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Abstract 23	

Background and Aims: High density genetic linkage maps that are extensively anchored to 24	

assembled genome sequences of the organism in question are extremely useful in gene 25	

discoveryTo facilitate this process in perennial ryegrass (Lolium perenne L.)we have 26	

developed a high density SNP- and presence/absence variant (PAV)-based genetic linkage 27	

map in an F2 mapping population that has been used as a reference population in numerous 28	

studies. To provide a reference sequence to align GBS reads to, we created a shotgun 29	

assembly of one of the grandparents of the population, a tenth generation inbred line, using 30	

Illumina-based sequencing. 31	

Methods: The assembly was based on paired end Illumina reads, scaffolded by mate pair and 32	

long-jumping distance reads in the range of 3-40kb, with over 200-fold initial genome 33	

coverage.  One hundred and sixty nine individuals from an F2  mapping population were used 34	

to construct PstI-based GBS libraries tagged with unique 4-9 nucleotide barcodes, resulting in 35	

284 million reads, with ~1.6 million reads per individual. A bioinformatics pipeline was 36	

employed to identify both SNPs and PAVs. A core genetic map was generated using high 37	

confidence SNPs, to which lower confidence SNPs and PAVs were subsequently fitted in a 38	

straightforward binning approach.  39	

Key Results: The assembly comprises 424,750 scaffolds, covering 1.11 Gbp of the 2.5 Gbp 40	

perennial ryegrass genome, with a scaffold N50 of 25,212 basepairs (bp) and a contig N50 of 41	

3,790 bpIt is available for download and access to a genome browser has been provided.  42	

Comparison of the assembly to available transcript and gene-model datasets for perennial 43	

ryegrass indicates that approximately 570 Mbp of the gene-rich portion of the genome has 44	

been captured. An ultra high-density genetic linkage map with 3092 SNPs and 7260 PAVs 45	

was developed, anchoring just over 200 Mb of the reference assembly. 46	



Conclusions: The combined genetic map and assembly, combined with another recently 47	

released genome assembly, represent a significant resource for the perennial ryegrass genetics 48	

community. 49	

Key words : Lolium perenne, perennial ryegrass, genome assembly, genotyping by 50	

sequencing, GBS, single nucleotide polymorphism, linkage mapping, presence/absence 51	

variation 52	

  53	



Introduction 54	

Perennial ryegrass (Lolium perenne L.) is an important component species in pastoral based 55	

production systems in temperate regions. It is diploid (2n) with 7 chromosomes and has a 56	

genome size of ~2.5 Gb (Kopecky et al., 2010). Despite its relative importance it remains 57	

poorer in genome-based resources than other grass species, such as members of the closely 58	

related Triticeae, lacking at the time of writing a published physical map and genome 59	

sequence. 60	

High quality genetic linkage maps remain a cornerstone of discovery genetics in plant species. 61	

Despite their numerous drawbacks, including a restricted representation of the true genetic 62	

diversity of a species, much progress in discovery genetics continues to be made using 63	

“flagship” reference mapping populations over near decadal timescales. The greatest advances 64	

can be gained in such reference populations by developing genetic maps that are densely 65	

populated with genetic markers located in genic regions and that are sequence-characterised 66	

in such a way as to allow anchoring to pre-existing or emerging physical maps, and other 67	

important reference maps in the same or other species.  68	

The “F2 Biomass” population has been used to study segregation distortion (Anhalt et al., 69	

2008) and as a basis for several QTL mapping studies for traits including rust resistance 70	

(Tomaszewski et al., 2012), biomass yield (Anhalt et al., 2009) polar (A.Foito, JHI, Dundee, 71	

UK, unpubl.res) and non-polar metabolites (Foito et al., 2015), Both parents of the F1 72	

parental genotype of this population were originally maintainer lines in a cytoplasmic male 73	

sterility (CMS) programme at Teagasc (Connolly and Wrightturner, 1984) and originated 74	

from an inter-specific cross between meadow fescue (Festuca pratensis) and perennial 75	

ryegrass. The initial interspecific hybrid was backcrossed for several generations to the 76	

ryegrass parent and recurrently self pollinated for nine (maternal grandparent) or ten (paternal 77	

grandparent) generations. The background of the Lolium contribution in the pedigree of the 78	



inbred lines was the ryegrass cultivar ‘S24’ (The Institute of Biological, Environmental and 79	

Rural Sciences (IBERS)) for the maternal grandparent and the ryegrass cultivar ‘Premo’ 80	

(Mommersteeg International BV) for the paternal grandparent. The inbred lines have been 81	

subjected to analysis using both fluorescent and genomic in-situ hybridisation (Anhalt et al., 82	

2008) approaches, and no evidence of large intact portions of the fescue parent were evident, 83	

indicating that the grandparents largely reflect a perennial ryegrass genetic background. 84	

Offspring arising from self pollinationof a single F1 plant from a cross between these two 85	

self-compatible lines was used for the basis of the original F2 biomass population of 360 86	

individuals (Tomaszewski et al., 2012, Anhalt et al., 2008). The population is also the basis 87	

for an ongoing initiative to develop a recombinant inbred line (RIL) population for perennial 88	

ryegrass at Teagasc. 89	

Advances in sequencing technology have allowed the development of approaches to generate 90	

extremely large numbers of DNA markers in a quick and cost effective manner (Davey et al., 91	

2011). Although sequencing costs have experienced a continued downward trend over the last 92	

several years, it is still relatively expensive and computationally intensive to sequence and 93	

assemble whole genomes in order to identify genetic variation/DNA markers for the large 94	

numbers of genotypes that tend to comprise experimental populations. As an alternative, 95	

numerous strategies have been developed that rely on sequencing reduced subsets of the 96	

genomes of different individuals to identify such variation. High throughput polymorphism 97	

detection methods like (CRoPS) (van Orsouw et al., 2007), restriction site associated DNA 98	

sequencing (RADseq) (Davey and Blaxter, 2011) and genotyping by sequencing (GBS) 99	

(Elshire et al., 2011) use genome complexity reduction approaches to target specific regions 100	

of the genome and markers are identified by examining DNA variation in similar subsets of 101	

genome from different individuals using widely available bioinformatics-based approaches. 102	

These methods, combined with the power of next-generation sequencing technology, have 103	



radically enhanced our ability to generate thousands of markers in reasonably large 104	

experimental populations, opening up a wealth of applications in areas such as discovery 105	

genetics and genomics assisted plant breeding. 106	

The specific GBS approach described by (Elshire et al., 2011) is increasingly becoming a 107	

method of choice for high throughput genotyping applications. This method has a simple 108	

protocol for the generation of genotyping libraries, which lacks a specific gel-based size 109	

selection step, avoids the use of divergent Y-adapters, and is amenable to parallelisation using 110	

either manual or automated liquid handling approaches. Combining these features with a 111	

simple in-line barcoding system and the ability to tailor the protocol to suit different 112	

organisms and applications by changing the methylation-sensitive restriction enzyme/s 113	

employed for the complexity-reduction step makes GBS a powerful but easy to adopt 114	

approach for genome-wide marker generation.  Because of this, it has been widely adopted in 115	

plant species.  116	

Although it was conceived primarily as a method for detecting single nucleotide 117	

polymorphism (SNP) variation, GBS can also survey other forms of variation including small 118	

InDels, SSRs and “presence/absence” variation derived from “anonymous” DNA 119	

polymorphisms that cause variation in whether specific DNA fragments are amplified across 120	

individuals (Elshire et al., 2011). The GBS approach has been shown to work remarkably well 121	

irrespective of the availability of a reference genome (Ward et al., 2013), since fragments 122	

produced in individuals of the experimental population can be auto-assembled to produce a 123	

reference sequence set to which the same fragments can subsequently be re-aligned in order to 124	

identify polymorphisms. However, the approach is also extremely useful when it is coupled 125	

with an externally-derived reference sequence, and it is a useful tool for applications such as 126	

anchoring shotgun genome assemblies and spotting misassembles in existing reference 127	

genome sequences (Mascher et al., 2013). 128	



As previously mentioned, the F2 Biomass population has been used extensively for a variety 129	

of purposes, and the densest map available to date for the cross is a Diversity Array 130	

Technology (DArT) based map comprising 297 markers, anchored and oriented with 29 SSR 131	

markers (Tomaszewski et al., 2012). Despite the fact that the sequences of the DArT markers 132	

are available (Bartos et al., 2011), their lack of genomic context and the relatively low density 133	

of the map are limitations for the continued use of the population as a platform for genetic 134	

analysis.  The objective of the current study was to generate a high density genetic linkage 135	

map of the F2 Biomass population using GBS in order to increase its utility for genetic 136	

mapping studies in the future. Despite the fact that such a map could be developed in the 137	

absence of a reference genomic sequence, we decided to increase the utility of the mapping 138	

resource by assembling a reference shotgun sequence of the inbred line that was the paternal 139	

grandparent of the mapping population. Short read fragments (from the Illumina HiSeq2000 140	

platform) mapped using this approach would thus generally be anchored to larger fragments 141	

from the shotgun assembly, providing a better genomic context for each marker mapped – 142	

increasing their utility for future applications. This is especially timely in the context of the 143	

recent publication of an annotated synteny-based draft genome sequence of another genotype 144	

of Lolium perenne (Byrne et al. (2015). We present the genetic map, all SNP information and 145	

the reference assembly as resources for the forage genetics community. 146	

Materials and Methods 147	

Shotgun sequencing and assembly of reference sequence 148	

Illumina HiSeq and GAII sequencing was used to generate approximately 207-fold raw 149	

coverage of the genome of the paternal grandparent of the F2 Biomass population. Libraries 150	

were produced from a range of paired-end (<300 bp insert), mate-pair (3 kbp insert) and long-151	

jumping distance (8 kbp, 20 kbp and 40 kbp insert) libraries and with read lengths ranging 152	



from 51 – 160 bp.  Supplementary File 1 shows details for all libraries used. [Supplementary 153	

Information] 154	

For the 300 bp and 3 kbp insert libraries, library production was as follows: DNA of the 155	

paternal grandparent (2 µg) was fragmented for 30 minutes with NEBNext® dsDNA 156	

Fragmentase (NEB) and purified using a QIAquick PCR purification kit (Qiagen). The 157	

NEBNext® End Repair Module was used to blunt end the fragments and purification of the 158	

reaction was performed using a QIAquick PCR purification kit (Qiagen). The NEBNext® dA-159	

Tailing Module was used to adenylate the blunt ended fragments and purification of the 160	

reaction was performed using a QIAquick PCR purification kit (Qiagen). Illumina standard 161	

paired end adapters were ligated onto the adenylated fragments using the Quick Ligation™ 162	

Kit (NEB) and purification was performed using a QIAquick PCR purification kit (Qiagen). 163	

Adapter ligated fragments were then size selected by electrophoresis on an agarose gel, 164	

excision of a 2 mm gel slice and extraction of DNA from the agrose using the QIAquick gel 165	

extraction kit (Qiagen).  PCR enrichment (12 cycles) of the library was performed using 166	

Illumina PCR Paired End Primers 1.0 and 2.0 and Phusion™ High-Fidelity PCR Kit 167	

(Finnzymes). The library size and absence of adapter dimers were determined with a 168	

DNA1000 chip on an Agilent 2100 bioanalyser.  Sequencing was performed on either an 169	

Illumina HiSeq2000 or GAII platform as outlined in Supplementary File 1. Long jumping 170	

distance libraries were constructed by Eurofins Genomics using a proprietary method, and 171	

sequenced on an Illumina HiSeq2000 platform. 172	

Assembly was carried out using the resulting FASTQ files. Prior to assembly, additional 173	

quality control stages were carried out: Sickle (Joshi and Fass, 2011) was used to trim low 174	

quality base calls from 5’ ends of the reads using a quality cut-off of Q30, equivalent to 175	

99.9% confidence in base-calls, and with remaining read length of 50 bp (35 bp in the case of 176	

the 3 kbp libraries, as these were sequenced with read length 51 bp); and FastUniq (Xu et al., 177	



2012) was used to remove redundant read pairs that may have arisen due to PCR duplication. 178	

As a result of this filtering, final genome coverage was reduced to approximately 105-fold. 179	

Following trimming and de-duplication, paired-end and singleton reads were assembled using 180	

CLC Assembly Cell  (http://www.clcbio.com/, CLC Bio. Aarhus, Denmark) with a k-mer 181	

length of 41 and then scaffolded with the 3kb – 40kb read pairs using SSPACE (Boetzer et 182	

al., 2011). 183	

Preliminary annotation of the reference sequence  184	

RepeatMasker version 3.2.8 (Smit et al., 2010) was used to identify common repetitive 185	

elements in the scaffolded Lolium assembly using a wheat-based model.  The widely-used, 186	

open-source, gene prediction tool Augustus (Stanke and Waack, 2003) was used for gene 187	

prediction using the repeat masked genome assembly, with a wheat-based gene model.  188	

BLAST searching  (Altschul, 1990) of barley cDNA sequences and publicly available peptide 189	

sequences for barley, rice and brachypodium was carried out using default cut-off parameters 190	

(E-value = 10), which allows some very dissimilar matches to be returned. This parameter 191	

was intentionally left at the default setting to allow identification of distant homologues. 192	

 193	

Viewing Lolium genomic data 194	

In order to view data generated in this study in a more accessible format, a JBrowse-based 195	

genome browser (Skinner et al., 2009) has been set up and made available at 196	

https://ics.hutton.ac.uk/jbrowse/lolium and the scaffolded genome assembly is available for 197	

download at https://ics.hutton.ac.uk/jbrowse/lolium/data/seq/lolium_scaffolds.zip 198	

Raw reads generated in this study have been deposited with the European Nucleotide Archive 199	

under study accession PRJEB12921 ( http://www.ebi.ac.uk/ena/data/view/PRJEB12921 ). 200	

 201	

Estimating coverage of the Lolium gene complement 202	



Four approaches were taken to estimate the degree to which Lolium’s gene complement was 203	

captured within the assembly.  204	

Byrne et al. (2015) have published models for 28,455 Lolium genes, yielding 40,068 205	

transcripts, based on several RNA-Seq studies. Sequences for these genes were compared 206	

using BLAST against our Lolium assembly (E-value = 10). Completeness of BLAST hits was 207	

assessed based on cumulative identity percentage (CIP) and cumulative alignment percentage 208	

(CALP) across all high-scoring segment pairs (HSPs) for each match, a method described in 209	

(Salse et al., 2008). 210	

Ruttink et al. (2013) used an Orthology Guided Assembly (OGA) approach to creating a 211	

reference transcriptome for Lolium. For simplicity, we used only the OGA based on 212	

Brachypodium distachyion in this study. Sequences of over 200 bases from the OGA 213	

transcriptome were compared using BLAST against the Lolium assembly (E-value = 10) and 214	

match strength was evaluated as above.. Another Lolium transcriptome assembly is described 215	

by (Farrell et al., 2014); all sequences in this transcriptome assembly are over 200 bp in 216	

length, so no filtering was required before applying the approach described above. 217	

CEGMA, the Core Eukaryotic Genes Mapping Approach, (Parra et al., 2007) was used to 218	

search the Lolium assembly for 458 core proteins that are conserved across eukaryotes, with a 219	

more highly conserved subset of 248 used to indicate completeness of coverage. 220	

 A set of 47 genes associated with control of flowering in rice and Brachypodium were 221	

selected from Higgins et al., (2010) and an additional gene associated with flowering in 222	

barley, CEN, from Comadran et al., (2012). Peptide sequences for those genes were searched 223	

against the Lolium genome assembly from this study using Exonerate (Slater and Birney, 224	

2005), with the top-ranked hit being considered as the probable Lolium orthologue. The same 225	

approach was applied to identify the equivalent scaffold from the assembly of Byrne et al. 226	

(2015), with the additional step of confirming the equivalency of the scaffold through manual 227	



inspection of BLAST based comparisons of the scaffolds between the assemblies in order to 228	

ensure that they  represented the orthologous regions in both assemblies. 229	

GBS library construction 230	

One hundred and sixty-nine individuals from the F2 Biomass population were used for the 231	

mapping study. For reference purposes, the paternal grandparent and the F1 parental genotype 232	

were also used. Unfortunately, the maternal grandparent was no longer extant at the time of 233	

the study. Genomic DNA from these individuals was extracted from approximately 3g of 234	

flash frozen, fresh leaf material using a variation of the CTAB 235	

(cetyltrimethylammoniumbromide) method of (Doyle, 1987). GBS libraries were constructed 236	

using an adapted version of the protocol outlined by Elshire et al. (2011), employing the 237	

methylation sensitive 6 bp rare cutting restriction enzyme PstI instead of ApeKI.  A set of 48 238	

unique barcode adaptors were generated from complementary sequence with a PstI overhang 239	

sequence. The barcodes varied from 4-9 nt in length.  A common adaptor and PCR primers A 240	

and B were generated.  Complementary oligos for each of the 48 adaptors at 50 uM were 241	

annealed under the following programme: 95°C, 2 minutes: ramp to 25°C by 0.1°C/s: 25°C, 242	

30 minutes: 4°C hold.  The annealed adaptors were diluted 1:15 and then a further dilution of 243	

1:100. 100 ul of the 1:1500 diluted barcoded adaptors and the common adaptor were mixed to 244	

make the 200ul working stock of 0.6 ng/ul.  These were quantified using the Qubit 245	

fluorometer. 246	

DNA was digested in 20 ul reactions containing 200-220 ng of genomic DNA, 2 ul 10 X NEB 247	

buffer 3, 1.5 ul of BSA, 20 units of PstI and 13.5 ul of molecular grade water incubated at 248	

37°C for 2 hours, then deactivated at 80°C for 20 minutes.  In the ligation reaction 20 ul of 249	

digested product was combined with 12 ng of the working stock of annealed adaptor mix, 5 ul 250	

10X T4 ligase buffer and 400 units T4 ligase in a 50 ul reaction.  All ligation reactions were 251	

incubated at 22°C for 1 hour and then 65°C for 30 minutes to deactivate the ligase.   252	



The ligation reaction was cleaned up using the Qiagen Qiaquick PCR purification kit and the 253	

elution volume was 50 ul.  PCR was set up as a 50 ul reaction that included 10 ul of the 254	

purified ligation reaction, 25 ul of the NEB 2X Taq master mix, 2 ul of a 3 uM primer 1 and 2 255	

mix and 13 ul of molecular grade water.  PCR programme was 72°C for 5 minutes: 98°C for 256	

30 seconds: 18 cycles of 98°C for 10 seconds, 65°C for 30 seconds, 72°C for 30 seconds: 257	

72°C for 5 minutes and 4°C hold.  The PCR enriched libraries were purified using the Qiagen 258	

MiniElute purification kit and were eluted in 21ul.  The quality of the library was checked on 259	

the 2100 Bioanalyser from Agilent technologies.  The constructed GBS libraries were 260	

sequenced in two channels of Illumina HiSeq 2000 (Bentley et al., 2008) for single end 100 261	

bp reads. 262	

Variant Calling Pipeline 263	

The sequenced reads were de-multiplexed and trimmed to 66 bp using process_radtags 264	

component of Stacks (Catchen et al., 2013). A sliding window quality metric (-w 0.15) was 265	

adopted to discard any reads with low quality scores (i.e. as the sliding window scans the 266	

read, if any 15% of a total fraction of the length of the read falls below the phred score value 267	

of 10 (-s) the reads were discarded). Also reads with uncalled bases were discarded. The de-268	

multiplexed reads were aligned to the reference set using the Bowtie (Langmead et al., 2009) 269	

alignment program, allowing 2 mismatches (-v 2) and allowing only unique mapping to the 270	

reference set (-m 1). The resulting alignment files in SAM format were post processed 271	

(converting SAM to BAM format, sorting, indexing the BAM files) to create a consensus 272	

mpileup file using Samtools-0.1.18 (Li et al., 2009). 273	

For SNP discovery, VarScan.v2.2.11 (Koboldt et al., 2012) was used to call SNP variants 274	

from the mpileup file with the settings: (minimum coverage:8; minimum reads:2; minimum 275	

variant allele frequency:0.2; minimum average quality:20; p-value threshold:0.05). The 276	



resulting variant list file was filtered for SNP markers exhibiting at least one heterozygote to 277	

identify the maximum number of possibly segregating markers. 278	

To identify presence/absence variants (PAVs), all the individual alignment files in BAM 279	

format were merged using the samtools merge command. The merged bam file was then 280	

converted to SAM format. The merged SAM file was then parsed into a text file to produce a 281	

table with genotypes from the population in columns and independent loci having at least one 282	

alignment as rows. A simple UNIX shell script was subsequently used to identify alignments 283	

from this table for which between 10% and 50% of the individuals (16) exhibited a Not 284	

Called (NC) designation (indicating potential PA variation), and for which the average read 285	

depth for individuals exhibiting alignments was eight.   286	

 Linkage map construction 287	

Linkage map calculations were performed using R/qtl (Broman et al., 2003) and Joinmap 288	

(v.4.1,Kyazma,(Van Ooijen, 2011)). The SNP markers and PAV markers were initially scored 289	

respectively as co-dominant marker type [A, H, B] and dominant marker for an F2 population 290	

type in R/qtl (Broman et al., 2003). For simplicity, PAVs were all coded in the same way [B 291	

(absent), D (present)] regardless of probable grandparental line derivation. Different optimal 292	

settings were required to resolve (SNPs and PAVs) into linkage groups so the two datasets 293	

were kept separate for this stage. DArT markers from a previous genetic linkage map 294	

published in this population (Tomaszewski et al., 2012) were included in order to identify 295	

linkage group designations.  The pairwise recombinant fractions were estimated between 296	

markers in the two datasets using est.rf() function of R/qtl and markers were grouped using 297	

formLinkageGroups(). The grouping function resolved the SNPs to the expected 7 linkage 298	

groups, but yielded 14 linkage groups for PAV markers, representing 7 paternal and 7 299	



maternal grandparent derived sets of linkage groups. These were subsequently recoded B,D or 300	

A,C to reflect grandparental origin.   301	

The output of R/qtl was used to create chromosomally designated locus genotype files for 302	

Joinmap 4.1 (DArT markers were not carried forward in the analysis). A framework map was 303	

created with only the SNP markers (with less than 40% missing data), using the maximum 304	

likelihood algorithm of JoinMap 4.1. To reduce map inflation due to low levels of genotyping 305	

error, a single round of imputation based error correction was performed. Graphical genotypes 306	

based on the maximum likelihood maps for each linkage group were exported and used as 307	

input for the genotype error correction module ‘GBS Plumage for F2’ (Spindel et al., 2013)  308	

with the setting of (-ct 1). This process identified all singletons (double recombinants) in the 309	

graphical genotypes and replaced them with missing values. The map order was then 310	

recalculated with the maximum likelihood algorithm of JoinMap 4.1 using the error corrected 311	

dataset. The final map comprised only non-redundant loci, as all identical loci are grouped 312	

into bins automatically during grouping in JoinMap 4.1. 313	

PAV markers (and SNP loci that were excluded due to high missing data) were subsequently 314	

fitted to the framework map using a simple binning strategy. Pairwise recombination fractions 315	

were calculated between the SNP markers and the PAVs in JoinMap 4.1. PAV markers (and 316	

high missing data SNPs) were placed in the SNP bin on the framework linkage map with 317	

which they exhibited the lowest recombinant fraction (RF) value, with ties in RF being 318	

resolved by referring to the highest LOD score.   319	

Results 320	

Generating a reference sequence for GBS alignment 321	

We generated a draft assembly of the low copy portion of the genome of the inbred paternal 322	

grandparent of the F2 Biomass population from Illumina-sequenced paired-end (PE), mate-323	



pair (MP) and long jumping distance (LJD) libraries. Assembly and scaffolding produced a 324	

final assembly of 1.11 Gbp in size, consisting of 424,750 scaffolds, with scaffold N50 of 325	

25,212, contig N50 of 3,790 and GC content of 44.16%. This GC content is consistent with 326	

that of barley  (Rostoks et al., 2002). The assembly size of 1.11 Gbp reflects only around 40% 327	

of Lolium’s total genome size, most likely as a result of the limitations of short-read 328	

sequencing when assembling complex plant genomes with many repetitive regions being 329	

collapsed into a limited number of contigs. Table 1 summarises the assembly statistics. 330	

The shortest contig and scaffold in the assembly are equal in length at 143 bp. For 331	

completeness, we have included all sequences above this size in the released version of the 332	

assembly from this study. Consequently, short sequences (< 500 bp) are highly abundant, 333	

accounting for approximately 50% to 60% of the total number of sequences in the 334	

unscaffolded and scaffolded versions of the assembly respectively. However, by length, these 335	

sequences comprise only a small part of the assembly. The 254,591 scaffolds <500 bp that 336	

account for ~60% of the total of 424,750 scaffolds contain only 7.33% of the sequence, whilst 337	

2.56% of scaffolds account for 50% of the sequence. Figure 1 illustrates the distribution of 338	

contig and scaffold lengths according to size range groupings.  339	

 340	

Estimate of gene-space coverage 341	

We used four methods to gain an insight into the coverage of the Lolium perenne gene-space 342	

by the assembly, based respectively on; a core reference set of proteins (CEGMA); the ability 343	

to find the majority of genes involved in controllingflowering; representation of both specific 344	

public L. perenne transcript assembly datasets and of a set of gene models associated with the 345	

recently released draft assembly of perennial ryegrass. 346	

CEGMA defines coverage as either “complete” or “partial”, based on the length of the aligned 347	

region. Complete coverage of a gene is defined as any alignment across over 70% of its 348	



length and partial as less than 70% of the length aligned, but with significant identity. Of the 349	

248 core proteins used by CEGMA to estimate completeness of coverage 239 (96.37%) were 350	

found to have complete alignment and 246 (99.19%) were found to have either complete or 351	

partial alignment within the Lolium assembly. 352	

 Because traits related to flowering are important in the utility of perennial ryegrass as a 353	

forage crop, we decided to investigate whether we had captured a significant number of the 354	

genes involved in the control of this characteristic. Higgins et al. (2010) have identified the 355	

probable rice and Brachypodium orthologues of ~50 genes involved in the induction of 356	

flowering in Arabidopsis. Homologues of 47 of the genes described by Higgins et al., (2010) 357	

and an additional gene (CEN) described by Comadran et al., (2012) in barley, were identified 358	

in the Lolium assembly by both BLAST and Exonerate methods. The genes were located on 359	

48 individual scaffolds ranging in length from 227 bp to 140,152 bp (perhaps demonstrating 360	

the utility of retaining shorter scaffolds in the assembly). The majority of the genes were 361	

located on large scaffolds with substantial sequence both up- and downstream of the gene’s 362	

position. Of the 48 genes, 33 appear to be complete models based on homology with rice, 363	

Brachypodium or barley, as indicated by Exonerate; 12 genes are classed as partial models 364	

due to genome scaffolding around the N-terminal, 2 lie on short scaffolds, and 1 is truncated 365	

by scaffolding around the C-terminal. A list of the scaffolds containing the 48 genes is 366	

available in Supplementary File 2.[Supplementary Information]. 367	

The Brachypodium-based OGA transcriptome assembly described in (Ruttink et al., 2013) 368	

contained 46,459 sequences, with 41,120 (88.51%) of these being larger than 200 bp. BLAST 369	

searching (E-value=10) of these within the draft Lolium assembly matched 38,876 sequences 370	

(94.54%), with 27,427 (66.67% of total sequences, 70.55% of matched sequences) aligning 371	

with at least 95% identity over at least 70% of the query sequence length, based on the 372	

calculations for CIP and CALP described by (Salse et al., 2008). The 27,427 strongly matched 373	



transcripts over 200 bp occurred on 11,778 scaffolds ranging from 220 bp – 282,695 bp, 374	

Ninety-six percent (11,315) of these scaffolds  were over 5 kbp in length and these contained 375	

26,888 (98.03%) of the strongly matched transcripts. 376	

The transcriptome assembly described in (Farrell et al., 2014) contained 185,833 sequences, 377	

all over 200 bp in length. BLAST searching (E-value=10) matched 138,028 (74.28%) within 378	

the Lolium genome assembly; 109,320 (58% of total sequences and 79.20% of matched 379	

sequences) aligned with at least 95% identity over at least 70% of the query sequence length. 380	

The 109,320 strongly matched transcripts occurred on 14,934 scaffolds ranging from 202 bp – 381	

282,695 bp.Ninety-one percent (13,576) of these scaffolds were over 5 kbp in length and 382	

these contained 106,644 (90.91%) of the strongly matched transcripts. 383	

The assembly published by Byrne et al., (2015) contained sequences for 28,455 gene models 384	

BLAST searching (E-value=10) of these within the draft Lolium assembly matched 28,067 385	

sequences (98.64%), with 22,563 (79.29% of total sequences, 80.39% of matched sequences) 386	

aligning with at least 95% identity over at least 70% of the query sequence length. The 22,563 387	

strongly matched gene models occurred on 12,551 scaffolds ranging from 205 bp – 274,411 388	

bp and with a maximum of 45 models on one scaffold; 11,662 scaffolds (92.92%) were over 5 389	

kbp in length and contained 21,461 (95.12%) of the strongly matched models. 390	

 391	

Gene models and transcripts from all sets combined were located on a total of 18,135 distinct 392	

scaffolds, totalling 570 Mb in length. 5,584 scaffolds were specific to the combined Farrell 393	

and Ruttink transcript sets and 1,855 were specific to the set of gene models from Byrne, with 394	

10,696 scaffolds common to both sets. Figure 2 shows the distribution of scaffold sizes along 395	

with the numbers of transcripts/gene models aligned to them. Although the number of features 396	

differs greatly between the two transcript sets and the gene model set, the distribution of 397	

scaffold size bins and number of features in each bin is consistent between the sets, with 398	



larger (over 5 kb) scaffolds being much more prevalent and containing the large majority of 399	

transcripts/gene models. In particular, a sharp increase in the number of scaffolds and 400	

transcripts/models occurs in the 10 – 20 kb size range, with scaffold count tailing off rapidly, 401	

but transcript/model numbers remaining high before beginning to tail off beyond 50 kbp. This 402	

trend is reflected in the cumulative totals, with a steep rise in numbers occurring between the 403	

5 kb and 50 kb size ranges and then rapidly levelling out beyond 50 kb. 404	

Accessing the draft assembly 405	

As part of this study we present a genome browser that allows dynamic viewing of the 406	

assembly, with tracks for the features described above. In addition, we have also provided 407	

additional layers of annotation based on preliminary de-novo prediction and homology-based 408	

methods involving comparisons to barley, rice and Brachypodium distachyon. Tracks for all 409	

of the features listed below are also available on the browser.  410	

Prior to preliminary annotation, RepeatMasker version 3.2.8 was used to identify common 411	

repetitive elements in the scaffolded Lolium assembly using a wheat-based model. The 412	

majority of repeats identified in Lolium belonged to the retroelement and DNA transposon 413	

classes of repeat; this led to 67.77 Mbp of sequence being masked, or 6.09% of the assembled 414	

genome sequence. Supplementary File 3 details the repeat content identified [Supplementary 415	

Information]. 416	

The widely-used, open-source, gene prediction tool Augustus (Stanke and Waack, 2003) was 417	

used for gene prediction using the repeat masked genome assembly, with a wheat-based gene 418	

model. In total, 188,842 predicted entities were identified from 59,903 scaffolds, with a 419	

maximum count of 74 entities on one scaffold.  Three scaffolds are likely to be mitochondrial, 420	

representing 521.8 Kbp and containing 20 predictions; Augustus did not predict gene models 421	

for scaffolds known to be associated with the chloroplast. This prediction of 188,842 entities 422	



is clearly a gross overestimate and will reflect a number of confounding factors, including 423	

retroelements, pseudogenes, gene fragments and sequencing errors. 424	

 425	

BLAST searching of barley cDNA sequences and publicly available peptide sequences for 426	

barley, rice and Brachypodium was carried out using default cut-off parameters (E-value = 427	

10). Using this lenient threshold, 99.75% (26,094) of 26,159 barley peptide sequences, 428	

98.42% (30,539) of 31,029 Brachypodium peptides and 88.8% (58,905) of 66,338 rice 429	

peptides exhibited matches to the alignment.  As expected from their phylogenetic and 430	

ancestral relationship, a greater proportion of barley peptide sequences were found to have 431	

matches within the Lolium assembly. In total 19,477 scaffolds were found to contain 432	

homology matches to any of the above datasets. 433	

GBS library construction and sequencing results 434	

GBS libraries were developed for 169 individuals, the F1 parent, and the paternal grandparent 435	

of the mapping population following the protocol of (Elshire et al., 2011) using the restriction 436	

enzyme PstI and sequenced on an Illumina Hiseq2000 to generate single end 100 bp reads. In 437	

total, sequencing yielded 284,908,063 reads for the progeny genotypes. Reads were de-438	

multiplexed and, to maintain a consistent read length and quality, the reads were trimmed to 439	

66 bp. After cleaning, an average of ~1.7 million reads per individual was obtained.   440	

Alignment of GBS reads to the assembly 441	

The Lolium shotgun assembly described above (with 424,750 scaffolds) was used as a 442	

reference sequence for SNP variant identification in the F2 Biomass population. The 443	

sequences from the de-multiplexed individual fastq files were aligned to the reference set 444	

allowing two mismatches. Of the total 284,908,063 reads, 164,285,405 (57.6%) reads had at 445	

least one reported alignment. On average, 58% of reads from each individual aligned to the 446	



reference genome. Overall, 15,118,076 reads (comprising 5.3% of the total) failed to align to 447	

the reference  due to the alignment option that allowed alignments only for reads that mapped 448	

uniquely to the reference.  A further 105,504,582 reads (37.3%) failed to align under the 449	

settings used.  450	

In total, there were 213,310 PstI restriction sites located on 64,977 scaffolds in the assembly. 451	

These scaffolds accounted for 75% of the total size of the assembly (834,624,995 bp), with 452	

the remaining 359,774 scaffolds accounting for only 25% of the total size of the assembly 453	

(277,380,681 bp). Out of the 64,977 scaffolds possessing PstI sites, 26,954 (41.5%) have at 454	

least one GBS read aligning to them, and these scaffolds contain a total of 111,903 PstI sites 455	

(52.4% of total PstI sites in the assembly). 456	

SNP variant identification 457	

Using Varscan (minimum read depth of 8; minimum 2 reads to call variants, minimum 458	

average phred quality base score of 20, variant allele frequency of 0.2), 22,805 SNP positions 459	

were reported. This included variants which were monomorphic amongst the progeny 460	

individuals, but which differed with the reference nucleotide at that position. Amongst these, 461	

a total of 9127 variants exhibited at least one variant in the population and were biallelic.  Of 462	

the 9127 variants, majority of them were of transition type with C/T and A/G type accounting 463	

to 31% and 29% respectively. The remaining SNPs were of transversion type with C/G, G/T, 464	

A/C and A/T type accounting to 15%, 9%, 9%, 6% respectively (Table 2). The R/qtl function 465	

geno.table() was used to examine the segregation pattern of the markers and 4329 out of 9127 466	

markers were eliminated due to severe departure from the expected Mendelian segregation 467	

ratio (1:2:1)  using a cut-off P-value < 1e-10. The remaining 4798 SNP markers were used for 468	

map construction. The identity and location of these SNP variants is provided as a track on 469	

the JBrowse of the assembly.  470	



Presence/Absence variant (PAV) identification 471	

Although the GBS approach was originally envisaged primarily as a method for genome-wide 472	

SNP discovery, a second type of variation has also been reported in many studies involving its 473	

use (Elshire et al., 2011). This variation manifests itself in the presence of alignments at a 474	

locus for some individuals versus the lack of alignments for other individuals. Such 475	

Presence/Absence variation can arise due to several events (SNPs and small InDels at 476	

restriction sites, larger InDels, inversions etc) all of which have the effect of disrupting the 477	

formation of PstI-site bounded fragments in the size range being selected for by the PCR-478	

amplification step for some alleles at a locus, while such fragments are present for other 479	

alleles. The result is the segregation of the presence of the fragment as a dominant marker in 480	

the population, with the exact mode dependant on the allelic configuration and population 481	

type involved. 482	

Importantly, PA variation can actually far exceed SNP variation in GBS studies (Elshire et al., 483	

2011). Because of its potential to add significant numbers of markers we decided to explore 484	

the use of a very simple two-step filtering approach to identify potential PAVs in the F2 485	

Biomass population using a series of UNIX commands (see methods section for details not 486	

included below). 487	

There were 111,903 independent loci in the genome that have at least one read aligning to 488	

them. For each locus, the individuals with alignments were scored as present and individuals 489	

with no alignments were scored as absent. We then filtered this table of variants to identify 490	

marker loci that satisfied two criteria (in the following order): 491	

PAVs are expected to exhibit a Mendelian segregation ratio of 3:1 (Presence:Absence) in an 492	

F2 population. In the F2 Biomass population, the ideal expected ratio is 127:42. To take into 493	

account the known existence of segregation distortion within this population (Anhalt et al., 494	



2008), data were filtered to identify loci with alignments (potential “Presence” category 495	

variants) to between 50%– 90% of the total population. This reduced the number of candidate 496	

loci to 20,180. 497	

Lack of read alignment for potential “Absence” variants might be due to segregation of the 498	

recessive allele, but might also be due to a technically derived lack of read coverage. This 499	

latter class is effectively missing data, but such instances cannot easily be distinguished from 500	

“Absence” variants on a case by case basis. To minimise this confounding effect, we screened 501	

the remaining marker loci to identify those exhibiting a mean read depth of no fewer than 502	

eight alignments per individual to identify loci with an “on-average” reasonable read depth. 503	

Of the 20,180 loci from the previous round a total of 7,714 potential PAVs remained after this 504	

filtering step. 505	

Construction of a high density SNP and PAV-based genetic linkage map of the F2 506	

Biomass population 507	

A total of 4,798 SNPs and 7,714 PAVs were carried forward for linkage map construction. In 508	

order to identify and orient linkage groups, segregation data for 326 DArT markers  509	

previously used for map construction in this F2 Biomass population (Anhalt et al., 2008) were 510	

included in early rounds of the analysis (grouping and early rounds of mapping prior to error 511	

correction), but removed for later rounds.  512	

The SNP and PAV markers were initially assigned to linkage groups using R/qtl.  The two 513	

subsets of markers (co-dominant SNPs and dominant PAVs) were grouped separately as 514	

different optimal settings were required to efficiently resolve the different subsets into linkage 515	

groups. At thresholds for recombinant fraction RF/LOD of 0.11/7, SNP markers resolved into 516	

seven linkage groups (identified by the presence of DArT markers). Likewise, the PA markers 517	

resolved to 14 linkage groups at RF/LOD thresholds of 0.12/10.  518	



Of the 4,798 SNP markers, 3,105 grouped into seven large linkage groups and were used for 519	

subsequent map calculation. The number of SNP markers per linkage group ranged from 269 520	

to 563. Of the 7,714 PAV markers, 7,265  resolved into 7 linkage groups, with a range of 521	

from 903 to 1426 markers per linkage group. 522	

We adopted a two stage mapping process, using the co-dominant SNP markers to construct a 523	

framework map, to which we subsequently fitted the PAV markers using a binning approach. 524	

After grouping the markers into linkage groups and removal of non-redundant loci, an initial 525	

round of marker ordering was performed using the maximum likelihood algorithm of 526	

JoinMap 4.1 for the SNP markers. The resulting linkage groups ranged in size from 687cM to 527	

1324cM. Given that the entire map length for the previous DArT marker-based map of the F2 528	

Biomass population was 966cM, these map lengths were vastly overinflated. This 529	

phenomenon is well established in the production of ultra-high density genetic linkage maps 530	

with relatively low resolution, where the cumulative effect of low levels of genotyping  error 531	

(yielding false recombination events between markers) results in artificial map expansion 532	

when analysed with more “traditional” mapping algorithms and approaches such as those 533	

implemented in Joinmap (van Os et al., 2006). 534	

In order to address this problem, we decided to adopt a conservative approach to correct 535	

potential genotyping errors, followed by removal of redundant marker data in order to 536	

decrease map length while maintaining accuracy of marker order.  From the maximum 537	

likelihood maps produced in JoinMap, graphical genotypes were generated for each linkage 538	

group in the framework SNP map (Figure 3). These were used as input files for the ‘GBS 539	

Plumage for F2’ utility (Spindel et al., 2013) specifically designed to deal with genotype error 540	

correction in F2 population types.  Erroneous genotype calls usually manifest themselves as 541	

apparent double recombinants. Using the default setting of GBS Plumage, potential double 542	

recombinants in progeny linkage groups (rendered as graphical genotypes) were identified 543	



and replaced with missing values.  After error correction, a second round of ordering was 544	

performed in JoinMap 4.1 - pairwise recombinant fractions between all pairs of markers were 545	

calculated on the error-corrected and re-ordered linkage group using the maximum likelihood 546	

mapping algorithm (Figure 3).  547	

In total, 1865 unique bins representing 10,352 markers were used to calculate the map. The 548	

total final map length was 952.6cM, which is in keeping with previous map lengths for 549	

perennial ryegrass and specifically, for this population, indicating that the error correction and 550	

redundancy removal were effective.  The number of markers in each chromosome ranges 551	

from 845 to 1987 (Table 3). The number of unique bins for each chromosome ranges from 552	

179 to 331. Average spacing between unique markers across all the chromosomes was 0.4cM 553	

with the maximum spacing of 15.8cM.  554	

Markers in the map were defined by alignment to the reference gene-space assembly 555	

produced in the paternal grandparent. The 10,352 markers on the map represent 4767 unique 556	

scaffolds in the assembly. The majority of the scaffolds anchored were in the size range 557	

between 10Kb and 100Kb (Table 4). The total size of the 4,767 scaffolds accounts for 18% 558	

(200 Mbp) of the total size of the reference assembly. Supplementary File 4 contains a 559	

complete list of the markers, genetic order and identity of anchor markers used to create bins, 560	

the bin assignment of the remaining markers, and a list of the unique scaffolds anchored by 561	

the markers [Supplementary Information]. 562	

The number of markers observed per scaffold ranged from 1 to 15. Out of the 4,767 scaffolds 563	

that were anchored with GBS markers, 175 scaffolds had 720 markers on them that were 564	

mapping to more than one chromosome. Of the remaining 4,591 scaffolds, 1,007 scaffolds 565	

comprising 1,590 markers were anchored just by SNP markers, 2,877 scaffolds comprising 566	

5331 markers were anchored just by PA markers, and 707 scaffolds comprising 2,711 567	



markers were anchored by both SNP and PA markers. The total space in the assembly 568	

anchored by scaffolds mapping to multiple chromosomes accounted for 1% (1,997,625 bp).  569	

This could be due to misassembly of the scaffolds, but might also arise from events such as 570	

incorrect alignment of fragments to the reference genome.  571	

The GBS-based map of the F2 Biomass population is defined by a considerably larger number 572	

of PAVs than SNPs (more than twice as many PAVs than SNPs). Because of their dominant 573	

nature, PAV markers are more prone to genotype scoring error, largely due to the difficulty in 574	

distinguishing the recessive allelic state (absence of an alignment) from a technically-derived 575	

lack of read coverage on a per genotype basis. The existence of 707 scaffolds anchored by 576	

both PAV and SNP markers afforded an opportunity to test the accuracy of the PAV markers 577	

relative to the more informative SNP markers.  578	

We examined the pairwise recombination fraction (from the JoinMap pairwise data file) 579	

between all pairs of SNPs and PAVs occupying the same scaffold for all 707 scaffolds. Given 580	

the resolving power of the population and the maximum size of the scaffolds in our assembly, 581	

these markers should generally co-segregate.  Out of total 1,455 pairwise observations 582	

between SNP and PAV markers on the same scaffolds, 430 (30%) had pairwise 583	

recombination fractions less than 0.01 and 932 (64%) observations had pairwise 584	

recombination fractions between 0.01 and 0.05. A further 60 (4%) observations had pairwise 585	

recombination fractions between 0.05 and 0.1, and the remaining 33 (2%) had recombinant 586	

fractions exceeding 0.1. In order to test how well the binning strategy to place the PAV 587	

markers on the map performed, we also examined the map distance between SNP and PA 588	

markers occurring on the same scaffold according to which non-redundant bin they occupied 589	

on the final map. Out of the same 1,455 pairwise comparisons, 852 (59%) pairs were 590	

separated by less than 1cM, 318 (22%) were separated by between (1 and 5 cM), 132 (9%) 591	



had map distance in between (5 and 10cM) and the rest 153 (10%) had greater than 10cM 592	

map distance in between them.   593	

Previous work on the F2 Biomass population showed the presence of unusually high levels of 594	

segregation distortion.  Anhalt et al. (2008) showed that 63% of the total markers used in an 595	

AFLP and SSR based map of the population showed segregation distortion, a level twice that 596	

observed in other mapping populations of perennial ryegrass used for comparison in the same 597	

study. Linkage groups (LG) 3, 5, 6, and 7 were reported to have high level of segregation 598	

distortion and LG 2 and LG 4 with least amount of segregation distortion. In particular, LG 6 599	

was reported to be completely distorted. 600	

The GBS-based SNP map of the population also exhibited significant levels of distortion, but 601	

the overall level was much lower than that observed by Anhalt et al. (2008). Out of 10,352 602	

markers and 1865 unique bins on the GBS map, 4,357 (42%) markers and 618 (33%) bins 603	

exhibited segregation distortion (P-value < 0.05).  This is a twofold discrepancy with the 604	

figure found in the previous study. However, the observations of (Anhalt et al., 2008) were 605	

based on only 75 markers, with marker densities ranging from only 8-17 per linkage group. 606	

To investigate this apparent discrepancy, we placed all of 75 markers from the map of the F2 607	

Biomass population presented by (Anhalt et al., 2008) on to the combined GBS map. As 608	

expected, these markers mapped to areas exhibiting segregation distortion in the current map. 609	

However, it is apparent that increased marker coverage on the current map is yielding better 610	

representation of areas exhibiting lower levels of segregation distortion which were 611	

significantly under-represented on the previous map (Figure 4 and Figure5). While 612	

segregation distortion is apparent on all chromosomes, the majority of distorted markers are 613	

from LG 6 (96% of marker bins distorted) and LG 3 (57% of marker bins distorted), and 614	

together these LGs account for over half (57%) of distorted loci on the map. Thus, as well as 615	

higher marker density and coverage, the current map of the F2 Biomass population exhibits 616	



better representation of both distorted and non-distorted genome regions, which could 617	

represent a useful feature in trait mapping experiments in the future.  618	

Homozygosity level of the genotype used for the reference sequence 619	

Both the F1 parent and paternal grandparent were also subject to GBS with the progeny 620	

individuals. Unfortunately, the maternal grandparent of the population was no longer in 621	

existence at the time of the study, and so could not be examined. However, inclusion of the 622	

paternal inbred grandparent, which was also used for the reference sequence assembly, 623	

yielded the opportunity to examine the extent of homozygosity of this inbred line. This 624	

feature of the paternal grandparent is particularly interesting, since the extent of 625	

heterozygosity could yield insights whether there is a requirement to account for extensive 626	

presence of biallelic loci in the assembly, or in gene-expression based experiments involving 627	

this interesting experimental genotype. Out of 3030 loci from the paternal grandparent 628	

mapped using GBS in an F2 population, 3015 of them were of homozygous calls, 11 calls 629	

were of heterozygous type and four calls representing alleles from another parent (these may 630	

represent “missed” heterozygote calls). Thus, the mapping data indicate that the paternal 631	

grandparent and reference sequence genotype is ~99% homozygous (Figure 6). 632	

Anchoring of gene-containing scaffolds 633	

Comparison of the 4,767 GBS-anchored scaffolds with the 18,135 scaffolds that had good 634	

matches to the Byrne gene models and the Ruttink and Farrell transcript sets identified 3,679 635	

anchored scaffolds (79.32%) that contained transcripts/gene models from any set. The total 636	

length of anchored scaffolds containing matches to transcripts or gene-models is 184.36 Mbp, 637	

corresponding to 92% of the total cumulative length (200Mb) of anchored scaffolds.  In terms 638	

of the total proportion of the potential “genespace” of Lolium perenne anchored in the study, 639	

the 18,135 genic scaffolds cover approximately 570Mb, and we have anchored approximately 640	

one-third of this. Use of methylation sensitive enzymes in GBS is expected to target genic 641	



areas, and the results for the Pst1-based approach used in this study support the veracity of 642	

this expectation, with the vast majority of anchored scaffolds showing evidence of being 643	

gene-containing.  644	

 645	

In order to gain an insight into the performance of the synteny-based approach for 646	

chromosomal anchoring of scaffolds adopted by Byrne et al. (2015) relative to the direct 647	

anchoring of scaffolds to chromosomes via genetic mapping in this study, we focused on the 648	

48 scaffolds containing flowering related genes that we identified in our assembly. On 649	

examination, 22 of the 48 scaffolds were directly anchored to our genetic map 650	

(Supplementary File 2) [Supplementary Information]. We identified the “equivalent” 651	

scaffolds in the assembly of Byrne et al. (2015), defining “equivalent” as a scaffold that 652	

contained the probable flowering gene orthologue as identified by Exonerate, but also 653	

exhibited a BLAST-based similarity profile on a scaffold level that confirmed that each match 654	

represented the orthologous genomic region (for simplicity, we ignored scaffolds from the 655	

Byrne et al assembly that overlapped our scaffold, but did not contain the flowering gene). 656	

Using this approach, we found 47 equivalent scaffolds in the Byrne et al. (2015) assembly, 657	

but were unable to resolve an equivalent for our FRI-containing scaffold due to multiple 658	

strong matches (Supplementary File 2). All of the 47 matched genes appear to be represented 659	

in the Byrne at al. (2015) assembly by complete models (or in one case a near-complete 660	

model) based on homology with rice and Brachypodium, and all possessed gene models from 661	

the annotation associated with the assembly. 662	

Comparing the 22 specific scaffolds for which we have a genetic location to the chromosomal 663	

assignment for the equivalent scaffolds in the Byrne et al.(2015)  assembly revealed that, in 664	

18 cases, the chromosomal assignments agreed, whilst in 4 cases, there were conflicts. We did 665	

not compare the relative location within chromosomes of matching results due to the widely 666	



differing map lengths of individual linkage groups inour map and the reference map used for 667	

anchoring the Genome Zipper.  However, at a whole chromosome level, the scaffolds 668	

containing Lolium homologues of the genes  AP1, CEN, FCA and FIE1 were placed on 669	

chromosomes 2, 6, 2 and 1 respectively by Byrne et al. (2015), but were anchored to 670	

chromosomes 3, 5, 5 and 3 respectively in our map. (Supplementary File 2). For CEN, FCA 671	

and FIE1, these scaffold locations were supported by multiple PA and/or SNP markers in the 672	

map, whereas the scaffold containing AP1 was anchored by a single SNP used to create the 673	

framework map. Assuming that, in general, scaffolds directly anchored by multiple markers, 674	

or single high confidence markers are robustly assigned, this means that the synteny-based 675	

method has resulted in incorrect chromosomal assignments for 18% of these scaffolds. 676	

Discussion 677	

GBS offers a magnitudinal increase in our ability to create densely populated genetic maps in 678	

an extremely cost and time effective manner. A genetic linkage map was successfully created 679	

containing over 10,000 markers, located in 1865 non-redundant bins, using 169 individuals of 680	

the well characterised perennial ryegrass F2 Biomass mapping population. Experience to date 681	

suggests that, once the methodology and basic resources are established, dense maps of this 682	

sort can be created in a matter of weeks.  683	

Although it is possible to perform GBS in the absence of a reference sequence, early pilot 684	

experiments using the mapping population suggested that auto assembly of GBS reads to 685	

create a reference sequence, as performed in other studies (Russell et al., 2014, Chen et al., 686	

2013), could be problematic, with relatively minor changes in assembly parameters causing 687	

relatively large differences in the resulting assemblies (data not shown). Because of this, it 688	

was decided to generate a reference sequence to which to align GBS reads. In this case, the 689	

only existing inbred grandparental line of the mapping population was used (the paternal 690	

grandparent). As outlined previously, this genotype is a tenth generation inbred line 691	



originating from a CMS programme (Connolly and Wrightturner, 1984). Theoretically, a 692	

genotype at this level of inbreeding should retain well below 1% heterozygosity, making it an 693	

ideal candidate for use in a genome assembly initiative, since only a single haplotype is 694	

expected to be present for the majority of the genome. Near complete homozygosity obviates 695	

the problems associated with assembly associated with a highly heterozygous species in 696	

which SNP densities have been estimated at in the region of 1 SNP every 30 bp (Xing et al., 697	

2007). Inclusion of the paternal grandparent in the GBS experiment allowed us to confirm the 698	

expected high levels of homozygosity, with only 0.5% of over 3000 mapped SNP markers 699	

present in the paternal grandparent deviating from the expectation of homozygosity.   700	

 701	

It is important to note that our study has taken place against the backdrop of the recent release 702	

of a more complete synteny-based draft genome sequence of Lolium perenne by Byrne et al. 703	

(2015). That assembly was generated in a sixth generation inbred line of perennial ryegrass 704	

(P226/135/16). Utilising a similar mixture of Illumina paired end, mate pair and long jumping 705	

distance library sequencing that we adopted, Byrne et al. (2015) additionally used long read 706	

PacBio sequences equivalent to nine-fold coverage of the genome for closure of assembly 707	

gaps. Their resulting assembly captured 1128 Mbp of the perennial ryegrass genome in 48415 708	

scaffolds (67024 contigs) with a scaffold N50 of 70,062 bp (contig N50: 16370 bp). These 709	

figures account only for scaffolds and contigs in excess of 1kb, and adjusting for this by also 710	

only considering sequences in excess of 1kb, by comparison, our assembly captures 977 Mbp 711	

of the genome in 90,787 scaffolds (166,217 contigs) with a scaffold N50 of 32,299 bp (contig 712	

N50: 5,559 bp). Based on this comparison, our assembly offers slightly lower genome 713	

coverage, which is captured in just under double the number of scaffolds. Byrne et al.(2015) 714	

also utilised multiple RNA-seq datasets to generate a comprehensive annotation comprising 715	

28455 genes on 13725 scaffolds that accounted for 796 Mbp of their assembly. Subsequently, 716	



using the synteny driven Genome Zipper approach (Pfeifer et al. 2013), they organised a total 717	

of 13411 scaffolds (approximately 800 Mbp in total) and 10464 annotated genes into a linear 718	

order on the perennial ryegrass genome by virtue of comparison to the reference genomes of 719	

Brachypodium, rice and Sorghum. 720	

We utilised the gene models generated by Byrne et al. (2015), in addition to extensive 721	

transcript datasets generated in Lolium perenne by Ruttink et al. (2013) and Farrell et al. 722	

(2014) to identify the gene containing portion of our assembly, identifying scaffolds 723	

comprising 570Mbp in total length that contain high confidence matches to these Lolium 724	

perenne sequences. The ~10,000 GBS tags comprising the map of the F2 Biomass population 725	

anchor 4767 scaffolds, equivalent to ~200 Mb of the assembly. Although this is considerably 726	

lower than the total length assigned a chromosomal location and order by Byrne et al. (2015), 727	

the anchoring is more direct in nature, and we used this feature to test the performance of the 728	

synteny-based approach by comparing chromosomal assignments for a small subset of genes 729	

involved in flowering. The comparison reveals that synteny-based anchoring performs well, 730	

with over 80% concordance between genetic mapping and synteny-based results at a “whole 731	

chromosome” assignment level. However, the results also demonstrate that, while synteny-732	

based anchoring is a powerful approach, GBS-based genetic mapping in this and other 733	

populations may also contribute to the long term goal of producing a more comprehensive, 734	

chromosomally anchored pseudomolecule assembly of perennial ryegrass in the future 735	

through validating and augmenting synteny based assignments.  736	

  737	

Reduced representational sequencing approaches for genotyping are largely based on the 738	

concept of characterising the same sequence tag across all individuals in the study population, 739	

with variation being detected within the window of sequence covered by the tag. However, a 740	



variety of polymorphic events (e.g. SNPs and InDels at the restriction sites being used for 741	

complexity reduction) can cause a second type of polymorphism which manifests itself in the 742	

form of the differential detection of the presence of aligned tags in different individuals. This 743	

presence absence variation (PAV) has in fact been observed at a frequency far higher than the 744	

occurrence of SNP variation (Lu et al., 2015). For instance, 80 - 90% of the maize genome is 745	

reported to show some PAVs (Chia et al., 2012) and recently 1.1 million PAVs have been 746	

mapped to the maize pan genome (Lu et al., 2015). Given the potential for PAVs to add 747	

significantly to the marker density of the map (and the extent of genome anchoring), we 748	

decided to develop and test some simple procedures to both score and map them in this study.  749	

Since PAVs manifest themselves at the alignment stage, we adopted a relatively 750	

straightforward approach based on the bowtie-generated alignment files for loci exhibiting the 751	

footprint of PA variation. Because lack of alignment at a locus in any individual could come 752	

from technical sources such as sequence-under-representation in the GBS libraries, a filtering 753	

process based on read depth across all individuals was used to identify loci in which this was 754	

not a general problem, followed by the imposition of a requirement to conform to the 755	

expected Mendelian segregation pattern for dominant markers in the population. In 756	

recognition of the fact that the population exhibits segregation distortion, and that lack of read 757	

coverage at individual loci could still contribute to apparent “Absence” variants, a more or 758	

less arbitrarily determined window around the expected 3:1 ratio was used, allowing for either 759	

a threefold increase or decrease of the “Presence” category, equivalent to ratios between 9:1 760	

and 1:1.  761	

For the mapping component of the study, early attempts at incorporating the PAVs directly in 762	

the map were problematic, probably due to a mixture of incomplete genotype information 763	

(heterozygotes {Aa} and homozygotes {AA} are indistinguishable) combined with a higher 764	

potential for miscalls, resulting in vastly inflated map distances. To circumvent this, a high 765	



quality framework SNP-based map was generated and adopted a very simple binning 766	

approach to place PAVs into this (fixed order and distance) framework map. This maintained 767	

the integrity of the map produced using the more robust SNP markers, whilst allowing the 768	

utilisation of the considerable amount of anchoring information associated with the PAVs. 769	

Over half of the total mapped scaffold length (113 Mb of 200Mb) was anchored solely by 770	

PAVs and whilst there is an expectation that chromosomal position of markers anchored by 771	

PAVs might be inherently less accurate, we felt that inclusion of this information would be 772	

beneficial to future gene-discovery applications as long as: 1) the inclusion of the PAVs did 773	

not degrade the map, and 2) the potential accuracy range of the PAVs was reasonably well 774	

understood. 775	

Adopting a binning process addresses the first of the two points above. An attempt to quantify 776	

the second was undertaken using the hypotheses that: in general SNP markers were accurately 777	

placed relative to PAVs; and that SNPs and PAVs occupying the same scaffolds (given the 778	

N50 scaffold size of the assembly is 25 Kb) should theoretically co-segregate in the absence 779	

of genotyping error and missing data. Over 90% of SNP-PAV pairs occupying the same 780	

scaffold had pairwise recombination fractions of no more than 5% (0.05), and just over 80% 781	

of PAVs ended up in a final bin no more than 5cM away from their physically-paired SNP 782	

anchor marker.  Assuming a low error rate in the SNP dataset, each percentage point of error 783	

in genotype calling in the PAVs will be translated into a 1% increase in the recombination 784	

fraction between the “reference” SNP and the “query” PAV in question. Our results suggest 785	

that our filtering approach is managing to identify PAVs with low error rates (~30% below 786	

1% error and ~60% below 5% error), with the binning process placing the majority of the data 787	

at a map distance consistent with these recombination fractions. There is no doubt that more 788	

sophisticated approaches to both identify and map PAVs in similar studies could be 789	

implemented, but this study demonstrates that, even using the relatively straight forward 790	



approaches adopted here, PAV markers can contribute significantly to anchoring mapped 791	

markers to sequence assemblies in pairwise mapping populations subjected to GBS 792	

The F2 Biomass population has, in the past been used as an exemplar for high levels of 793	

segregation distortion (SD). Anhalt et al. (2008) indicated the occurrence of levels of SD 794	

exceeding 60%. The SNP framework map presented here contrasts with the previous results, 795	

with 42% of SNP markers, or 33% of markers representing the signatures for the non-796	

redundant bin-set exhibiting distortion. Placing the markers used in the previous study on this 797	

map gives insights into the discrepancy, which seems to be due to a mixture of low marker 798	

density and unfortunate distribution of the markers in the previous study. The majority of the 799	

distortion appears on LG 6, which exhibits an under-representation of the grandparental-800	

derived genome, and the top two thirds of LG 3, which exhibit similar patterns of distortion. 801	

The source of the extensive SD in these regions remains unknown. To our knowledge, 802	

extensive distortion of the level observed on LG 6 is unique to the F2 Biomass population. 803	

Segregation distortion of LG 3 has previously been associated with the presence of the self-804	

compatibility locus F in the International Lolium Genome Initiative (ILGI) reference mapping 805	

population (Thorogood et al., 2002).  LG 3 of the F2 Biomass population was the focus of a 806	

study by (Manzanares, 2013), who tested the hypothesis that the F-locus was responsible for 807	

the self-compatibility phenotype in the population, in part based on the observations of the SD 808	

on LG 3 in this population. Although the conclusion was based on representation of LG 3 by 809	

only 4 markers, the results indicated that LG 3 is not involved in the self-compatibility 810	

phenotype of the F2 Biomass population, although the trait is controlled by a single self-811	

compatibility locus. Thus the SD observed on this chromosome seems unrelated to the F-812	

locus, and remains unexplained. The existence of a physically anchored, SNP-based map of 813	

the F2 Biomass population leads to interesting prospects for establishing the identity of the 814	

locus responsible for the self-compatibility phenotype in the population, in order to 815	



understand whether one or several such loci exist in the available self-compatible L. perenne 816	

genotypes available. Regardless of the source of the variation, a more accurate understanding 817	

of the distribution of distortion over the map is important in the continuing utility of the F2 818	

Biomass population as a key reference population for future trait-mapping and discovery 819	

genetics applications.  820	

Conclusion 821	

Our main goal in this study was to produce a high-density, heavily chromosomally anchored 822	

genetic map in a key reference mapping population in perennial ryegrass. We adopted a 823	

highly inclusive approach, maximising the number of anchored fragments by utilising both 824	

SNP and the more frequent PA variation revealed by GBS. Combined with existing and 825	

emerging genomic resources such as the recently published synteny-based draft genome 826	

sequence of the species released by Byrne et al. (2015), and hopefully more comprehensive 827	

assemblies that will be built in the near future,the current map will be a useful tool for 828	

understanding the genetic basis of numerous traits for which it segregates. For example, a 829	

phenotypic dataset for the segregation of polar secondary metabolites already exists as an 830	

extension of the study on the mapping of non-polar metabolites recently published by (Foito 831	

et al., 2015), and (interestingly in the context of the flowering-associated genes described) the 832	

population also segregates for heading date. Unlike maps produced in the species to date, the 833	

high level of direct and indirect anchoring to two perennial ryegrass assemblies yields the 834	

potential to routinely identify candidate genes underlying mapped traits.  In addition to its 835	

future use in trait genetic analysis, the F2 Biomass population is also the source population for 836	

the long term goal of the generation of a recombinant inbred line (RIL) population for 837	

perennial ryegrass. 838	

Finally, the availability of a draft assembly of a second perennial ryegrass genotype, in 839	

addition to that of genotype P226/135/16 will allow comparisons that may yield useful 840	



insights into intra-specific variation in genome structure in Lolium perenne, similar to those 841	

that have been enabled by the availability of significant genome-wide sequence information 842	

of multiple haplotypes in other recently characterised species(Xu et al., 2011, Deokar et al., 843	

2014, Wilson et al., 2015). 844	
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provides details about the types of libraries used for sequencing for the reference assembly 847	
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well as completeness of the gene model from both assemblies. Scaffolds with conflicting 852	
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location within the genome browser is also given, Supplemenary File 3 gives a summary of 854	

repeat types found during repeat masking with wheat-based model.  Supplementary File 4 is a 855	

multi-tab Excel spreadsheet containing the map positions for all the markers, the non-856	

redundant set of 1865 bins used to calculate the core map, number of markers present in each 857	

bin, list of unique scaffold names anchored using the map, and a list of scaffolds that maps to 858	
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Figure Legends 1083	

Figure 1. Distribution of contig and scaffold lengths 1084	

Scaffolds and contigs are grouped according to size range, from under 500 bp to over 280,000 1085	

bp, to indicate the proportion of sequence held by scaffolds/contigs within each size range 1086	

group. Numbers of scaffolds/contigs in each size range group are plotted on the left hand 1087	

vertical axis, with the corresponding base pair length for each group plotted on the right hand 1088	

vertical axis. (a) Scaffold/contig counts and base pair lengths for each group are shown along 1089	

with (b) cumulative running totals. 1090	

 1091	

Figure 2 : Distribution of transcripts and gene models, and associated scaffolds 1092	

Scaffolds are grouped according to size range, from under 500 bp to over 280,000 bp, to 1093	

indicate the proportion of transcripts from both Ruttink and Farrell sets and gene models from 1094	

Byrne et al. contained by scaffolds within each size range group. Numbers of scaffolds in 1095	

each size range group are plotted on the left hand vertical axis, with the number of associated 1096	

transcripts for each group plotted on the right hand vertical axis. (a) Scaffold counts with 1097	

numbers of transcripts and gene models for each group are shown along with (b) cumulative 1098	

running totals. 1099	

 1100	

Figure 3:  Examples of graphical genotypes of chromosomes 2 and 3 a) before and b) 1101	

after genotype error correction. The x-axis consists of genotype calls of individuals and the 1102	

y-axis consists of markers ordered by chromosomal map position. The blue colour represents 1103	

the allele from the paternal grandparent, pink from the maternal grandparent and yellow for 1104	

the heterozygous state. 1105	



 1106	

Figure 4:  Distribution of segregation distortion across the chromosomes.  A line on the 1107	

chromosome represents the framework marker on the map. Red indicates loci with 1108	

segregation distortion (P.value <0.05) and green represents non-distorted loci. The 1109	

highlighted loci with map position on the left and locus name on the right represents the 1110	

marker location of previously published markers by Anhalt et al. (2008) on the current 1111	

linkage map. 1112	

Figure 5: Distribution of marker density across the chromosome. The X-axis represents 1113	

5cM map interval and the Y-axis represents the number of GBS markers present in the 1114	

interval. 1115	

Figure 6: Graphical genotypes of parents along with a subset of individuals from 1116	

chromosome1. The first column represents the F1 parent, the second column the paternal 1117	

grandparent. Blue represents alleles from the paternal grandparent, pink represents alleles 1118	

from the maternal grandparent and yellow indicates a heterozygous allelic state.  1119	
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 1127	

Table 1:  Summary statistics for Lolium perenne genome draft assembly 1128	

 1129	



 Contigs Scaffolds 

No. sequences 624,485 424,750 

Max. size 94,591 282,695 

Mean size 1,338 2,618 

N50 3,790 25,212 

Total length 835,987,474 1,112,005,533 

%GC 44.21 44.16 

%N 3.08 27.19 

No. sequences >= N50 54,586 10,877 

% sequences >= N50 8.74 2.56 

No. sequences < 500 bp 320,891 254,591 

% sequences < 500 bp 51.38 59.94 

No. bases in sequences < 500 bp 104,144,782 81,476,618 

% bases in sequences < 500 bp 12.46 7.33 

   

 1130	
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 1132	

  1133	



Table 2:  Statistics of identified SNP markers (Number and proportion of transition 1134	

versus transversion type markers) 1135	

 1136	  

 1137	

 1138	

 1139	

 1140	

 1141	

 1142	

 1143	

 1144	

 1145	

 1146	

  1147	

Type Type of 

variation 

Number Proportion of type 

Transition C/T 2832 31 

Transition A/G 2681 29 

Transversion C/G 1334 15 

Transversion A/C 875 10 

Transversion G/T 870 10 

Transversion A/T 535 6 



Table 3:  Summary of genetic map (linkage group (LG), total number of markers, 1148	

number of SNP, PA markers, number of SNP bins, map length, number and size of 1149	

scaffolds anchored for each linkage group). 1150	

LG Total no. 

of 

markers 

No of 

SNP 

markers 

No of PA 

markers 

No of 

SNP 

bins 

Map 

length 

(cM) 

No of unique 

scaffolds 

anchored 

No of bases 

anchored 

1 1319 418 901 240 124.5 573 22,689,863 

2 1502 466 1036 287 139.4 665 28,082,237 

3 1986 563 1423 317 153.9 886 36,169,696 

4 1839 557 1282 331 196 853 34,568,556 

5 1421 370 1051 233 119.8 617 25,520,777 

6 845 269 576 179 89.3 373 15,266,325 

7 1440 449 991 278 129.7 624 25,795,316 

Total 10352 3092 7260 1865 952.6 4591 188,092,770 
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Table 4:  Summary of the size distribution of anchored scaffolds in the map of the F2 1154	

Biomass population 1155	

Scaffold size range Number of anchored 

scaffolds 

<=500 75 

500 to 1000 63 

1k to 5k 223 

5k to 10k 296 

10k to 50k 2556 

50k to 100k 1241 

100k to 500k 313 

Total 4767 
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