple 

alignments for each tag sequence, the sorting algorithm underlying the polyRAD variant calling 

pipeline assumes the possibility of multiple alignments with equal alignment scores or that the 

best alignment may not be correct. The Hind/HE statistic is calculated for each assumed locus. For 

any assumed locus, if the Hind/HE value exceeds the expected Hind/HE value, these groups of tags 

are rearranged and the Hind/HE is recalculated and comparison of the Hind/HE and the expected 
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Hind/HE is reassessed. The polyRAD algorithm performs a tabu search and rearranges tags 

multiple times assuming that groupings of tags at or below the expected value of Hind/HE provide 

the most correct alignment location. The groups of tag sequences that cannot be adequately 

sorted are removed.  

In this study, we investigated the potential value of including paralogous loci in genome-wide 

association studies using a newly developed pipeline based on read depth and population 

genetics statistics implemented in the R package, polyRAD (Clark et al., 2020). In particular, to 

test the potential of Hind/HE for improving breeding outcomes in allopolyploid crops, we 

conducted three studies: 1) evaluation of the accuracy of the polyRAD algorithm for assigning 

sequence tags to paralogs, using a simulated population of bread wheat, Triticum aestivum (T. 

aestivum); 2) genome-wide association study (GWAS) of an actual panel of 273 T. aestivum 

breeding lines collected from the Midwest and the Eastern United States, comparing the impact 

on GWAS of filtering out paralogs using heterozygosity (standard strategy) with the strategy of 

correcting and using the paralogs with polyRAD; and 3) GWAS of a diversity panel of 568 

Miscanthus sinensis collected from throughout its native range in East Asia, comparing the 

polyRAD variant calling pipeline to two previously-published pipelines (Table 3). We 

hypothesize that implementation of the Hind/HE statistic to allow for the inclusion of paralogous 

loci will increase the effectiveness of downstream SNP trait association analyses and lead to the 

discovery of new significant trait-associated regions within the genome that would typically not 

be included in traditional analyses in which tags from paralogous loci are discarded.  
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2.3 Methods 

The Hind/HE statistic 

In allopolyploid species, diploid-like meiotic behavior is observed, thus many assumptions of 

diploid species can be applied to allopolyploids. The Hind/HE statistic for assessing Mendelian 

behavior of loci based on sequence read depth has been described in a preprint by Clark et al. 

(2020). The Hind/HE statistic underlies the sorting algorithm in polyRAD v1.2. The Hind/HE 

equation is partially based on the assumptions underlying Hardy-Weinberg equilibrium (HWE) 

for diploid populations. In a diploid population, the expected heterozygosity for a single locus 

(HE) can be determined by:  

Equation 1. 

𝐻𝐸 = 1 − ∑ 𝑝𝑖
2

𝑘

𝑖=1

 

In Equation 1, one minus the summation of the squared allele frequency (pi) of the ith allele 

across a total of k alleles represents the probability of heterozygosity in a diploid. The 

assumptions of HWE are based on populations of diploid species in which there are two alleles 

but can be extended to multiple alleles as in Eqn. 1. The value of HE (Eqn. 1) ranges between 

zero to one with a value close to zero representing a small amount of heterozygosity whereas a 

value close to one represents a high level of heterozygosity. Moreover, HE is a meaningful 

measure of diversity in both diploid and polyploid populations, as it represents the probability 

that two alleles drawn at random from the population will be different.  
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Hind (Eqn. 2) is defined as the probability that if two sequencing reads were sampled without 

replacement from an NGS genotyping dataset at a given locus in an individual, they would 

represent different alleles (Clark et al. 2020). The ‘ind’ in Hind indicates that the statistic is 

calculated within each individual in the population. The expected value of Hind is: 

Equation 2.  

𝐻𝑖𝑛𝑑 =
𝑝𝑙𝑜𝑖𝑑𝑦−1

𝑝𝑙𝑜𝑖𝑑𝑦
∗ (1 − 𝐹) ∗ 𝐻𝐸,  

where F is the coefficient of inbreeding. Given that inbreeding and population structure can 

affect inheritance in allopolyploids, 1- F is included in the Hind equation to estimate the 

probability that two alleles drawn randomly from an individual will not be identical by descent, 

which accounts for the genetic similarity among relatives. The ploidy component of the Hind, 

(ploidy-1)/ploidy, is defined as the probability that two sequencing reads originate from different 

chromosomes. The product of these two terms, multiplied by HE, is, therefore, the probability 

that two sequencing reads from one individual will be different from each other. Thus, the 

Hind/HE statistic provides a numeric value that is dependent on ploidy and inbreeding, which are 

assumed to be consistent within the population. The Hind/HE statistic identifies alleles that may 

not behave in a Mendelian manner within allopolyploid species (e.g. paralogous sequence 

variants) in that they will have higher values than expected. Therefore, by using the Hind/HE 

statistic we can filter these loci or adjust how alleles are assigned to loci, allowing the inclusion 

of paralogous loci in downstream analysis. 

Empirical estimation of the Hind/HE statistic in a GBS dataset using the averages across the 

population is estimated as:  
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Equation 3. 

𝐻𝑖𝑛𝑑̂/𝐻𝐸̂  = 
∑ 𝐻̂𝑖𝑛𝑑,𝑚/𝐻̂𝐸

𝑛
𝑚=1

𝑛
≅  

𝑝𝑙𝑜𝑖𝑑𝑦−1

𝑝𝑙𝑜𝑖𝑑𝑦 
 (1 − 𝐹) 

where n denotes the total number of individuals and m denotes each individual in Eqn. 3. The 

equation has been described in detail in the preprint by Clark et al. (2020). For example, in a 

diploid natural population without inbreeding the expected value of Hind/HE would be 0.5, and 

Mendelian loci are expected to be around or below this expected value.  

polyRAD v1.2 sorting pipeline 

The goal of the sorting pipeline in polyRAD v1.2 (https://github.com/lvclark/polyRAD) is to 

retain loci that would have typically been removed in other variant calling pipelines, and 

correctly assign reads to these loci. In the sorting pipeline, the initial assignment of alleles to 

each locus is based on sequence similarity to the reference. Groups of tag sequences that are 

likely to belong to the same locus are then established based on negative read depth correlations. 

The sorting algorithm implemented in polyRAD v1.2 estimates the Hind/HE based on read depth 

distribution, with HE estimated from allele frequencies averaged across the entire population 

from ratios of sequence read depth within each individual. The expected value of Hind/HE acts as 

a threshold, and sets of alleles assigned to a single locus that exceeds the expected Hind/HE are 

rearranged by the optimizing algorithm. When referring to this rearrangement of loci, the term 

‘sorting’ is used. Sorting is performed on a set of tag sequences that aligned at multiple positions 

during the alignment process. One alignment position per tag is selected as being putatively 

correct by the sorting algorithm. Each tag sequence can contain multiple alleles found within the 

span of a sequencing read. 

https://github.com/lvclark/polyRAD
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The optimizing algorithm in polyRAD v1.2 identifies tag sequences that represent loci that do 

not exceed the expected value of Hind/HE and directly exports the loci into the output file because 

the rearrangement of these loci is not required. Groups of tag sequences that exceed the expected 

value of Hind/HE statistic are rearranged and reevaluated by a flexible optimization method. The 

assumption underlying the algorithm is that the true alignment position yields loci with Hind/HE 

values lower than or near the expected value. The flexible optimization method is iterated 

twenty-five times and the best solution is included in the output. 

Steps of the polyRAD v1.2 variant calling pipeline 

The steps required in polyRAD’s variant calling are summarized below and in Fig. 1: 

Step 1. Use TASSEL-GBS to identify all unique tags and read depths of all individuals 

1.1. In the TASSEL-GBS pipeline, the GBSSeqToTagDBPlugin command allows tags 

from FASTQ files to be stored in an SQLite database using the input of the FASTQ files 

and a keyfile.  

The TagExportToFastqPlugin command in the TASSEL-GBS pipeline will retrieve the 

tags from the database in the previous step and reformat the tags to allow the sequences 

to be readable by Bowtie2 software. This function will provide a FASTA file used in Step 

2. The GetTagTaxaDistFromDBPlugin from the TASSEL-GBS pipeline provides a file 

of the depth of all tags for all samples in the population. 

Step 2. Align tags to reference using alignment software 

2.1. Using the bowtie2-build command, an index of the reference genome is created.  
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2.2. The bowtie2 command performs the alignment of the sequence reads of the FASTA 

file from the first previous steps to the reference genome. It is imperative to use the -k 

option along with this command, which will allow multiple tags to align to one position. 

From the suggestion of the developer, the -k option should represent a number higher 

than the number of subgenomes present in species. For example, one of the populations 

used in this study is an allohexaploid species Triticum aestivum with three subgenomes, 

so one would set the -k option to four. 

Step 3. Group tags based on unordered sets of alignments 

3.1. Using the Sequence/Alignment Map (SAM) file produced from alignment software, 

the process_sam_multi.py script in the polyRAD variant calling pipeline will generate 

two separate comma-separated value (.csv) files including 1) a file containing read depth 

by tag and individual 2) a file indicating the alignment position and number of mutations 

present in each tag sequence which will be used to reassign loci based on the estimated 

the Hind/HE statistic.  

3.2. From the suggestion of the software developer, filtering of individuals by average 

Hind/HE is performed to remove individuals that are hybrids or not the expected ploidy. 

The inbreeding coefficient is also estimated based upon the frequency of the average 

Hind/HE of each locus in a subset of randomly selected loci.  

Step 4. Sorting pipeline based on the Hind/HE statistic  

4.1. The process_isoloci.py script uses Hind/HE to sort tag sequences into putative loci and 

produce a file with the correct position for tag sequences that align to multiple positions 
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based on the loci with the value closest the estimated Hind/HE statistic, as well as 

sequences that only aligned to one position. The estimated inbreeding and filtered 

individuals from step 3.2 are included on the command line code entered. 

Study 1: Simulation study to determine accuracy of assignment of tag sequences to alignment 

locations 

The ability of polyRAD to assign tag sequences to the correct position based on the reference 

genome was assessed, with the assumption that many of the simulated sequences would align to 

multiple positions and require rearranging. RAD sequence reads were generated from the in 

silico GBS variant simulation software, RADinitio (Rivera-Colón et al., 2019). The RADinitio 

simulation software tool emulated the RAD-seq library preparation process using a double 

digestion protocol with restriction enzymes PstI and MspI, producing sequence reads of 150 base 

pairs with 20X sequencing coverage (Peterson, Weber, Kay, Fisher, & Hoekstra, 2012). The 

Triticum aestivum (bread wheat) reference genome was used to construct reference alleles and 

alternative alleles of an experimental population of 400 individuals. The in silico phase of 

genotyping by NGS techniques modeled in the RADinitio simulation tool generated a population 

with a mutation rate of 7e-08, indel probability of 0.01, and insertion/deletion ratio 1.0, resulting 

in the extraction of 32,783 loci. From the 32,783 loci extracted only 14, 931 loci were retained 

for further processing. The other loci were discarded for reasons including lack of a second 

restriction site, the proximity of the loci to repetitive telomeric regions on the chromosome, or 

overlapping a cut site of another locus. The FASTA files provided from RADinito were 

converted to FASTQ files using a custom script that assigned a constant phred quality score to 

eliminate bias scoring among sequence reads. The average alignment accuracies for 14,931 loci 

among the novel sorting algorithm of polyRAD’s variant calling pipeline, Bowtie2 (Langmead & 
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Salzberg, 2012), and Burrows-Wheel Aligner (BWA) alignment software (Li & Durbin, 2009) 

were compared. In particular, differences in the number of tag sequences from the SAM output 

files, along with the number of tag sequences that aligned correctly and the number of tag 

sequences that aligned incorrectly, from all three software were compared. 

Study 2: Comparison of the standard variant calling pipeline, TASSEL, with the polyRAD v1.2 

sorting pipeline for a panel of 273 wheat breeding lines  

In Study 2, we reanalyzed a dataset for 273 winter wheat (T. aestivum) breeding lines that 

originated from the Midwestern and Eastern United States (Arruda et al., 2016). Of the 273 

breeding lines, 185 belonged to the University of Illinois soft red winter wheat breeding 

program, and the remaining lines were selected from other land grant universities and private 

companies in the United States. The genome of T. aestivum is a hexaploid (2n = 6x = 42) 

consisting of three subgenomes denoted A, B, and D. The best linear unbiased estimators 

(BLUEs) of phenotypic measurements for Fusarium head blight (FHB) disease severity, 

incidence, and incidence-severity kernel index were calculated using a mixed model approach to 

evaluate resistance to the fungal plant pathogen Fusarium graminearum. FHB is an important 

disease of wheat (Mehta, 2014). GBS libraries were prepared using the protocol described in 

Poland et al., 2012. Sequence data was obtained by Illumina HiSeq2000 at the University of 

Illinois W.M. Keck Center for Comparative and Functional Genomics in Urbana, IL. 

Descriptions of the techniques used to collect phenotypic measurements, isolate DNA, and 

sequence DNA were described previously (Arruda et al., 2016).  

Variant calling was performed using two workflows, polyRAD and TASSEL-GBSv2, which 

were compared to each other in terms of power and sensitivity in GWAS. To ensure the best 
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comparison, parameters for TASSEL mirrored the previously published study (Arruda et al. 

2016), both when TASSEL was used for variant calling and when it was used in Step 1 of the 

polyRAD pipeline (described above). Using Bowtie2 in Step 2 of the polyRAD pipeline, 

2,672,226 sequence reads were aligned to the wheat reference genome using the multiple 

alignment options in the software. Of these sequences, 30.2% aligned to more than one location 

in the reference genome. From these sequences, a total of 87,385 markers were identified from 

the novel sorting algorithm implemented in polyRAD, which filtered to remove loci that were 

not present in at least 100 individuals. Using the method discussed in 3.2 of the ‘Steps of the 

polyRAD v1.2 variant calling pipeline’, we observed two peaks while estimating the Hind/HE 

from 1,000 loci randomly selected from the dataset (Fig.2). Based on the peak at 0.1, the 

inbreeding coefficient was estimated to be 0.8, consistent with wheat being self-fertilizing and 

highly inbred. The second Hind/HE peak at 0.9 represented paralogous loci and would have 

resulted in a negative inbreeding coefficient if those loci were treated as Mendelian. After 

running the sorting algorithm, genotype calling and imputation were performed using the 

polyRAD genotype calling function, which takes into account population structure, and no 

further filtering was performed. Using the TASSEL-GBSv2 pipeline, 32,483 markers were 

identified, then subjected to filtering identical to that in the previous study (Arruda et al. 2016). 

The previous study assumed high levels of misaligned sequences before imputation and 

performed three consecutive filtering criteria for the removal of markers by excluding those with 

i) missing data greater than 50% ii) the minor allele frequency less than 5% or iii) the percentage 

of heterozygotes greater than 10%. After filtering, a total of 19,992 markers from TASSEL-

GBSv2 were included in the GWAS and used for comparison with those output by polyRAD.  
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Tag-based haplotypes were output by the polyRAD pipeline, which was used for genotype 

calling for both variant calling methods (polyRAD and TASSEL).   A single tag may span 

multiple SNPs, and more than two tags may correspond to one locus.  Throughout this 

manuscript, the term ’marker’ refers to these tag-based haplotypes in this study.  Estimated 

haplotype dosages were used as numeric genotypes in both Studies 2 and 3. 

Genome-wide association analyses were performed with GAPIT3 software (Wang et al. 2018) 

using the multiple loci mixed linear model.  The p-values calculated for each marker were 

adjusted to reduce false positives based upon the false discovery rate (FDR) method proposed by 

Benjamini and Hochberg (1995). Markers with adjusted p-values below 0.10 were considered 

significant in this study, for consistency with the analysis performed by Arruda et al. (2016). 

Significant associations identified in both studies were reported with respect to the T. aestivum 

reference genome v2.2 published by the International Wheat Genome Sequencing Consortium 

(Consortium (IWGSC), 2014). In particular, we compared the number of significant 

associations and their locations with respect to the reference genome between the two 

variant calling pipelines. Analysis of the significant associations was performed to determine if 

any of the potential causative variants were shared across both pipelines based on the average 

linkage disequilibrium (LD) of 1.06 Mb observed in a recent wheat study (Bhatta et al., 2019).  

 

Study 3: Comparison of the standard variant calling pipelines, UNEAK and TASSEL, with the 

polyRAD v1.2 sorting pipeline on a diversity panel of 568 M. sinensis 

Miscanthus is a relatively recent allopolyploid; thus, paralogous loci in M. sinensis are frequent 

(Swaminathan et al., 2012). With this knowledge, we selected a previously studied diversity 
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panel of 568 M. sinensis accessions to assess the utility of polyRAD’s variant calling pipeline 

(Clark et al., 2019b). The diversity panel was phenotyped at six locations: 1) Sapporo, Japan by 

Hokkaido University (HU), 2) Leamington, ON by New Energy Farms (NEF), 3) Fort Collins, 

CO by Colorado State University (CSU), 4) Urbana, IL by the University of Illinois (UI), 5) 

Chuncheon, Korea by Kangwon National University (KNU), and 6) Zhuji, China by Zhejiang 

University (ZJU).  

In the previous study (Clark et al., 2019b), genetic markers were called with the UNEAK 

pipeline (Lu et al., 2013), which identifies variants without the use of a reference genome, 

because a reference genome was not available for Miscanthus at the time that the original study 

was conducted. The output from the novel referenced-based sorting algorithm in polyRAD was 

compared to the output from the standard reference-based TASSEL pipeline, and with output 

from the UNEAK pipeline used in the previously published study by Clark et al. (2019b).  Tag-

based haplotypes were used as markers in the polyRAD and standard TASSEL pipeline.  Tag-

based haplotypes were used as markers in GWAS regardless of genotyping method.  The default 

setting in polyRAD output tag-based haplotypes and the output of TASSEL was also processed 

through polyRAD to group SNPs into tags.  UNEAK is tag-based but only allows one SNP per 

tag.  In all cases the most common tag for a given locus was omitted, and the remaining tags 

were used as markers in GWAS, with values ranging from 0 to 2 indicating their estimated copy 

number.  the term ’marker’ for this study refers to these tag-based haplotypes for all pipelines. 

The unified mixed linear model approach implemented in GAPIT3 software (Wang et al., 

preprint) was performed using false discovery rate (FDR) method proposed by Benjamini and 

Hochberg (1995), and markers with adjusted p-values below 0.05 were considered significant in 

the previous study. We performed the polyRAD variant calling method as described for the 
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wheat panel in Study 2; based on the peak at 0.3, the inbreeding coefficient was estimated to be 

0.4. TagDigger software (Clark & Sacks, 2016) was used to compare tag sequences from all 

three variant calling pipelines. A database of tag sequences was created for each pipeline. The 

sequences were considered a match when the entire tag matched, a subset of their tags matched, 

or when the tag sequences were presented as a shorter version of each other.  

The number of significant markers from the genome-wide association analysis was compared 

using the polyRAD variant calling pipeline, the standard TASSEL pipeline (Bradbury et al., 

2007), and the UNEAK non-reference SNP discovery pipeline (Lu et al., 2013). The previous 

GWAS analyses identified 27 significant markers associated with biomass yield and 298 unique 

markers associated with twelve yield component traits. To maximize the power across all 13 

traits studied, we applied the multi-locus mixed-model approach described by Segura et al. 

(2012) implemented in GAPIT3 software (Wang et al., 2020). The p-values calculated for each 

marker were adjusted to reduce false positives based upon the false discovery rate (FDR) method 

proposed by Benjamini and Hochberg (1995), and markers with adjusted p-values below 0.05 

were considered significant in this study. A custom script 

(https://github.com/wittney/polyRAD_eval_scripts.git)  was used to evaluate the distance of 

markers included in the GWAS to the nearest gene, based on the position in the M. sinensis v7.1 

reference genome (Nordberg et al., 2014). The three pipelines were further compared on the 

basis of 1) significant associations, based upon the position with respect to the M. sinensis 

reference genome assuming that markers within 1,000 base pairs represent the same associated 

region based upon the linkage disequilibrium of M. sinensis observed in Slavov et al. (2014) , 2) 

number of markers included in the genome-wide association studies, 3) distance in base pairs of 

all of markers included in each variant calling to the nearest gene, and 4) distance in base pairs of 

https://github.com/wittney/polyRAD_eval_scripts.git
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significant markers identified in each variant calling pipeline to the nearest gene. Each marker 

identified from the variant calling pipelines to the nearest gene was categorized as either being 

within a gene, outside of a gene but within 5 kb to the nearest gene, between the distance of 5 kb 

and 30 kb to the nearest gene or of a distance greater than 30 kb to the nearest gene. Variant 

calling pipelines were compared in terms of proportions of markers in each of these four 

categories. 

2.4 Results 

Study 1: Simulation study to determine accuracy of assignment of tag sequences to alignment 

locations 

Compared to Bowtie2 and BWA, the polyRAD sorting algorithm based on the novel Hind/HE 

statistic provided fewer tag sequences to be included in downstream analysis (Table 3). After 

sorting, a total of 6,320 tag sequences were obtained by polyRAD, whereas the standard 

alignment option in Bowtie2 produced 7,672 tag sequences, and BWA produced 7,498 (Table 4). 

Of the total sorted sequences output from polyRAD that were aligned correctly, 46% aligned to 

multiple positions in the Bowtie2 output. From the sequences that were aligned to multiple 

locations, 95% of the sequences were sorted correctly by polyRAD. Overall, the alignment error 

rate of the novel sorting algorithm underlying the polyRAD variant calling pipeline was lower 

than that of Bowtie2 and BWA alignment softwares (Table 4). Following the steps described in 

Clark et al. 2020, the multiple alignment option in Bowtie2 alignment software was used to 

prepare input for the polyRAD pipeline, and a total of 14,931 tag sequences were aligned. The 

intermediate sorting output file from polyRAD’s pipeline revealed that over two-thirds of the 

total tag sequences from the Bowtie2 alignment software aligned more than one time, with 31% 
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of tag sequences aligning twice and 46% of tag sequences aligning three times, while only 23% 

of tag sequences aligned one time. It was not possible to estimate Hind/HE for 41% of the tag 

sequences from the Bowtie2 alignment output, likely due to monomorphic loci and/or low read 

depth, causing polyRAD to exclude these loci from its final output. 

Of the 6,320 tag sequences from polyRAD, 133 were aligned incorrectly, which were further 

assessed in Bowtie2 and BWA. Of the 133 incorrectly aligned tag sequences from polyRAD, 

45% were also incorrect in the standard option in Bowtie2. Approximately 18% of the 

incorrectly aligned tag sequences aligned correctly in Bowtie2, though the many of the tag 

sequences that were aligned incorrectly in the sorting pipeline were not in the final output of the 

Bowtie2 standard pipeline. In comparison with BWA, all tag sequences that were incorrectly 

aligned in polyRAD were also not aligned correctly in BWA.  

Study 2: Comparison of the standard variant calling pipeline, TASSEL, with the polyRAD v1.2 

sorting pipeline for a panel of 273 wheat breeding lines  

Though more markers were included in the GWAS using the novel sorting pipeline in polyRAD 

(n = 87,385) as compared to TASSEL (n = 19,992), fewer significant associations were 

identified by polyRAD (n = 6) than TASSEL (n = 8) (Table 5). Moreover, two of the 

significantly associated genomic locations were shared between the pipelines. Approximately 

90% of the randomly sampled loci used for the estimation of the Hind/HE statistic was above the 

expected value of Hind/HE, indicating the possibility of misalignment and were thus sorted using 

the novel algorithm in polyRAD (Fig 3.). Two loci in Table 5 that were significant in both of the 

genotyping approaches were within approximately 1 Mb of one another, on chromosome 4A 

(0.08 Mb apart) and 6A (1.36 Mb apart). Pairs of significant hits from polyRAD and TASSEL on 
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these chromosomes could potentially represent the same causative variant given the high linkage 

disequilibrium in wheat (Wang et al., 2010).  

Study 3: Comparison of the standard variant calling pipelines, UNEAK and TASSEL, with the 

polyRAD v1.2 sorting pipeline on a diversity panel of 568 M. sinensis 

The previously published GWAS that used the non-reference-based UNEAK pipeline identified 

46,177 markers (Clark et al., 2019b). In contrast, with the standard reference-based TASSEL 

pipeline, 1,024,980 markers were obtained and used in a new GWAS. With the novel sorting 

algorithm implemented in polyRAD, after filtering based upon removing loci that were not 

present in at least 100 individuals or were above the maximum allowed Hind/HE of 0.71, 86,580 

markers were identified and used in the subsequent GWAS. Approximately 54% of the loci from 

polyRAD were estimated to be above the expected Hind/HE of 0.3 before sorting, indicating the 

possibility of misalignment and were thus sorted using the novel algorithm in polyRAD (Figure 

4). The peak Hind/HE  was slightly above the expected value Hind/HE of 0.30 (Figure 4a) compared 

to the Hind/HE distribution after the rearrangement of loci by polyRAD (Figure 4b). The 

frequency distribution peak was slightly below the estimated Hind/HE (Figure 4b), reflecting 

optimization of Hind/HE from the correction of tag alignment locations. 

The total number of significant associations identified from GWAS based on UNEAK, TASSEL, 

and polyRAD were 60, 83, and 78, respectively (Table 6). No significant markers were shared 

among the pipelines. A larger number of markers were included in the GWAS using the 

TASSEL (n = 1,024,980) standard pipeline in comparison to the UNEAK (n = 46,177) and 

polyRAD pipelines (n = 86,580). Large differences among the pipelines were observed for 

which markers were included in GWAS analysis. TASSEL output provided ten times more 
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markers to be included in the GWAS than polyRAD. polyRAD shared all tag sequences with 

TASSEL, but shared only 2,931 tag sequences with UNEAK, which were also included in the 

TASSEL output (Figure 5). 

Although the number of markers included in the TASSEL pipeline was higher than in the other 

variant calling pipelines, many of the markers included in TASSEL were not from gene-rich 

regions. Although the number of markers shared between polyRAD and UNEAK were few, they 

were similar in terms of outputting markers concentrated in gene-rich regions (Fig. 6a). With this 

discovery of only a small number of tag sequences shared between variant calling pipelines, 

further evaluation revealed that UNEAK displayed the highest percentage of markers within or 

in close proximity of genes based upon annotated genomic regions. The genome-wide study 

performed with polyRAD provided an output with 78% of the total markers included either 

within a gene or within five thousand base pairs of the closest gene. The previously published 

study performed with UNEAK pipeline provided an output with 79% of the total number of 

markers included either within a gene or within five thousand base pairs of the closest gene 

(Figure 6a). Compared to UNEAK and polyRAD, the standard TASSEL output included less 

markers in genomic regions (Figure 6a). Comparing only the 222 significant associations from 

all three variant calling pipelines, polyRAD GWAS provided 79% of markers with a distance 

either within a gene or less than five thousand base pairs away from the closest gene. Despite 

these differences among the pipelines in terms of distribution of loci across the genome, 

significant associations from all three pipelines showed similar patterns of close proximity to 

genes (Fig. 6b). 
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2.5 Discussion  

In this study we sought to compare the output and downstream analysis of the UNEAK non-

reference pipeline and the reference-based TASSEL variant calling pipeline, as well as the 

alignment software Bowtie2 and BWA, to the new polyRAD variant calling pipeline. This study 

addresses the advantages, disadvantage, and potential biases of performing genomic studies with 

software developed to accommodate allopolyploid species to the standard variant calling 

pipelines developed for diploids. We expected that the sorting and filtering of polyRAD based 

upon the Hind/HE statistic would provide a higher confidence in the position chosen by alignment 

software, more stringent filtering, and the inclusion of sequences that would typically be omitted 

in allopolyploid genomic studies. Although in recent years more software catering to polyploids 

have been developed, softwares that may or may not account for the complex polyploid genomic 

structure are still commonly used among the polyploid research community (Nguyen et al., 2020; 

Tong et al., 2020; Jordan et al., 2018; Qu et al., 2017). Across all three of our studies the results 

demonstrated that i) compared to other alignment software the novel sorting algorithm provides 

higher accuracy in the alignment position chosen, ii) differing significant associations are 

identified among GWAS derived from different pipelines depending on how variants are called, 

and iii) with the use of the reference genome the loci included in the output of polyRAD are 

more concentrated towards genic regions compared to the TASSEL standard pipeline.  

Study 1: Simulation study reveals a higher accuracy of assignment of tag sequences to alignment 

locations 

Overall the error rate of polyRAD was lower than the error rates of Bowtie2 and BWA aligner 

software, but polyRAD output provided approximately 17% fewer aligned tag sequences than 
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Bowtie2 and BWA. BWA produced an output that resulted in the greatest number of tag 

sequences but the inclusion of these tag sequences increased the error rate. Specifically, the 

inclusion of these misaligned sequences decreased the accuracy rates of BWA and Bowtie2 

aligner softwares.  

Forty-one percent of the tag sequences removed by polyRAD were filtered because Hind/HE 

could not be calculated, presumably due to low read depth. A potential limitation of the Hind/HE 

statistic is the need for an accurate estimate of inbreeding for the population (Clark et al. 2020). 

If inbreeding were overestimated, the Hind/HE threshold would be too low and result in some 

Mendelian loci being filtered from the dataset. Our population was simulated without any 

inbreeding, and because we were following the polyRAD variant calling workflow as if it were 

an empirical dataset, the inbreeding coefficient was estimated to be zero. From this simulation 

study we are able remove the potential limitation of the Hind/HE to confirm the novel sorting 

algorithm’s ability to assign tags and filter tag sequences at a higher accuracy compared to 

standard pipelines. polyRAD outperformed BWA and Bowtie2 but the stringent filtering of 

polyRAD leads to an output with fewer sequences.  

 

Study 2: Comparison of the standard variant calling pipeline, TASSEL, with the polyRAD v1.2 

sorting pipeline identifies differing significant associations in a panel of 273 wheat breeding 

lines  

Although the polyRAD sorting pipeline discarded many markers in Study 1 because their 

Hind/HE could not be calculated, we hypothesized that it would reduce the need to filter markers 

based on heterozygosity, resulting in a net increase in the number of markers available for 
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GWAS. Compared to the previously published analysis using TASSEL (Arruda et al., 2016), 

approximately four times more markers were included from polyRAD’s novel sorting pipeline. 

For SEV and INC traits analyzed in Study 2, fewer significant associations were identified using 

polyRAD’s novel sorting pipeline as compared to TASSEL but overall the difference of 

significant associations was small (6 vs. 8). This may indicate that there is no significant 

difference between either pipeline’s ability to detect potential causative variants in the wheat 

breeding population, although many other factors contribute to the power to detect significant 

associations in complex traits such as FHB. For example, a population size greater than the 273 

available in this study would be expected to allow for greater potential to detect causative 

variants (Long & Langley, 1999).  

When comparing the significant associations, both TASSEL and polyRAD identified markers on 

chromosome 6A to be associated with incidence (Table 5). The other commonalities among both 

pipelines were identified on chromosome 6A and 4A. Other mapping studies have also detected 

QTL for FHB resistance in wheat on 4A and 6A, suggesting that these regions are truly 

associated with this trait (Buerstmayr et al., 2009). No significant associations within 1.06 Mb 

were shared for severity and incidence-severity kernel index traits. The previous study validated 

the trait associations based upon known regions associated with FHB resistance. SNP-trait 

associations near the major-effect QTL (Fhb1) for FHB resistance in T. aestivum on chromosome 

3B, which had been introgressed in 97 of the winter wheat breeding lines included in this study, 

were found with TASSEL only but for two different traits (Bernardo et al., 2012; Liu et al., 

2008; Zhou et al., 2002). We identified approximately 2,080 markers in the polyRAD dataset 

that were in the genomic region of Fhb1, whereas in the previous study it was suggested that 

only a few markers included in the analysis were near Fhb1. Only one significant marker was 
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identified to be associated with the severity trait near Fhb1 in the previous study, but the other 

three markers in the genomic region near Fhb1 did not meet the significance threshold. We 

expected the increase of markers within this genomic region by polyRAD relative to TASSEL 

pipeline to lead to an increased propensity to detect and characterize the Fhb1 region associated 

with the severity trait. Unfortunately, we did not find many markers associated with the Fhb1 

genomic region. We assume that the difference in filtering methods resulted in the removal of 

markers closer to Fhb1 by TASSEL. This may suggest that there is no significant difference in 

the ability polyRAD to identify more significant associations. In our study, polyRAD uniquely 

identified a significant marker association located on chromosome 1B. Notably, previous studies 

also detected QTL for FHB resistance on 1B that accounted for 12% to 16% of variation 

(Fuentes et al., 2005; Gilsinger et al., 2005; Shen et al., 2003), indicating high confidence in the 

ability of polyRAD to facilitate detection of marker-trait associations. The unique marker 

identified from the TASSEL pipeline on chromosome 7B also has literature supporting the 

presence of a QTL, but this literature does not support the same level of variation as 

chromosome 1B (Buerstmayr et al., 2009).  

Within this study, two peaks in the histogram to estimate the level of inbreeding were observed 

(Fig. 2), which suggest that there is a high number of misaligned loci in the dataset. Although the 

dataset used in this study was based on the estimated inbreeding level of 0.8, when comparing 

the output of markers to be included in the GWAS there was not a difference in the output of 

markers based on differing levels of Hind/HE estimated 0.1 (inbreeding of 0.8) and 0.9 

(inbreeding of -0.8).  

The difference in output and significant associations observed between the standard TASSEL 

pipeline and polyRAD could be attributed to the difference in how the markers were called, 
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filtered and genotyped. polyRAD standard variant calling pipeline filters based upon the Hind/HE 

statistic, but filtering based upon observed heterozygosity is common in GBS pipelines and is 

used to filter markers in the standard TASSEL pipeline (McKinney et al., 2017). This filtering 

method incorporated in TASSEL is useful in diploid species but the similarity of sequences, 

repetitive sequences, and paralogous regions of allopolyploid species can weaken the reliability 

of genotype calls (Perea et al., 2016; Li et al., 2015). Specifically, in outcrossing species such as 

Miscanthus, the overcalling of heterozygotes occurs often (Perea et al.,2016). Because the 

genotype calling method in this study of genome-wide study was the same across all studies 

using the reference genome we can infer that the difference in the methods of filtering led to the 

differences observed in each output.   

Study 3: Comparison of the standard variant calling pipelines, UNEAK and TASSEL, with the 

polyRAD v1.2 sorting pipeline on a diversity panel of 568 M. sinensis reveals greater coverage 

in genomic regions 

Overall, all three softwares performed well, but within the genome-wide studies, the polyRAD 

pipeline resulted in fewer significant associations for all 13 traits. A similar result was also 

observed in Study 2. We focused our attention to three traits known to be associated with 

biomass yield including dry biomass yield, compressed circumference and culm length. For these 

three traits, the polyRAD pipeline (25) identified fewer significant associations than UNEAK 

(29) and TASSEL (31). Moreover, none of the significant marker-trait associations identified 

from the output of the three pipelines studied were within 1,000 base pairs of each other, 

indicating that each method identified different associated regions. These unexpected results led 

to an evaluation of the tags shared among the variant calling pipelines overall and the proximity 

of the included tags to the nearest gene, as an indirect method of ascertaining whether a marker 
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was likely to be linked to a causative variant. Although TASSEL provided ten times more 

markers than polyRAD, the probability of the markers from the TASSEL pipeline being located 

less than 5,000 bp to a gene was low (Fig. 6). When we used the reference genome, all the tag 

sequences from polyRAD were also output by TASSEL (Fig. 5). Thus, the polyRAD output had 

a higher concentration of gene-rich regions than TASSEL. UNEAK’s non-reference output was 

comparable to polyRAD (79% within or five thousand base pairs within a gene vs 78% within or 

five thousand base pairs within a gene). Thus, 13,273 of the tags from UNEAK were from gene-

rich regions but many of the tags identified were not the same tags that were identified by 

polyRAD, indicating different genomic coverage. Ultimately, greater power is achieved by 

increasing the sample size of the population than by increasing the number of markers, thus the 

greater number of significant associations observed from TASSEL relative to polyRAD and 

UNEAK may be spurious results (Long & Langley, 1999).  

Within this study, one peak in the histogram to estimate the Hind/HE was observed (Fig. 4), which 

suggest that there are fewer misaligned loci than Study 2 in the dataset. The difference of the 

frequency distribution of Figure 4a and Figure 4b displays the effect of the sorting algorithm. 

This supports our hypothesis that polyRAD may be better suited for natural populations than 

populations with high levels of inbreeding such as breeding populations.  

2.6 Conclusions  

NGS methods have contributed to greater understanding of polyploids in recent years, but many 

recommendations from recent NGS studies have not been implemented into software tools 

specific to polyploids, leading to a disconnect between population studies and translational 

research. It is largely known that the most popular variant calling softwares available were 
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developed for diploid species, but few software have been developed to accommodate the 

complex genomic structure of polyploid species, resulting in a lowered confidence in the 

alignment position chosen in most variant calling pipelines. Using both simulated and empirical 

data, we found that the polyRAD variant calling pipeline hones in on high-quality markers, 

improving downstream analysis by reducing computational time and multiple testing correction 

in comparison to pipelines that generate large volumes of low-quality markers. We discovered 

that all pipelines studied, polyRAD, TASSEL and UNEAK, generated markers that were 

significantly associated with our traits of interest. However, in contrast to TASSEL, polyRAD 

and UNEAK markers concentrated in gene-rich regions, reducing computational time by 

generating a smaller dataset without losing many markers in LD with causative loci. For this 

reason, when the reference genome is available, we recommend using polyRAD variant calling 

pipeline to minimize the amount of time computationally while concentrating the genome-wide 

analysis on the detection of genes or genomic regions associated with a trait of interest. This 

ability to mine high quality markers from GBS data in allopolyploid organisms may also make 

GBS a more appealing choice in comparison to costly SNP array technologies. We also 

recognized from this study that more stringent filtering may result in fewer markers being 

included in the downstream analysis. Further evaluation of the tag sequence output, specifically 

of Study 1 and Study 3, revealed that the different variant calling pipelines and alignment 

software provide non-redundant makers. Therefore, as an alternative to the previous 

recommendation, for allopolyploid species that lack a reference genome, we recommend 

performing SNP calling with multiple softwares to maximize genomic coverage. These 

suggestions would be better suited for natural populations over breeding populations because 

Study 2 revealed that there was minimal filtering in the inbred population compared to the 
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outcrossing population used in Study 3. This may suggest that polyRAD is more appropriate for 

natural populations or modifications to the software will be required to accommodate 

populations with high levels of inbreeding such as breeding populations.  
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2.7 Tables & Figures 

Table 3. Description of three populations used to evaluate the efficacy of a novel DNA sequence 

tag sorting algorithm in the polyRAD variant calling pipeline. 

 Study 1 Study 2 Study 3 

Species Triticum aestivum Triticum aestivum Miscanthus sinensis 

Number of 

individuals  

400 273 568 

Population type Natural Breeding Natural 

Data type Simulated Empirical Empirical 

Chromosome number 2n = 42 2n = 42 2n = 38 

Ploidy Allohexaploid Allohexaploid Allotetraploid 

Inbreeding 

coefficient 

0.0 0.8 0.4 
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Table 4. Number of correctly aligned tags compared to the number of incorrectly aligned tags 

from the 14,931 tag sequences included the output in the Triticum aestivum simulation study. 

The output of the novel sorting pipeline, polyRAD, was compared with BWA (Li & Durbin, 

2009) and Bowtie2 (Langmead & Salzberg, 2012) alignment software. The percentage in 

parentheses indicates the error rate of each software. 

 BWA Bowtie2 polyRAD 

Number of correctly 

aligned tags 

 

7,498 7,672 6,320 

Number of 

incorrectly aligned 

tags 

596 (7.9%) 460 (6.0%)  133 (2.1%) 
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Table 5. Significant associations and their locations with respect to the reference genome from 

genome-wide association analyses in Study 2 of Fusarium head blight resistance in a panel of 

bread wheat (Tricticum aestivum) breeding lines from the Midwest and Eastern United States 

using TASSEL standard pipeline from a previously published study (Arruda et al., 2016) and a 

new variant calling pipeline using polyRAD.  

Trait   Chromosome       Position  

Severity (SEV)  

TASSEL (Arruda et al., 2016)  

IWGSC_CSS_3B_scaff_10676713_7175         3B              10676713 

Incidence (INC) 

TASSEL (Arruda et al., 2016)  

IWGSC_CSS_7DS_scaff_3876750_2023 7D 

6A 

4D 

4A 

7A 

3876750 

5780077 

2300354 

7146617 

4132011 

IWGSC_CSS_6AL_scaff_5780077_12152 

IWGSC_CSS_4DS_scaff_2300354_4482 

IWGSC_CSS_4AL_scaff_7146617_11335 

IWGSC_CSS_7AS_scaff_4132011_1400 

polyRAD  

IWGSC_6AS_V1_4392152-8296 6A 

6A 

4A 

1B 

4392152 

4422943 

7062964 

3815477 

IWGSC_6AS_V1_4422943-5747 

IWGSC_4AL_V2_7062964-5695 

IWGSC_1BL_V1_3815477-9966 

Incidence–severity–kernel Index (ISK) 

TASSEL (Arruda et al., 2016)  

IWGSC_CSS_3B_scaff_10676713_7175 3B 

7D 

10676713 

3876750 IWGSC_CSS_7DS_scaff_3876750_2023 

polyRAD  

IWGSC_3DS_V1_1085926-0213 3D 

2A 

1085926 

4296034 IWGSC_2AL_V1_4296034-7158 
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Table 6. Number of significant associations from genome-wide association analyses of biomass 

yield and 12 yield component traits in a panel of Miscanthus sinensis collected in six locations 

(Study 3). Markers were called using the UNEAK pipeline from a previously published study 

(Clark et al. 2019), the TASSEL-GBSv2 pipeline, and a new variant calling pipeline using 

polyRAD.  

Trait ZJU HU + NEF + 

CSU + UI + 

KNU 

HU + NEF + 

CSU + UI + KNU 

+ ZJU 

Total 

Basal circumference (cm) 
 

UNEAK  SK SK 1 1 

TASSEL SK SK 4 4 

polyRAD SK SK 10 10 

Compressed circumference 

(cm) 

 

UNEAK 1 0 0 1 

TASSEL 7 1 1 9 

polyRAD 5 1 2 8 

Compressed 

circumference/basal 

circumference 

 

UNEAK  15 0 0 15 

TASSEL 5 2 0 7 

polyRAD 3 1 0 4 

Culm length (cm) 
 

UNEAK  1 0 1 2 

TASSEL 3 1 1 5 

polyRAD 0 0 4 4 

Culm node number 
 

UNEAK  1 0 1 2 

TASSEL 2 2 3 7 
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Table 6 (cont.)     

polyRAD 0 3 2 5 

Culms per footprint (#/cm2 )  
 

UNEAK  0 2 1 3 

TASSEL 1 0 5 6 

polyRAD 5 1 3 10 

Culm volume (cm3) 
 

UNEAK  0 0 0 0 

TASSEL 0 1 1 2 

polyRAD 0 2 1 3 

Diameter of basal internode 

(mm) 

 

UNEAK  0 5 5 10 

TASSEL 0 2 3 5 

polyRAD variant calling 

pipeline 

0 1 1 2 

Diameter of topmost internode 

(mm) 

 

UNEAK  0 0 0 0 

TASSEL 1 2 4 7 

polyRAD 0 3 0 3 

Dry biomass yield (g/plant) 
 

UNEAK  0 0 26 26 

TASSEL 7 3 7 17 

polyRAD 9 1 3 13 

Internode length (cm) 
 

UNEAK  0 0 0 0 

TASSEL 0 3 1 4 
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Table 6 (cont.)     

polyRAD 0 1 0 1 

Proportion of reproductive 

culms 

 

UNEAK  0 NC NC 0 

TASSEL 0 NC NC 0 

polyRAD 0 NC NC 0 

Total number of culms 
 

UNEAK  0 1 0 1 

TASSEL 1 6 3 10 

polyRAD 2 10 4 16 

HU, Hokkaido University in Sapporo, Japan; NEF, New Energy Farms in Leamington, ON; 

CSU, Colorado State University in Fort Collins, CO; UI, the University of Illinois in Urbana, IL; 

KNU, Kangwon National University in Chuncheon, Korea; ZJU, Zhejiang University in Zhuji, 

China. 
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Figure 1. Overview of the variant calling pipeline implemented in polyRAD v1.2. The 

highlighted region represents where the sorting pipeline is integrated with TASSEL’s variant 

calling process. 
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Figure 2. Frequency distribution of Hind/HE across loci in Study 2 of 273 breeding lines Triticum 

aestivum collected from the Midwest and Eastern United States. Peaks estimated at 0.1 and 0.9 

were observed from the 1,000 loci randomly selected from the dataset previously studied (Arruda 

et al., 2016). The inbreeding was estimated to be 0.8 from peak observed at 0.1 and employed in 

polyRAD to sort and filter loci included in the dataset.   
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Figure 3. Frequency distribution of Hind/HE across loci in a previously studied in Study 2 of 

breeding lines of Triticum aestivum collected from the Midwest and Eastern United States 

(Arruda et al., 2016). The dashed white line represents the expected value of the Hind/HE 

assuming a Mendelian locus. Loci above this threshold are expected to be non-Mendelian. (a) 

The frequency distribution of the Hind/HE across loci prior to sorting. The loci above the dashed 

line represent the loci expected to undergo additional sorting by the novel sorting algorithm in 

polyRAD. (b) The frequency distribution of the Hind/HE across loci after undergoing additional 

sorting by the novel sorting algorithm in polyRAD.  

 



80 
 

 

 

Figure 4. Frequency distribution of Hind/HE across loci in a previously studied in Study 3 of a 

Miscanthus sinensis diversity panel (Clark et al., 2019). The dashed white line represents the 

expected value of the Hind/HE assuming a Mendelian locus. Loci above this threshold are 

expected to be non-Mendelian. (a) The frequency distribution of the Hind/HE across loci prior to 

sorting. The loci above the dashed line represent the loci expected to undergo additional sorting 

by the novel sorting algorithm in polyRAD. (b) The frequency distribution of the Hind/HE across 

loci after undergoing additional sorting by the novel sorting algorithm in polyRAD. 
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Figure 5. Venn diagram of the number of single nucleotide polymorphisms output by three 

variant calling pipelines, TASSEL, UNEAK and polyRAD, for a Miscanthus sinensis diversity 

panel (Clark et al., 2019b) from Study 3. The total number of shared tag sequences between two 

variant calling pipelines and the novel sorting pipeline, polyRAD, is highlighted in the figure. 
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Figure 6. Distance in base pairs of all of single nucleotide polymorphisms (SNPs) to the nearest 

gene from three variant calling pipelines (UNEAK, TASSEL, polyRAD) from genome-wide 

association analysis of a Miscanthus sinensis diversity panel for biomass and 12 yield traits 

performed in Study 3 (Clark et al., 2019b). The following distances are indicated by four colors: 

blue) SNP position located inside a gene orange) SNP position located less than 5,000 bps to the 

nearest gene gray) SNP position located less than 30,000 bps to the nearest gene yellow) SNP 

position located greater than 30,000 bps to the nearest gene. (a) All SNPs output by each 

pipeline. (b) Significant SNPs only. 
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2.9 Supplementary Figures 

 

Supplementary Figure 1. A genome wide association study assessing three traits associated with fusarium head blight 

within 273 Triticum aestivum breeding lines collected from the Midwest and Eastern United States was conducted to 

evaluate the significance of polyRAD variant calling pipeline in the downstream analysis of genomic studies. A total 

of 87,385 SNP markers were included in the genome‐wide association analysis and positions of SNPs were aligned 

with respect to the Triticum aestivum v. 2.2 reference genome. The analysis has resulted in the identification of a) 0 

significant SNPs associated with severity, b) 4 significant SNPs associated with incidence, and c) 2 significant SNPs 

associated with incidence-severity kernel index. 
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Supplementary Figure 2. A genome wide association study assessing the trait basal circumference, a trait associated 

with biomass yield, within 568 Miscanthus sinensis accessions collected from six locations. Comparison of the 

novel sorting pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the significance 

of polyRAD variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs included in 

the analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in the 

identification of a) 1 significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs included 

in the analysis were aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in the 

identification of b) 4 significant SNPs associated with TASSEL pipeline, and c) 10 significant SNPs associated with 

polyRAD variant calling pipeline.  

Locations: Sapporo, Japan by Hokkaido University (HU); Leamington, ON by New Energy Farms (NEF); Fort 

Collins, CO by Colorado State University (CSU); Urbana, IL by the University of Illinois (UI); Chuncheon, Korea 

by Kangwon National University (KNU); Zhuji, China by Zhejiang University (ZJU).  
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Supplementary Figure 3. A genome wide association study assessing the trait compressed circumference, a trait 

associated with biomass yield, within 568 Miscanthus sinensis accessions collected from one location. Comparison 

of the novel sorting pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the 

significance of polyRAD variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs 

included in the analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in 

the identification of a) 1 significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs 

included in the analysis were aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in 

the identification of b) 7 significant SNPs associated with TASSEL pipeline, and c) 5 significant SNPs associated 

with polyRAD variant calling pipeline.  

Location(s): Zhuji, China by Zhejiang University (ZJU).  
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Supplementary Figure 4. A genome wide association study assessing the trait compressed circumference, a trait 

associated with biomass yield, within 568 Miscanthus sinensis accessions collected from 5 locations. Comparison of 

the novel sorting pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the 

significance of polyRAD variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs 

included in the analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in 

the identification of a) 0 significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs 

included in the analysis were aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in 

the identification of b) 1 significant SNPs associated with TASSEL pipeline, and c) 1 significant SNPs associated 

with polyRAD variant calling pipeline.  

Location(s): Sapporo, Japan by Hokkaido University (HU); Leamington, ON by New Energy Farms (NEF); Fort 

Collins, CO by Colorado State University (CSU); Urbana, IL by the University of Illinois (UI); Chuncheon, Korea 

by Kangwon National University (KNU).  
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Supplementary Figure 5. A genome wide association study assessing the trait compressed circumference, a trait 

associated with biomass yield, within 568 Miscanthus sinensis accessions collected from six locations. Comparison 

of the novel sorting pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the 

significance of polyRAD variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs 

included in the analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in 

the identification of a) 0 significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs 

included in the analysis were aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in 

the identification of b) 1 significant SNPs associated with TASSEL pipeline, and c) 2 significant SNPs associated 

with polyRAD variant calling pipeline.  

Locations: Sapporo, Japan by Hokkaido University (HU); Leamington, ON by New Energy Farms (NEF); Fort 

Collins, CO by Colorado State University (CSU); Urbana, IL by the University of Illinois (UI); Chuncheon, Korea 

by Kangwon National University (KNU); Zhuji, China by Zhejiang University (ZJU).  
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Supplementary Figure 6. A genome wide association study assessing the trait compressed circumference divided by 

the basal circumference, a trait associated with biomass yield, within 568 Miscanthus sinensis accessions collected 

from one location. Comparison of the novel sorting pipeline was conducted with the standard TASSEL pipeline and 

UNEAK to evaluate the significance of polyRAD variant calling pipeline in the downstream analysis of genomic 

studies. Positions of SNPs included in the analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference 

genome and resulted in the identification of a) 15 significant SNPs associated with UNEAK non-reference pipeline. 

Positions of SNPs included in the analysis were aligned with respect to the Miscanthus sinensis v. 7.1 reference 

genome and resulted in the identification of b) 5 significant SNPs associated with TASSEL pipeline, and c) 3 

significant SNPs associated with polyRAD variant calling pipeline. Location(s): Zhuji, China by Zhejiang 

University (ZJU). 
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Supplementary Figure 7. A genome wide association study assessing the trait compressed circumference divided by 

compressed circumference, a trait associated with biomass yield, within 568 Miscanthus sinensis accessions 

collected from 5 locations. Comparison of the novel sorting pipeline was conducted with the standard TASSEL 

pipeline and UNEAK to evaluate the significance of polyRAD variant calling pipeline in the downstream analysis of 

genomic studies. Positions of SNPs included in the analysis were aligned with respect to the Sorghum bicolor v. 3.0 

reference genome and resulted in the identification of a) 0 significant SNPs associated with UNEAK non-reference 

pipeline. Positions of SNPs included in the analysis were aligned with respect to the Miscanthus sinensis v. 7.1 

reference genome and resulted in the identification of b) 2 significant SNPs associated with TASSEL pipeline, and 

c) 1 significant SNPs associated with polyRAD variant calling pipeline. Location(s): Sapporo, Japan by Hokkaido 

University (HU); Leamington, ON by New Energy Farms (NEF); Fort Collins, CO by Colorado State University 

(CSU); Urbana, IL by the University of Illinois (UI); Chuncheon, Korea by Kangwon National University (KNU).  
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Supplementary Figure 8. A genome wide association study assessing the trait compressed circumference divided by 

basal circumference, a trait associated with biomass yield, within 568 Miscanthus sinensis accessions collected from 

six locations. Comparison of the novel sorting pipeline was conducted with the standard TASSEL pipeline and 

UNEAK to evaluate the significance of polyRAD variant calling pipeline in the downstream analysis of genomic 

studies. Positions of SNPs included in the analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference 

genome and resulted in the identification of a) 0 significant SNPs associated with UNEAK non-reference pipeline. 

Positions of SNPs included in the analysis were aligned with respect to the Miscanthus sinensis v. 7.1 reference 

genome and resulted in the identification of b) 0 significant SNPs associated with TASSEL pipeline, and c) 0 

significant SNPs associated with polyRAD variant calling pipeline.  

 

Locations: Sapporo, Japan by Hokkaido University (HU); Leamington, ON by New Energy Farms (NEF); Fort 

Collins, CO by Colorado State University (CSU); Urbana, IL by the University of Illinois (UI); Chuncheon, Korea 

by Kangwon National University (KNU); Zhuji, China by Zhejiang University (ZJU).  
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Supplementary Figure 9. A genome wide association study assessing the trait compressed circumference divided by 

the culm length, a trait associated with biomass yield, within 568 Miscanthus sinensis accessions collected from one 

location. Comparison of the novel sorting pipeline was conducted with the standard TASSEL pipeline and UNEAK 

to evaluate the significance of polyRAD variant calling pipeline in the downstream analysis of genomic studies. 

Positions of SNPs included in the analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference genome 

and resulted in the identification of a) 1 significant SNPs associated with UNEAK non-reference pipeline. Positions 

of SNPs included in the analysis were aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and 

resulted in the identification of b) 3 significant SNPs associated with TASSEL pipeline, and c) 0 significant SNPs 

associated with polyRAD variant calling pipeline.  

 

Location(s): Zhuji, China by Zhejiang University (ZJU).  
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Supplementary Figure 10. A genome wide association study assessing the trait culm length, a trait associated with 

biomass yield, within 568 Miscanthus sinensis accessions collected from 5 locations. Comparison of the novel 

sorting pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the significance of 

polyRAD variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs included in the 

analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in the identification 

of a) 0 significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs included in the analysis 

were aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in the identification of b) 

1 significant SNPs associated with TASSEL pipeline, and c) 0 significant SNPs associated with polyRAD variant 

calling pipeline.  

Location(s): Sapporo, Japan by Hokkaido University (HU); Leamington, ON by New Energy Farms (NEF); Fort 

Collins, CO by Colorado State University (CSU); Urbana, IL by the University of Illinois (UI); Chuncheon, Korea 

by Kangwon National University (KNU).   
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Supplementary Figure 11. A genome wide association study assessing the trait culm length, a trait associated with 

biomass yield, within 568 Miscanthus sinensis accessions collected from six locations. Comparison of the novel 

sorting pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the significance of 

polyRAD variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs included in the 

analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in the identification 

of a) 1 significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs included in the analysis 

were aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in the identification of b) 

1 significant SNPs associated with TASSEL pipeline, and c) 4 significant SNPs associated with polyRAD variant 

calling pipeline.  

 

Locations: Sapporo, Japan by Hokkaido University (HU); Leamington, ON by New Energy Farms (NEF); Fort 

Collins, CO by Colorado State University (CSU); Urbana, IL by the University of Illinois (UI); Chuncheon, Korea 

by Kangwon National University (KNU); Zhuji, China by Zhejiang University (ZJU).  
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Supplementary Figure 12. A genome wide association study assessing the trait compressed circumference divided 

by the culm node number, a trait associated with biomass yield, within 568 Miscanthus sinensis accessions collected 

from one location. Comparison of the novel sorting pipeline was conducted with the standard TASSEL pipeline and 

UNEAK to evaluate the significance of polyRAD variant calling pipeline in the downstream analysis of genomic 

studies. Positions of SNPs included in the analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference 

genome and resulted in the identification of a) 1 significant SNPs associated with UNEAK non-reference pipeline. 

Positions of SNPs included in the analysis were aligned with respect to the Miscanthus sinensis v. 7.1 reference 

genome and resulted in the identification of b) 2 significant SNPs associated with TASSEL pipeline, and c) 0 

significant SNPs associated with polyRAD variant calling pipeline.  

Location(s): Zhuji, China by Zhejiang University (ZJU).  
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Supplementary Figure 13. A genome wide association study assessing the trait culm node number, a trait associated 

with biomass yield, within 568 Miscanthus sinensis accessions collected from 5 locations. Comparison of the novel 

sorting pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the significance of 

polyRAD variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs included in the 

analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in the identification 

of a) 0 significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs included in the analysis 

were aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in the identification of b) 

2 significant SNPs associated with TASSEL pipeline, and c) 3 significant SNPs associated with polyRAD variant 

calling pipeline.  

Location(s): Sapporo, Japan by Hokkaido University (HU); Leamington, ON by New Energy Farms (NEF); Fort 

Collins, CO by Colorado State University (CSU); Urbana, IL by the University of Illinois (UI); Chuncheon, Korea 

by Kangwon National University (KNU).  
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Supplementary Figure 14. A genome wide association study assessing the trait culm node number, a trait associated 

with biomass yield, within 568 Miscanthus sinensis accessions collected from six locations. Comparison of the 

novel sorting pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the significance 

of polyRAD variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs included in 

the analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in the 

identification of a) 1 significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs included 

in the analysis were aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in the 

identification of b) 3 significant SNPs associated with TASSEL pipeline, and c) 2 significant SNPs associated with 

polyRAD variant calling pipeline. Locations: Sapporo, Japan by Hokkaido University (HU); Leamington, ON by 

New Energy Farms (NEF); Fort Collins, CO by Colorado State University (CSU); Urbana, IL by the University of 

Illinois (UI); Chuncheon, Korea by Kangwon National University (KNU); Zhuji, China by Zhejiang University 

(ZJU).  
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Supplementary Figure 15. A genome wide association study assessing the trait compressed circumference divided 

by the culms per footprint, a trait associated with biomass yield, within 568 Miscanthus sinensis accessions collected 

from one location. Comparison of the novel sorting pipeline was conducted with the standard TASSEL pipeline and 

UNEAK to evaluate the significance of polyRAD variant calling pipeline in the downstream analysis of genomic 

studies. Positions of SNPs included in the analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference 

genome and resulted in the identification of a) 0 significant SNPs associated with UNEAK non-reference pipeline. 

Positions of SNPs included in the analysis were aligned with respect to the Miscanthus sinensis v. 7.1 reference 

genome and resulted in the identification of b) 1 significant SNPs associated with TASSEL pipeline, and c) 5 

significant SNPs associated with polyRAD variant calling pipeline.  

Location(s): Zhuji, China by Zhejiang University (ZJU).  
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Supplementary Figure 16. A genome wide association study assessing the trait culms per footprint, a trait associated 

with biomass yield, within 568 Miscanthus sinensis accessions collected from 5 locations. Comparison of the novel 

sorting pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the significance of 

polyRAD variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs included in the 

analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in the identification 

of a) 2 significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs included in the analysis 

were aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in the identification of b) 

0 significant SNPs associated with TASSEL pipeline, and c) 1 significant SNPs associated with polyRAD variant 

calling pipeline. Location(s): Sapporo, Japan by Hokkaido University (HU); Leamington, ON by New Energy Farms 

(NEF); Fort Collins, CO by Colorado State University (CSU); Urbana, IL by the University of Illinois (UI); 

Chuncheon, Korea by Kangwon National University (KNU).  
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Supplementary Figure 17. A genome wide association study assessing the trait culms per footprint, a trait associated 

with biomass yield, within 568 Miscanthus sinensis accessions collected from six locations. Comparison of the 

novel sorting pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the significance 

of polyRAD variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs included in 

the analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in the 

identification of a) 1 significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs included 

in the analysis were aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in the 

identification of b) 5 significant SNPs associated with TASSEL pipeline, and c) 3 significant SNPs associated with 

polyRAD variant calling pipeline. Locations: Sapporo, Japan by Hokkaido University (HU); Leamington, ON by 

New Energy Farms (NEF); Fort Collins, CO by Colorado State University (CSU); Urbana, IL by the University of 

Illinois (UI); Chuncheon, Korea by Kangwon National University (KNU); Zhuji, China by Zhejiang University 

(ZJU).  
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Supplementary Figure 18. A genome wide association study assessing culm volume, a trait associated with biomass 

yield, within 568 Miscanthus sinensis accessions collected from one location. Comparison of the novel sorting 

pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the significance of polyRAD 

variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs included in the analysis 

were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in the identification of a) 0 

significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs included in the analysis were 

aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in the identification of b) 0 

significant SNPs associated with TASSEL pipeline, and c) 0 significant SNPs associated with polyRAD variant 

calling pipeline.  

 

Location(s): Zhuji, China by Zhejiang University (ZJU).  
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Supplementary Figure 19. A genome wide association study assessing culm volume, a trait associated with biomass 

yield, within 568 Miscanthus sinensis accessions collected from 5 locations. Comparison of the novel sorting 

pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the significance of polyRAD 

variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs included in the analysis 

were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in the identification of a) 0 

significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs included in the analysis were 

aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in the identification of b) 1 

significant SNPs associated with TASSEL pipeline, and c) 2 significant SNPs associated with polyRAD variant 

calling pipeline. Location(s): Sapporo, Japan by Hokkaido University (HU); Leamington, ON by New Energy Farms 

(NEF); Fort Collins, CO by Colorado State University (CSU); Urbana, IL by the University of Illinois (UI); 

Chuncheon, Korea by Kangwon National University (KNU).  
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Supplementary Figure 20. A genome wide association study assessing culm volume, a trait associated with biomass 

yield, within 568 Miscanthus sinensis accessions collected from six locations. Comparison of the novel sorting 

pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the significance of polyRAD 

variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs included in the analysis 

were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in the identification of a) 0 

significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs included in the analysis were 

aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in the identification of b) 1 

significant SNPs associated with TASSEL pipeline, and c) 1 significant SNPs associated with polyRAD variant 

calling pipeline.  

Locations: Sapporo, Japan by Hokkaido University (HU); Leamington, ON by New Energy Farms (NEF); Fort 

Collins, CO by Colorado State University (CSU); Urbana, IL by the University of Illinois (UI); Chuncheon, Korea 

by Kangwon National University (KNU); Zhuji, China by Zhejiang University (ZJU).  
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Supplementary Figure 21. A genome wide association study assessing the diameter of the basal internode, a trait 

associated with biomass yield, within 568 Miscanthus sinensis accessions collected from one location. Comparison 

of the novel sorting pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the 

significance of polyRAD variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs 

included in the analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in 

the identification of a) 0 significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs 

included in the analysis were aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in 

the identification of b) 0 significant SNPs associated with TASSEL pipeline, and c) 0 significant SNPs associated 

with polyRAD variant calling pipeline.  

Location(s): Zhuji, China by Zhejiang University (ZJU).  
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Supplementary Figure 22. A genome wide association study assessing the diameter of the basal internode, a trait 

associated with biomass yield, within 568 Miscanthus sinensis accessions collected from 5 locations. Comparison of 

the novel sorting pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the 

significance of polyRAD variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs 

included in the analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in 

the identification of a) 5 significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs 

included in the analysis were aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in 

the identification of b) 2 significant SNPs associated with TASSEL pipeline, and c) 1 significant SNPs associated 

with polyRAD variant calling pipeline. Location(s): Sapporo, Japan by Hokkaido University (HU); Leamington, ON 

by New Energy Farms (NEF); Fort Collins, CO by Colorado State University (CSU); Urbana, IL by the University 

of Illinois (UI); Chuncheon, Korea by Kangwon National University (KNU).  
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Supplementary Figure 23. A genome wide association study assessing the diameter of the basal internode, a trait 

associated with biomass yield, within 568 Miscanthus sinensis accessions collected from six locations. Comparison 

of the novel sorting pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the 

significance of polyRAD variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs 

included in the analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in 

the identification of a) 5 significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs 

included in the analysis were aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in 

the identification of b) 3 significant SNPs associated with TASSEL pipeline, and c) 1 significant SNPs associated 

with polyRAD variant calling pipeline. Locations: Sapporo, Japan by Hokkaido University (HU); Leamington, ON 

by New Energy Farms (NEF); Fort Collins, CO by Colorado State University (CSU); Urbana, IL by the University 

of Illinois (UI); Chuncheon, Korea by Kangwon National University (KNU); Zhuji, China by Zhejiang University 

(ZJU).  

 

  



119 
 

 

Supplementary Figure 24. A genome wide association study assessing the diameter of the topmost internode, a trait 

associated with biomass yield, within 568 Miscanthus sinensis accessions collected from one location. Comparison 

of the novel sorting pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the 

significance of polyRAD variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs 

included in the analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in 

the identification of a) 0 significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs 

included in the analysis were aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in 

the identification of b) 1 significant SNPs associated with TASSEL pipeline, and c) 0 significant SNPs associated 

with polyRAD variant calling pipeline.  

Location(s): Zhuji, China by Zhejiang University (ZJU).  
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Supplementary Figure 25. A genome wide association study assessing the diameter of the topmost internode, a trait 

associated with biomass yield, within 568 Miscanthus sinensis accessions collected from 5 locations. Comparison of 

the novel sorting pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the 

significance of polyRAD variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs 

included in the analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in 

the identification of a) 0 significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs 

included in the analysis were aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in 

the identification of b) 2 significant SNPs associated with TASSEL pipeline, and c) 3 significant SNPs associated 

with polyRAD variant calling pipeline. Location(s): Sapporo, Japan by Hokkaido University (HU); Leamington, ON 

by New Energy Farms (NEF); Fort Collins, CO by Colorado State University (CSU); Urbana, IL by the University 

of Illinois (UI); Chuncheon, Korea by Kangwon National University (KNU).  
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Supplementary Figure 26. A genome wide association study assessing the diameter of the topmost internode, a trait 

associated with biomass yield, within 568 Miscanthus sinensis accessions collected from six locations. Comparison 

of the novel sorting pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the 

significance of polyRAD variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs 

included in the analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in 

the identification of a) 0 significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs 

included in the analysis were aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in 

the identification of b) 4 significant SNPs associated with TASSEL pipeline, and c) 0 significant SNPs associated 

with polyRAD variant calling pipeline. Locations: Sapporo, Japan by Hokkaido University (HU); Leamington, ON 

by New Energy Farms (NEF); Fort Collins, CO by Colorado State University (CSU); Urbana, IL by the University 

of Illinois (UI); Chuncheon, Korea by Kangwon National University (KNU); Zhuji, China by Zhejiang University 

(ZJU).  
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Supplementary Figure 27. A genome wide association study assessing dry biomass yield, within 568 Miscanthus 

sinensis accessions collected from one location. Comparison of the novel sorting pipeline was conducted with the 

standard TASSEL pipeline and UNEAK to evaluate the significance of polyRAD variant calling pipeline in the 

downstream analysis of genomic studies. Positions of SNPs included in the analysis were aligned with respect to the 

Sorghum bicolor v. 3.0 reference genome and resulted in the identification of a) 0 significant SNPs associated with 

UNEAK non-reference pipeline. Positions of SNPs included in the analysis were aligned with respect to the 

Miscanthus sinensis v. 7.1 reference genome and resulted in the identification of b) 7 significant SNPs associated 

with TASSEL pipeline, and c) 9 significant SNPs associated with polyRAD variant calling pipeline.  

 

Location(s): Zhuji, China by Zhejiang University (ZJU).  
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Supplementary Figure 28. A genome wide association study assessing dry biomass yield, within 568 Miscanthus 

sinensis accessions collected from 5 locations. Comparison of the novel sorting pipeline was conducted with the 

standard TASSEL pipeline and UNEAK to evaluate the significance of polyRAD variant calling pipeline in the 

downstream analysis of genomic studies. Positions of SNPs included in the analysis were aligned with respect to the 

Sorghum bicolor v. 3.0 reference genome and resulted in the identification of a) 0 significant SNPs associated with 

UNEAK non-reference pipeline. Positions of SNPs included in the analysis were aligned with respect to the 

Miscanthus sinensis v. 7.1 reference genome and resulted in the identification of b) 3 significant SNPs associated 

with TASSEL pipeline, and c) 1 significant SNPs associated with polyRAD variant calling pipeline. Location(s): 

Sapporo, Japan by Hokkaido University (HU); Leamington, ON by New Energy Farms (NEF); Fort Collins, CO by 

Colorado State University (CSU); Urbana, IL by the University of Illinois (UI); Chuncheon, Korea by Kangwon 

National University (KNU).  
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Supplementary Figure 29. A genome wide association study assessing dry biomass yield, within 568 Miscanthus 

sinensis accessions collected from six locations. Comparison of the novel sorting pipeline was conducted with the 

standard TASSEL pipeline and UNEAK to evaluate the significance of polyRAD variant calling pipeline in the 

downstream analysis of genomic studies. Positions of SNPs included in the analysis were aligned with respect to the 

Sorghum bicolor v. 3.0 reference genome and resulted in the identification of a) 26 significant SNPs associated with 

UNEAK non-reference pipeline. Positions of SNPs included in the analysis were aligned with respect to the 

Miscanthus sinensis v. 7.1 reference genome and resulted in the identification of b) 7 significant SNPs associated 

with TASSEL pipeline, and c) 3 significant SNPs associated with polyRAD variant calling pipeline.  

Locations: Sapporo, Japan by Hokkaido University (HU); Leamington, ON by New Energy Farms (NEF); Fort 

Collins, CO by Colorado State University (CSU); Urbana, IL by the University of Illinois (UI); Chuncheon, Korea 

by Kangwon National University (KNU); Zhuji, China by Zhejiang University (ZJU).  
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Supplementary Figure 30. A genome wide association study assessing the internode length, a trait associated with 

biomass yield, within 568 Miscanthus sinensis accessions collected from one location. Comparison of the novel 

sorting pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the significance of 

polyRAD variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs included in the 

analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in the identification 

of a) 0 significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs included in the analysis 

were aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in the identification of b) 

0 significant SNPs associated with TASSEL pipeline, and c) 0 significant SNPs associated with polyRAD variant 

calling pipeline.  

 

Location(s): Zhuji, China by Zhejiang University (ZJU).  
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Supplementary Figure 31. A genome wide association study assessing the internode length, a trait associated with 

biomass yield, within 568 Miscanthus sinensis accessions collected from 5 locations. Comparison of the novel 

sorting pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the significance of 

polyRAD variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs included in the 

analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in the identification 

of a) 0 significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs included in the analysis 

were aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in the identification of b) 

3 significant SNPs associated with TASSEL pipeline, and c) 1 significant SNPs associated with polyRAD variant 

calling pipeline. Location(s): Sapporo, Japan by Hokkaido University (HU); Leamington, ON by New Energy Farms 

(NEF); Fort Collins, CO by Colorado State University (CSU); Urbana, IL by the University of Illinois (UI); 

Chuncheon, Korea by Kangwon National University (KNU).  
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Supplementary Figure 32. A genome wide association study assessing the internode length, a trait associated with 

biomass yield, within 568 Miscanthus sinensis accessions collected from six locations. Comparison of the novel 

sorting pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the significance of 

polyRAD variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs included in the 

analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in the identification 

of a) 0 significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs included in the analysis 

were aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in the identification of b) 

1 significant SNPs associated with TASSEL pipeline, and c) 0 significant SNPs associated with polyRAD variant 

calling pipeline.  

Locations: Sapporo, Japan by Hokkaido University (HU); Leamington, ON by New Energy Farms (NEF); Fort 

Collins, CO by Colorado State University (CSU); Urbana, IL by the University of Illinois (UI); Chuncheon, Korea 

by Kangwon National University (KNU); Zhuji, China by Zhejiang University (ZJU).  
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Supplementary Figure 33. A genome wide association study assessing the proportion of reproductive culms, a trait 

associated with biomass yield, within 568 Miscanthus sinensis accessions collected from one location. Comparison 

of the novel sorting pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the 

significance of polyRAD variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs 

included in the analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in 

the identification of a) 0 significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs 

included in the analysis were aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in 

the identification of b) 0 significant SNPs associated with TASSEL pipeline, and c) 0 significant SNPs associated 

with polyRAD variant calling pipeline.  

Location(s): Zhuji, China by Zhejiang University (ZJU).  
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Supplementary Figure 34. A genome wide association study assessing the total number of culms, a trait associated 

with biomass yield, within 568 Miscanthus sinensis accessions collected from one location. Comparison of the novel 

sorting pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the significance of 

polyRAD variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs included in the 

analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in the identification 

of a) 0 significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs included in the analysis 

were aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in the identification of b) 

1 significant SNPs associated with TASSEL pipeline, and c) 2 significant SNPs associated with polyRAD variant 

calling pipeline.  

 

Location(s): Zhuji, China by Zhejiang University (ZJU).   
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Supplementary Figure 35. A genome wide association study assessing the total number of culms, a trait associated 

with biomass yield, within 568 Miscanthus sinensis accessions collected from 5 locations. Comparison of the novel 

sorting pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the significance of 

polyRAD variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs included in the 

analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in the identification 

of a) 1 significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs included in the analysis 

were aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in the identification of b) 

6 significant SNPs associated with TASSEL pipeline, and c) 10 significant SNPs associated with polyRAD variant 

calling pipeline.  

Location(s): Sapporo, Japan by Hokkaido University (HU); Leamington, ON by New Energy Farms (NEF); Fort 

Collins, CO by Colorado State University (CSU); Urbana, IL by the University of Illinois (UI); Chuncheon, Korea 

by Kangwon National University (KNU).  
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Supplementary Figure 36. A genome wide association study assessing the total number of culms, a trait associated 

with biomass yield, within 568 Miscanthus sinensis accessions collected from six locations. Comparison of the 

novel sorting pipeline was conducted with the standard TASSEL pipeline and UNEAK to evaluate the significance 

of polyRAD variant calling pipeline in the downstream analysis of genomic studies. Positions of SNPs included in 

the analysis were aligned with respect to the Sorghum bicolor v. 3.0 reference genome and resulted in the 

identification of a) 0 significant SNPs associated with UNEAK non-reference pipeline. Positions of SNPs included 

in the analysis were aligned with respect to the Miscanthus sinensis v. 7.1 reference genome and resulted in the 

identification of b) 3 significant SNPs associated with TASSEL pipeline, and c) 4 significant SNPs associated with 

polyRAD variant calling pipeline.  

Locations: Sapporo, Japan by Hokkaido University (HU); Leamington, ON by New Energy Farms (NEF); Fort 

Collins, CO by Colorado State University (CSU); Urbana, IL by the University of Illinois (UI); Chuncheon, Korea 

by Kangwon National University (KNU); Zhuji, China by Zhejiang University (ZJU).  

 


