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Red clover (Trifolium pratense L.) 
draft genome provides a platform 
for trait improvement
Jose J. De Vega1,2, Sarah Ayling1, Matthew Hegarty2, Dave Kudrna3, Jose L. Goicoechea3, 
Åshild Ergon4, Odd A. Rognli4, Charlotte Jones2, Martin Swain2, Rene Geurts5, 
Chunting Lang5, Klaus F. X. Mayer6, Stephan Rössner6, Steven Yates2,7, Kathleen J. Webb2, 
Iain S. Donnison2, Giles E. D. Oldroyd8, Rod A. Wing3, Mario Caccamo1, Wayne Powell2,9, 
Michael T. Abberton2,10 & Leif Skøt2

Red clover (Trifolium pratense L.) is a globally significant forage legume in pastoral livestock 
farming systems. It is an attractive component of grassland farming, because of its high yield and 
protein content, nutritional value and ability to fix atmospheric nitrogen. Enhancing its role further 
in sustainable agriculture requires genetic improvement of persistency, disease resistance, and 
tolerance to grazing. To help address these challenges, we have assembled a chromosome-scale 
reference genome for red clover. We observed large blocks of conserved synteny with Medicago 
truncatula and estimated that the two species diverged ~23 million years ago. Among the 40,868 
annotated genes, we identified gene clusters involved in biochemical pathways of importance for 
forage quality and livestock nutrition. Genotyping by sequencing of a synthetic population of 86 
genotypes show that the number of markers required for genomics-based breeding approaches is 
tractable, making red clover a suitable candidate for association studies and genomic selection.

Red clover is one of the most important forage legume crops in temperate agriculture, and a key compo-
nent of sustainable intensification of livestock farming systems. Its beneficial attributes in terms of high 
protein forage and reduced need for nitrogen fertilizer input can contribute to reduce the environmental 
footprint of grassland based agriculture1. Red clover provides good biomass yield for two or three sea-
sons2. This limited persistency has been attributed to biotic and abiotic stresses1. There is thus an urgent 
need for improving our understanding of the genetic basis of these traits, as well as those affecting forage 
yield, quality and livestock nutrition, in order to facilitate genetic improvement.

In terms of available genomics resources, genome assemblies exist for the two model legumes, 
Medicago truncatula (Gaertn.) and Lotus japonicus L.3,4, and several legume pulse crops including com-
mon bean5, soybean6, chick pea7 and pigeon pea8. Genomics resource development in forage legumes 
are less advanced, but a transcriptome assemblies exist for example in alfalfa (Medicago sativa L.)9 and 
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red clover10. For the latter a consensus genetic map, based primarily on SSR markers is also available11. 
Current evidence suggests that synteny between white clover and M. truncatula is more highly conserved 
than synteny between red clover and M. truncatula12, most likely due to the fact that the basic chromo-
some number of eight is conserved between M. truncatula and white clover, whilst red clover has seven.

Red clover is a diploid (2n =  2x =  14) species with a genome estimated to be 420 Mb13. It is heterozy-
gous due to its gametophytic self-incompatibility system, and is difficult to inbreed without severe loss 
of viability and vigour14. A draft assembly of reads from 16 different genotypes was recently published15, 
consisting of 305 Mb in 267,382 scaffolds, and an N50 value of 2.4 Kb, using the same statistical criteria, 
as we have used here. While this assembly is a significant step forward, it is fragmented, and the scaffolds 
have not been anchored to a genetic or physical map. Here we report a chromosome-scale reference draft 
genome for a red clover genotype of the variety Milvus (Milvus B) by integration of Whole Genome 
Sequencing (WGS) of short-length reads, Sanger-based bacterial artificial chromosome (BAC) end 
sequences, a physical and two genetic maps. This assembly is the first within the major Trifolium genus, 
one of the largest in the Fabaceae family with 255 species16. After the model species M. truncatula, it is 
the second genome assembly of a forage legume at pseudo-molecule level. This will provide a great plat-
form for advances in genomics studies of traits of biological and agronomic importance in forage crops.

Results
Red clover genome sequencing and assembly.  The genotype Milvus B of red clover was the 
source of genomic DNA for the sequencing and construction of the physical map. WGS was assembled 
from paired-end and mate-pair libraries using the Platanus assembler17, which outperformed the results 
obtained by ABySS18 and SOAP219. The number of contigs was lower and their contiguity statistics were 
higher in the assembly produced by Platanus. We also tested and discarded the option of using SOAP2 
to scaffold the contigs produced by ABySS, and the use of a Gap-Closer as an additional final step. 
After discarding sequences shorter than 500 bp, ABySS assembled 376 Mb in 108K scaffolds, SOAP2 
assembled 430 Mb in 102 K scaffolds, and ABySS contigs scaffolded with SOAP2 produced 452 Mb in 
105 K scaffolds. Platanus assembled 309 Mb in 39,904 scaffolds. Half of the assembly was contained in 
353 scaffolds (N50 =  223 Kb), while 1054 scaffolds longer than 50 Kbp contained another 25%, and a 
significant number of shorter scaffolds contained the remaining 25% of the genome (Supplementary 
Table 1, Supplementary Fig. 1). We observed that 87.1% of the Kmers in the ABySS +  SOAP2 assembly 
were present in the Platanus assembly (Supplementary Table 2). We annotated 40,868 genes and 42,223 
transcripts. Of those, 22,042 genes were anchored onto the seven chromosomes. Our final assembly with 
Platanus was smaller in total size than the others because the repeat content appeared fewer times, but 
without missing low copy regions, such as those rich in gene content. This is supported by the gene anno-
tations and the K-mer spectras of reads for the different assemblies (Supplementary Fig. 2). In these fig-
ures, the areas under the Kmer spectra were coloured according to the number of times that such Kmers 
appeared in each assembly. Approximately 173, 74 and 41 Mb appeared once, twice and more than twice 
in the Platanus assembly, compared to approximately 206, 62 and 206 Mb in the ABySS+ SOAP2. Also, 
we compared the annotation of the Platanus assembly with the annotation of the assembly by ABySS and 
SOAP2, which contained 66,250 proteins. Approximately 27% of these proteins were fully contained with 
a perfect match in other proteins, while the corresponding percentage was 2.8 in the Platanus annota-
tion. The gene-space lengths were similar, with 138 and 148 Mb for the Platanus and ABySS assemblies, 
respectively. We aligned 93% of the proteins from the Platanus assembly to the ABySS +  SOAP2 assem-
bly. The proportion of aligned proteins was the same in the other direction. Finally, we aligned each 
proteome to the M. truncatula proteome and identified best-reciprocal-hits (BRH). Approximately 9% 
of the BRH with the Platanus proteome were not found among the BRH with the ABySS+ SOAP2 pro-
teome. The proportion of these exclusive BRH was identical in the other direction (i.e. 9%). Furthermore, 
the percentage of complete and partial core proteins reported by CEGMA20 was 85.48% and 95.56% for 
the Platanus assembly, and 78.2% of the previously published RNA-Seq reads10 mapped to this assembly. 
Finally, we compared our WGS assembly with an assembly previously published from a pool of 16 red 
clover varieties15. The composite nature of the original sample and the absence of genetic or physical 
maps limited the coverage of that assembly. The sample was sequenced to an average of 30× , and the 
assembly contained 267,382 scaffolds, of which 135,502 were longer than 500 bp, for a total of 268.2 Kbp 
including an important proportion of duplicated content (Supplementary Fig. 3).

We integrated our WGS with Sanger-based bacterial artificial chromosome (BAC) end sequences, and 
two genetic maps. The physical map contained 29,730 BACs, of which almost 23,000 were in contigs 
(77.3%). Singleton BACs amounted to 6,743. There were 2,440 contigs ranging in size from a few hun-
dred kb to over 1.7 Mb. Originally, about 200 genetic markers from two maps13 (Supplementary Fig. 4)  
were anchored to the physical map. Here we aligned 1,031 of the 1,388 markers from the two maps to 
place 532 of the longest scaffolds totalling 153.4 Mb, and used the BAC-end sequences as markers to 
further link 330 unplaced scaffolds with already placed scaffolds from the same physical contig. After 
removing shorter sequences, the final version of the genome assembly consisted of 309 Mb including 
164.2 Mb in 7 chromosome-length sequences or pseudo-molecules, plus 75.2 Mb in 542 scaffolds longer 
than 50 Kb. The seven pseudo-molecules ranged from 13.02 to 28.17 Mb (Supplementary Table 1).
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Genome annotation of the red clover genome.  We annotated 40,868 genes and 42,223 tran-
scripts. Fig. 1 illustrates the spatial density of the 22,042 genes in the chromosomes (see Supplementary 
Fig. 5 for the individual chromosomes). A homologous protein in the UniprotKB database was found 
for 39,516 transcripts (93.6%), and 1,580 of the remaining transcripts (3.7%) had a novel ORF. A total 
of 31,576 transcripts (74.8%) was annotated with at least one GO term (Supplementary Table 3). The 
number of genes in red clover is lower than in M. truncatula (50,894) and soybean (56,044), but higher 
than in common bean (27,197). Red clover and M. truncatula have similar gene density, around 1.3 genes 
per 10 Kb (40,868 genes in 309 Mb and 50,894 genes in 389 Mb, respectively). However, the genes are 
not equally distributed in the genome. The mean value of the gene density in 10 Kb windows is similar 
in red clover, common bean and soybean (approximately 0.75 ±  0.96 genes per 10Kb), but lower than 
in M. truncatula (1.51 ±  1.13 genes per 10 Kb), because the latter has more intervals with many genes 
as observed in Fig.  1, and Supplementary Fig. 5. The CDS and exon lengths were similar in the four 
legumes, but the intron lengths were significantly longer in the legumes than in Arabidopsis thaliana 
(Supplementary Fig. 6).

Comparative genomics in legumes.  There were 10,449 orthologous groups of genes common to 
red clover and four other Fabaceae species, and 2,730 groups common to all but L. japonicus (Fig. 2). The 
number of genes in each cluster was similar among these legumes, but differed from A. thaliana. Only 
57 GO term clusters had more than twice the number of genes in red clover than in M. truncatula. This 

Figure 1.  Structure of the red clover genome and synteny with the M. truncatula genome. (a) Lines 
connect duplicated genes between different chromosomes, and (b) concentric histograms of the density of 
genes (grey) and repetitive elements Copia (purple), Gypsy (orange) and total DNA transposons (hAT in red, 
TcMar in green, and MULE in blue) in sliding windows of 1 Mb at 100 Kb intervals, only values in the top 
quartile are coloured.
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corresponded to 1,253 proteins mostly belonging to regulatory and transport families (Supplementary 
Fig. 7). We constructed a phylogenic tree on the basis of the alignment of the proteins of 818 single-copy 
clusters present in the five Fabaceae species and A. thaliana. We estimated that red clover and M. trun-
catula diverged around 23 million years ago (MYA) (Fig. 3), similar to that observed between common 
bean and soybean, which diverged ~19.4 MYA5. Furthermore, our analysis showed that the split of the 
papilionoid clades took place around 50 MYA, consistent with previous results21.

Macrosynteny was conserved between red clover and M. truncatula, which shared 17,278 gene pairs 
in 248 synteny blocks (Fig.  1). Red clover chromosomes 1 and 6 were almost entirely syntenic with  
M. truncatula chromosomes 1 and 7, respectively. The remaining five chromosomes had large synteny 
blocks each with two or three M. truncatula chromosomes (Fig. 1), as observed by others12. A synteny 
block was declared when there was at least 30 consecutive gene pairs. We quantified the divergence rates 
from gene pairs in the syntenic regions of each chromosome and observed a clear peak for the Kimura 
rates around 0.15 for the whole genome and equivalent divergence rates for each chromosome. We found 
347 duplicated gene pairs in red clover (Supplementary Fig. 8), approximately three times less than the 
963 gene pairs found in M. truncatula3. The pairs in red clover originated from duplication events around 
12.7 MYA (Supplementary Fig. 9), thus after the divergence from M. truncatula, but we did not find 
a closer relation to repeat elements Gypsy or Copia in these duplicated gene pairs relative to all genes 
(Supplementary Fig 10).

The repeat content was 41.82% (Supplementary Table 4), which is slightly lower than previously 
reported15. We re-annotated the repeat elements in several legumes with recent versions of the data-
bases and tools, and revised the fraction of repeats in M. truncatula to 48.7%, which is closer to the red 
clover values than the original annotation (30.5%)3. In common bean this value was adjusted to 72.1%, 
because we found a larger number of LINE and Copia transposable elements (TE) than in the original 
annotation (45.4%)5 and in soybean to 65.5%, similar to the values originally reported (61.5%)6. Class 1 
TEs constituted 20.6% of the red clover genome (63.5 Mb). The fraction of LINEs and SINEs was similar 
in red clover and M. truncatula, but the proportion of Gypsy LTRs was much higher in M. truncatula 

Figure 2.  Venn diagram of gene clusters shared by the four Fabaceae species, red clover, M. truncatula, 
L. japonicas, soybean and common bean. The diagram was drafted with R/ggplot258 using facet_grid(), with 
manual redrawing using the inkscape software (https://inkscape.org/).

Figure 3.  Divergence of red clover. Timeline in million years ago (MYA) for the divergence of red clover, 
M. truncatula, L. japonicus, soybean and common bean from each other, and from Arabidopsis thaliana.

http://
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(Fig. 1). Furthermore, the high Gypsy LTR regions coincided with high Copia LTR content. This striking 
difference is likely due to a recent burst of Gypsy activity, which took place 1–2 MYA in regions of M. 
truncatula not shared with red clover. This recent burst of Gypsy LTR activity, as well as a second one 
around 20 MYA that can be observed in both species, resulted in a much lower number of new Gypsy 
copies in red clover (Fig 1, Supplementary Fig. 9). Approximately 88% of the genes anchored in chro-
mosomes had a Copia LTR within 10Kb, a third of them within 1 Kb. Approximately 39% of the genes 
had a Gypsy LTR within 10 Kb (Supplementary Fig. 10). Class 2 TEs constituted 19.1% of the red clover 
genome (58.9 Mb), which is similar to M. truncatula, but higher than in common bean and soybean 
(Supplementary Table 4). Fig.  1 highlights that although the total concentration of DNA transposons 
was similar, the distribution of families was not. Red clover had a higher proportion of hAT, Stowaway 
and Pogo transposons than any of the other species analysed, but in contrast to M. truncatula did not 
have MULE transposons.

Gene clusters associated with forage nutrition traits.  The high concentrations of isoflavones in 
red clover forage, particularly formononetin1, can have oestrogenic effects with adverse consequences 
for reproduction in ruminants, especially sheep22. Conversely, high formononetin content in red clo-
ver forage has been linked with higher live weight gains in lambs23. Formononetin concentration in 
red clover is under genetic and environmental control24. Four enzymes (Supplementary Fig. 11) are 
involved in formononetin biosynthesis, isoflavone-synthase (IFS1), 2-hydroxyisoflavanone dehydratase 
(HIDH), isoflavone-O-methyltransferase (IOMT), 2, 7, 4′ -trihydroxyisoflavanone 4′ -O-methyltransferase 
(HI4OMT), and two additional enzymes (Supplementary Fig. 11) are involved in the interconversion of 
formononetin conjugates isoflavone 7-O-glucosyltransferase (IF7GT) and isoflavonoid malonyl trans-
ferase (MAT7). Except for HIDH, which has had multiple copies since early in the evolution of plants 
and at least three recent duplication events in different loci of red clover (Supplementary Fig. 12), the 
genes encoding the other enzymes were distributed in five clusters in red clover and M. truncatula. Each 
cluster is dominated by one of the enzymes, and is surrounded by the same genes in both red clover and 
M. truncatula (Supplementary Fig. 13). Some genes encoding HI4OMT, IOMT and IF7GT were located 
in more than one cluster, but the genes in different clusters were distributed in different phylogenetic 
branches, and appear to encode distinct groups of isoenzymes and to have evolved independently prior 
to the Fabaceae divergence (Supplementary Figs 14–18). Five IOMT genes were clustered on M. truncat-
ula chromosome 5, and red clover scaffold 1068 (3 genes) and scaffold 29975 (2 genes). The IOMT cluster 
includes two copies of tRNA pseudouridine synthase (TruA) in both species (Supplementary Fig 13).  
Five HI4OMT genes clustered in M. truncatula chromosome 4 embedded among several genes with 
unknown function. The five homologous genes in red clover were in different unplaced scaffolds, which 
may form a cluster too. The IFS1 cluster is on red clover chromosome 3 and M. truncatula chromosome 
4, and is formed by four IFS genes, as well as two IOMT genes and two HI4OMT genes from phyloge-
netic branches different to the genes in the previous clusters. An Auxin-response 3 transcription factor 
and a cellulose synthase A gene are also located in the IFS1 cluster in both species. The IF7GT cluster 
contains three contiguous IF7GT genes on red clover chromosome 2 and M. truncatula chromosome 5. 
IF7GT genes have expanded in soybean and common bean, but not in other analysed legumes. Finally, 
the MAT7 cluster on red clover chromosome 6 is formed by five contiguous MAT7 genes plus a sixth one 
200 Kb upstream. The latter is contiguous to an expansin gene, a duplicated F-box transcription factor, 
and three IF7GT genes from a different phylogenetic branch than the previous IF7GT genes. The M. 
truncatula MAT7 cluster on chromosome 7 has an equivalent structure except that two IOMT genes are 
located between the MAT7 genes, physically linking both pathways. There are three homologous genes in 
red clover in unplaced scaffolds. Furthermore, there are eight additional IOMT genes distributed in eight 
unplaced scaffolds in red clover, though they belong to the same phylogenetic branch (Supplementary 
Fig. 15). Remarkably, this branch contains 18 genes in soybean, only four in common bean, and four 
pairs in M. truncatula chromosomes 1 and 7, including the described pairs in the MAT7 and IFS clus-
ters (Supplementary Fig. 15). Some members of the families of three key genes of the formononetin 
biosynthesis pathway (IFS1, HIDH and HIOMT) (Supplementary Fig 11) were previously shown to be 
expressed at low to moderate levels in leaves of mature plants. Of those, the IFS1 gene (mRNA 15433) 
was expressed most highly (up to 362 RPKM under drought conditions), while HIDH (mRNAs 39329 
and 5684) and HIOMT (mRNAs 15429 and 15438) had expression levels between 4 and 66 RPKM. The 
MAT7 and IF7GT gene families were expressed at lower levels (< 15 RPKM).

Red clover has superior feeding value in terms of transfer of omega-3 fatty acids from ruminant feed 
to milk25, and reduced levels of proteolysis during wilting and ensiling of its biomass26. These properties 
have been linked to the prevalence of the enzyme polyphenol oxidase (PPO). This enzyme catalyses the 
conversion of endogenous di-phenols to quinones. The quinones can bind with proteins and reduce the 
speed of proteolysis and lipolysis in the rumen. In red clover PPO appears to form a cluster with three26 to 
seven27 members. We have identified five PPO genes in the red clover genome assembly (Supplementary 
Fig. 19). Four of them were highly similar to each other and different to PPO genes in related species. 
PPO1 and PPO2 genes were located 1 Mb apart on chromosome 6. A second copy of PPO1 was found 
on scaffold 8733, and PPO3 was located in scaffold 1247. The latter is also similar to mRNAs previously 
annotated as PPO4 and PPO527. A further PPO gene, which is homologous to the three PPO genes pres-
ent in M. truncatula, was found on chromosome 2 of red clover in a region conserved with chromosome 
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2 of M. truncatula (Supplementary Fig. 20). The existence of two single copy PPO genes in common 
bean, and six copies of each of these two genes in soybean is consistent with the hypothesis that the red 
clover genes in the chromosome 6 cluster are a result of duplication events, and that their homologues 
are missing in M. truncatula. Both the latter and M. sativa, in contrast to red clover, have little PPO 
activity26,28 implying that the PPO genes in these two species are inactive or lack a substrate.

Linkage disequilibrium in a synthetic population of red clover.  Linkage disequilibrium (LD) in 
a population determines the marker density required in genome wide association studies (GWAS) and 
for genomic selection (GS) in breeding programmes, as well as providing insight into population struc-
ture. The average LD at 100 Kb in the red clover variety Lea, a synthetic population with multiple parents, 
varied between 0.15 and 0.25 in the seven chromosomes (see Supplementary Table 5, and Supplementary 
Fig. 21 for graphs of LD decay, landscape and heatmaps). Given the marker density and genome size 
a QTL would be on average 76.5 Kb from the nearest marker. At this distance LD varied between 0.19 
and 0.31 (Supplementary Table 5). Supplementary Fig. 5 shows that heterozygosity is close to equilib-
rium, which is consistent with the way in which synthetic populations are generated. The population 
was derived from three parental populations by polycrossing, but PCA analysis of the marker data was 
unable to separate the founder populations clearly, as the first two principal components accounted for 
only 4.3% of the variance (Supplementary Fig. 22).

Discussion
This work provides a genome assembly on a pseudomolecule level of a highly heterozygous genome. 
The inbreeding depression and loss of viability associated with self-incompatibility of red clover14 has 
precluded the generation of inbred lines for sequencing purposes. The evidence from the comparison 
of several short-reads assemblers supported the use of Platanus as the best option to generate a high 
quality reference assembly in this heterozygous species (Supplementary Figs 1 and 2). We showed that 
there was no additional content in the other assemblies (Supplementary Table 2), and that our assembly 
is a significant step forward in comparison to the resources available to date.

The anchoring of a significant number of scaffolds, that contained at least half of the genes, allowed 
the spatial comparison of features between M. truncatula and red clover. We also estimated that the 
divergence of red clover and M. truncatula is comparable to the divergence of common bean and soy-
bean. In general terms, the gene content, distribution, and length are conserved among legumes, which 
is relevant for translational agrigenomics. For example, the enzymes involved in the formononetin 
pathways are distributed in five clusters, the structure of which, are conserved between red clover and  
M. truncatula. Although the similar total content of repeats in M. truncatula and red clover is inconsist-
ent with the hypothesis that outbreeding species have a higher potential for proliferation of transposable 
elements21, there are dramatic compositional differences between the two species (Fig.  1). The similar 
sized genomes, but contrasting breeding systems would appear to provide a good basis for comparison. 
It is possible that the compositional differences are associated with the different breeding systems, but 
perhaps other events such as chromosomal rearrangements are more closely associated with variation in 
repeat element composition.

The genotyping by sequencing analysis of the population based variety “Lea” has provided insight into 
the level of linkage disequilibrium in synthetic populations, which is one of the most common ways of 
generating new varieties in outbreeding forage crops. As expected there is no population structure, and 
low levels of linkage disequilibrium throughout the genome (Supplementary Fig 21). Nevertheless, the 
marker coverage would appear to be sufficient for meaningful studies of the genetics of complex traits, 
and genomics based breeding approaches, given that LD at the average marker distance was near 0.2 or 
above (Supplementary Table 5).

The unique feature of significant PPO activity in red clover in contrast to other forage legumes, nota-
bly M. truncatula and M. sativa26,28 would suggest that some of the genes in the cluster of PPO genes 
located on chromosome 6 and two unplaced scaffolds is responsible for the red clover PPO activity, 
rather than the PPO gene on chromosome 2, which is homologous to a PPO cluster on chromosome 
2 in M. truncatula (Supplementary Fig. 19 and 20). However, previous RNASeq data show that PPO 
genes located on chromosome 2, 4, 6 and 7 were expressed at moderate levels in red clover leaves, and 
five of those PPO genes were upregulated after exposure to drought stress10. Other expression analyses 
in red clover suggest that the PPO4 gene is responsible for most of the activity in red clover mature 
leaf tissue28. This is most closely related to the PPO gene, described here as PPO3, which is located on 
scaffold 1247 (Supplementary Fig. 19). Two partial sequences from T. repens28 have the highest degree 
of similarity to the PPO gene on scaffold 1247 (PPO3), but have been described as PPO1 and PPO227. 
Further experimental work is needed to establish the relative activity of the different PPO genes, and to 
what extent their activity is limited by substrate availability. The close relationship between red clover 
and M. truncatula will promote the translation of information from model species to forage crop, and 
this red clover assembly has facilitated analysis and mapping of pathways of particular importance for 
red clover nutritional quality.
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Methods
Plant material and BAC libraries.  The mapping population used in this work consisted of 188 geno-
types of F1 progeny from a cross between a genotype of the variety Milvus and a genotype of the variety 
Britta. This population was generated initially to obtain material segregating for flowering time and a 
range of morphological characters. Three BAC libraries were created using high molecular weight DNA 
from a specific genotype of the Milvus variety (Milvus B). For one of the libraries the DNA was partially 
cut with the restriction endonuclease HindIII as described27. This library, named TP_MBa, consisted of 
more than 23000 clones of an average size of 125 Kb. Two other libraries were made, one cut with EcoRI 
(named TP_ABa) and one with BamHI (TP_ABb) as described. They each consisted of 36864 clones, 
with similar average size inserts as the HindIII library. All three BAC libraries are available to the public 
from the Arizona Genomics Institute Resource Center (http://www.genome.arizona.edu/orders/).

Physical map and BAC end sequencing.  Using methods previously described, the three red clover 
BAC libraries were subjected to BAC clone end sequencing and BAC clone SNaPshot fingerprinting 
(FP)29. Specifically, we used 18432, 9216 and 9216 BAC clones from the libraries TP_MBa, TP_ABa, and 
TP_ABb, respectively, which together represented nearly 10x genome coverage. The output data provided 
the raw inputs of the genome frame to allow physical map construction, anchoring of genetic and phys-
ical maps to the M. truncatula reference sequence3, and for comparative analysis to other genome data 
sets. A de novo BAC clone physical map was assembled with the FP data using FPC software with the 
settings and parameters as previously described29.

Genetic map construction.  The F1 mapping population described above was used to generate 
the genetic map. A total of 153 markers, based on either single nucleotide polymorphisms (SNPs) or 
microsatellites (SSRs), were used. The SNPs were identified by amplicon sequencing of ESTs, either 
intron-spanning or within exons (as identified by BLAST hits to M. truncatula). Putative polymorphisms 
were first identified in the two parental genotypes, and then either sequenced in the whole popula-
tion of 188 or genotyped by LGC using the KASPar methodology (http://www.lgcgroup.com). The SSR 
markers were either obtained from markers previously described13, or developed in this work from the 
BES sequences, by identification of repeats using the programme MISA (http://pgrc.ipk-gatersleben.de/
misa/misa.html), followed by validation in a subset of the mapping population. Other markers were 
transferred from either M. truncatula or white clover from previous work30. The genetic map was con-
structed using JoinMap®  431, and linkage groups were identified by the grouping module with a LOD 
score threshold of 4. The locus order was calculated with the regression mapping module with Kosambi’s 
mapping function for conversion of recombination frequency to cM, recombination frequency smaller 
than 0.4 and a LOD > 1, goodness-of-fit Jump threshold for removal of loci =  5.0, number of added loci 
after which to perform a ripple =  1, and third round =  Yes.

Amplification of genomic DNA was done in a 10 or 20 μ l reaction volume depending upon whether 
amplification product was to be visualised by gel electrophoresis. Approximately 20 ng of genomic DNA 
was added to 1xAmpliTaq buffer, 0.2 mM dNTPs, 0.2μ M forward and reverse primers and 1U of AmpliTaq 
DNA polymerase. The PCR amplifications were carried out in ABI 9700 (Applied Biosystems) with the 
following conditions: 10 min at 94 °C, then 35–40 cycles with 94 °C for 30 sec, Tm for 30 sec, and 72 °C 
for 1 min followed by a final extension at 72 °C for 7 min. The annealing temperature depended upon the 
individual primer pairs, but was typically 55–60 °C. The SSR amplifications involved fluorescent primers 
for subsequent analysis using an ABI 3730xl Genetic Analyzer (Applied Biosystems, Warrington, UK). 
Singleplex or multiplex reactions were run and analysed using GeneMapper v3.7 (Applied Biosystems, 
Warrington, UK). Amplicons for sequencing were cleaned to remove unincorporated primers and nucle-
otides with MicroCLEAN (Web Scientific, Crewe, UK) as described by the manufacturer, and prepared 
for sequencing according to ABI’s protocol for capillary sequencing.

Library generation, sequencing and assembly.  Eight different libraries (Supplementary Table 6, 
ENA accession PRJEB9186) were created from the same genotype of the Milvus variety (Milvus B) that 
was used for the BAC library construction, and were sequenced using Illumina HiSeq 2000 or MiSeq 
instruments at The Genome Analysis Center (TGAC, Norwich, UK). Four of the libraries encompassed 
a 150 bp single-end library, two paired-end libraries with insert sizes of 100 and 150 bp, plus one with 
100 bp reads that overlapped in 25 bp. Additionally, four mate-pair libraries with insert lengths of 3, 5 
and 7 Kb were also created to improve the scaffolding. Read quality was assessed, and contaminants and 
adaptors removed. Illumina Nextera MP reads were required to include a fragment of the adaptor to be 
used in the following steps32.

The two pair-end and two single-end shotgun libraries were assembled, and later scaffolded using 
mate-pairs libraries with four different insert lengths, using Platanus v1.2.117, which is optimized for 
heterozygous genomes. Scaffolds shorter than 500 bp were filtered out. We used Kmer spectra analysis to 
compare the assemblies produced by different pipelines, as well as our final assembly with the previously 
published assembly. A K-mer spectrum is a representation of how many fixed-length words or K-mers 
(y-axis) appear a certain number of times or coverage (x-axis). We used 31mers in our plots. The K-mer 
counting was performed with Jellyfish33 and the comparison and plotting was performed with KAT, a 

http://www.genome.arizona.edu/orders/
http://www.lgcgroup.com
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tool developed at TGAC (https://github.com/TGAC/KAT). Further information can be found in the 
manual (https://documentation.tgac.ac.uk/display/KAT/KAT+ Home). A new feature allows decompos-
ing of the spectra into coloured components related to copy number, in order to represent the number 
of times that each K-mer appears in the final assembly.

For chromosome-scale pseudo-molecule construction, markers from the genetic maps were placed 
using BLAT34. Alignments that comprised > 90% base-pair identity and > 90% coverage were retained. 
We first placed the markers from the previously published genetic map11. Some markers aligned in more 
than one position, but were tagged and retained. Any single marker linking to a different linkage-group 
from that of the other markers placed in the same scaffold was removed. Secondly, we placed the mark-
ers from our genetic map with the same criteria. However, we discarded the new position information 
if it differed by more than 30 cM with the previous map. If not, we used the average value as the final 
position. Nine scaffolds were split into two because markers were anchored to different linkage-groups.

The BAC-end sequences were aligned to the hard-masked assembly using MegaBLAST35 with a 
requirement of > 90% base-pair identity and > 90% coverage. We filtered the physical sink contigs 0, 
335 and 447, and quantified the number of alignments that supported each link between a scaffold and 
a physical contig. We accepted this if a) the scaffold always linked with the same physical contig (Unique 
links), b) more than 50% of the alignments were to the same contig, and c) there was a minimum 
number of total alignments (Dominant links), or the number of alignments to a physical contigs was 
significantly higher than to any other physical contig (Strong links). Most of the scaffolds with accepted 
links had been previously placed. In order to place a contig into a contiguous position we looked for any 
unplaced scaffold linking to the same contig as any previously placed scaffold. We used the EnsEMBL 
database and pipelines to construct the pseudo-molecules and reassign the coordinates of the features 
(genes, transcripts, exons, etc) to them. Each pseudo-molecule join was padded with a 10 Kbp gap.

Genome annotation and comparative analysis.  The annotation pipeline is represented in the 
Supplementary Fig. 23. Repetitive and low complexity regions of the scaffolds were masked using 
RepeatMasker36 based on self-alignments and homology with the RepBase public database and specific 
databases built with RepeatModeler37. LTR retrotransposons were detected by LTRharvest38. Repeat ele-
ments were classified with TEclass39 and RepeatClassifier37. The 5′  and 3′  ends of each LTR identified by 
LTRharvest were aligned with MUSCLE and used to calculate the nucleotide divergence rate with the 
Kimura-2 parameter using MEGA540. The insertion time was estimated by assuming an average substi-
tution rate of 1.3 ×  10e-8, as in the common bean5 analysis.

De novo and genome guided ab initio transcripts were assembled from RNA-Seq reads10 using Trinity41 
and Tophat/Cufflinks42, respectively. Additionally, exon-intron junctions were deduced from the mapping 
positions of the reads. Junctions supported by more than 3 reads were incorporated as evidence in 
Augustus. Assembled transcripts were aligned to the assembly and clustered in novel transcript models 
using PASA43. A high quality full-length non-redundant subset from the ab initio transcript models 
from PASA was used as a training set for Augustus. The proteins of the Fabaceae family in Uniprot and 
TrEMBL, and the transcripts annotated in the soybean, common bean, and M. truncatula genomes were 
aligned to the masked genome using Exonerate44.

Gene models were predicted by GeneID45 and SNAP46 in the masked version of the assembly, and by 
Augustus in the unmasked version of the assembly. Augustus builds the gene models to be compatible with 
the information from the alignments, the transcript models and junctions deduced from the RNA-Seq data, 
and annotated repeated regions and transposons. Additionally, alternative transcript models of a gene were 
reported for those incompatible with the provided alignments and transcript information.

Finally, RNA-Seq reads were mapped again using the guidance of the generated annotation by Tophat, 
a new set of transcripts assembled by Cufflinks and alternative splicing incorporated in the annotation by 
PASA. The annotated features were stored in an EnsEMBL database to allow visualisation and exportation.

The functional annotation of the proteome was done with an in-house pipeline (AnnotF) that com-
pares the results of Blast2GO47 and InterProSCAN48. Clustering was based on eggNOG clusters. Genes 
within pathways were compared with RAxML 8.0.2249 (100 bootstrap replications). The proteomes of 
four Fabaceae species and A. thaliana were aligned, and single gene clusters filtered and concatenated 
after removing gaps using HAL50. A phylogenetic tree based on these data was built with MEGA651 
using Maximum-likelihood and 100 bootstrap replications. Divergence times in the phylogenetic tree 
were calculated with the RelTime method52 in MEGA6 using the divergence date between common bean 
and soybean as reference6. The gene density was calculated by dividing the total number of genes by the 
total length of each genome. Additionally, we calculated the same value for each interval of 10 Kb along 
the genome. The distribution of these values is reported as “mean number of genes in 10 Kb intervals”.

Syntenic blocks were identified with MUMMER53, analysed with SyMap54, using the default param-
eters, but with the requirement of 30 gene pairs to call a syntenic block, and plotted with Circos55. The 
syntenic gene pairs were aligned with MAFFT v 756 and the alignments used to calculate the Kimura 
rates with MEGA6 in order to estimate the nucleotide divergence rates.

Linkage disequilibrium.  A population consisting of 86 genotypes from the red clover variety Lea 
(Graminor, Norway) was sown as part of a field experiment in Southern Norway. Genotyping by 

https://github.com/TGAC/KAT
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sequencing methodology57 was used to obtain SNP polymorphisms in the population. A minimum of 
10 reads for each individual, and in the case of heterozygotes, a minimum of 2 reads of the minor allele, 
were required for SNP calling. After removing SNPs with missingness >0.20, or minor allele frequency 
< 0.05, a total of 3942 SNPs were identified, of which 2161 were mapped onto the 7 pseudomolecules. 
LD heatmaps and associated plots were produced using R58 as described59.
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