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The shift from outcrossing to selfing is common in flowering 
plants1,2, but the genomic consequences and the speed at 
which they emerge remain poorly understood. An excellent 
model for understanding the evolution of self fertilization is 
provided by Capsella rubella, which became self compatible 
<200,000 years ago. We report a C. rubella reference genome 
sequence and compare RNA expression and polymorphism 
patterns between C. rubella and its outcrossing progenitor 
Capsella grandiflora. We found a clear shift in the expression 
of genes associated with flowering phenotypes, similar to 
that seen in Arabidopsis, in which self fertilization evolved 
about 1 million years ago. Comparisons of the two Capsella 
species showed evidence of rapid genome-wide relaxation of 
purifying selection in C. rubella without a concomitant change 
in transposable element abundance. Overall we document 
that the transition to selfing may be typified by parallel shifts 
in gene expression, along with a measurable reduction of 
purifying selection.

The switch from obligatory outcrossing to predominant self ferti-
lization in plants is one of the most striking and repeated examples 
of convergent evolution1,2. Selfing is thought to be favored because 
of its inherent transmission advantage, as well as the advantage of 
assured reproduction when mates, pollinators or both are scarce. 
Selfing should evolve whenever these advantages outweigh the costs 

associated with inbreeding depression3. In contrast to the immediate 
benefits of selfing, reduced effective recombination rates, greater pop-
ulation subdivision and more frequent genetic bottlenecks may incur 
longer-term costs as a result of reductions in effective population size 
and selective interference among linked sites4, all of which are poten-
tial contributors to the high rates of extinction of selfing lineages5. 
A key problem in understanding the causes and consequences of the 
evolution of selfing has been partitioning the changes that occurred 
after the mating system evolution, as many species diverged before 
the evolution of selfing. As an example, Arabidopsis thaliana probably 
became selfing only several million years after it was established as 
a separate species6,7.

A unique opportunity to understand the evolution of selfing is 
offered by the genus Capsella, which is from the same family as 
Arabidopsis. The highly selfing species C. rubella, found throughout 
much of southern and western Europe, separated less than 200,000 
years ago from the self-incompatible, obligate outcrosser C. grandiflora,  
which is restricted primarily to the northwest of Greece8,9. In contrast 
to Arabidopsis, the breakdown of self incompatibility in Capsella was 
concurrent with species divergence8–10.

We shotgun sequenced the genome of the C. rubella reference  
line Monte Gargano (Italy) to 22× coverage using a combina-
tion of platforms (Online Methods, Supplementary Table 1 and 
Supplementary Note). For the final assembly of 134.8 Mb, covering 
all eight chromosomes, we used a genetic map with 768 markers11  
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(Supplementary Figs. 1 and 2, Supplementary Tables 2–5 and 
Supplementary Note), Arabidopsis lyrata synteny (Supplementary 
Fig. 3) and BAC and fosmid paired-end link support (Supplementary 
Note and Supplementary Fig. 4). We predicted 28,447 transcripts 
from 26,521 protein-coding genes and 86 microRNA loci (Table 1 
and Online Methods). We also conducted de novo genome assemblies 
from Illumina libraries for an outbred C. grandiflora accession and 
the close outgroup species Neslia paniculata (Supplementary Note, 
Supplementary Fig. 5 and Supplementary Tables 6–9).

Although the C. rubella genome assembly is ~40% shorter than 
the nuclear DNA content estimated from flow cytometry, 219-Mb, 
k-mer analysis and remapping of Illumina reads indicated that the 
assembly encompasses most of the euchromatin (Supplementary 
Note, Supplementary Table 10 and Supplementary Fig. 6). 
Almost half of the 219-Mb genome seems to be repetitive, including  

centromeric satellite repeats (Supplementary Fig. 7). Apart from 
the centromeres, fluorescence in situ hybridization (FISH) identified 
the 45S ribosomal DNA (rDNA) arrays on chromosomes 2, 3 and 7, 
the 5S rDNA locus on chromosome 5 and an interstitial telomeric 
sequence in the pericentromeric region of chromosome 7 as notable 
genomic locations of repeats (Fig. 1a,b, Supplementary Note and 
Supplementary Fig. 8).

Consistent with previous findings12, we found that the large-scale 
synteny between C. rubella and A. lyrata is almost complete (Fig. 1c 
and Supplementary Note). Comparisons with Schrenkiella parvula 
(Supplementary Fig. 9) indicated that all three major differences 
between C. rubella and A. lyrata are either specific to the A. lyrata 
genome or errors in the A. lyrata assembly (Supplementary Note). 
Further comparisons delimited the breakpoints of major rearrange-
ments in A. thaliana (Fig. 1d)12. Overall, we conclude that C. rubella, 
despite having gone through an extreme genetic bottleneck, retains a 
largely ancestral genome structure.

To investigate the functional consequences of the mating system 
change, we compared flower transcriptomes from four C. rubella and 
four C. grandiflora accessions. Many C. rubella alleles are found in  
C. grandiflora8,9; thus, DNA sequence variation should not confound 
RNA sequencing (RNA-seq) comparisons. RNA expression levels were 
more highly correlated within (average Pearson correlation coefficients,  

table 1 Annotation results
Primary protein coding loci (n) 26,521

Alternatively spliced gene models (n) 1,926

Average number of exons 5.4

Median exon length (bp) 150

Median intron length (bp) 103

microRNA genes (n) 86

Figure 1 Genomic structures, chromosome 
painting and comparative genomic mapping  
in C. rubella, A. lyrata and A. thaliana.  
(a) Comparative genome structure and major 
chromosome landmarks in C. rubella (CR).  
The 24 ancestral genomic blocks are indicated 
by uppercase letters (A–X) and are colored 
according to their position on the eight 
chromosomes of the ancestral crucifer  
karyotype (ACK12). (b) Comparative  
chromosome painting of CR1 and CR2. 
Differentially labeled A. thaliana BAC contigs 
corresponding to the genomic blocks A, B,  
C, D and E were used as painting probes  
on the pachytene bivalents of CR1 and 
CR2. The true fluorescence signals were 
pseudocolored according to the color code 
used in a. The arrowheads indicate unpainted 
pericentromeric heterochromatin. Scale  
bars, 10 µm. (c,d) Comparative genome 
mapping of C. rubella with A. lyrata (AL; c) 
and A. thaliana (AT; d). The outer ring shows 
the percentage of the genomic window that 
comprises transposable elements, with a 
maximum at 60% coverage, the second  
ring shows gene density, and the inner  
ring shows orthologous regions between  
species on the basis of whole-genome  
alignment and orthologous chaining. Note 
that the A. lyrata, but not the C. rubella, 
assembly includes gaps for inferred centromeric 
heterochromatin. From synteny analyses of the 
three species, the approximate gene intervals 
contained within each block include:  
A/B, AT1G01010–AT1G36980; C, AT1G41830–
AT1G56200; D, AT1G56210–AT1G64720; 
E, AT1G64790–AT1G80950; F, AT3G01070–
AT3G25530; G, AT2G04039–AT2G07050; 
H, AT2G10870–AT2G20900; I, AT2G20920–
AT2G26430; J, AT2G26670–AT2G48160;  
K, AT2G01060–AT2G04038; L, AT3G25545–AT3G32980; M/N, AT3G42170–AT3G63490; O, AT4G00026–AT4G05530; P, AT4G06534–AT4G12590; 
Q/R, AT5G01010–AT5G30510; S, AT5G32440–AT5G42110; T/U, AT4G12640–AT4G40100; V, AT5G42140–AT5G47760; W/X, AT5G47800–AT5G67640.
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0.95 for C. grandiflora and 0.94 for C. rubella) than between species 
(average Pearson correlation coefficient, 0.82; Supplementary Fig. 10).  
We identified 246 genes that were expressed more strongly in  
C. rubella relative to C. grandiflora and 373 that were expressed 
more weakly relative to C. grandiflora, with a minimum fold change  
of 1.5, false discovery and significance thresholds of 0.5% and a mini-
mum normalized expression of 19 (Supplementary Note). The set 
was enriched for Gene Ontology terms related to floral development 
and growth functions, which is consistent with changes in reproduc-
tive organ size and development between species (Supplementary  
Table 11). One-hundred fifty-eight differentially expressed genes 
colocalized with interspecific quantitative trait loci that are responsi-
ble for differences in petal size and pollen number11 (Supplementary 
Table 12), with 17 found within 2 Mb of petal size quantitative trait 
loci peaks. Thus, some of the expression changes may be due to  
cis-regulatory changes that had a role in floral evolution. Pathway 
analyses (Supplementary Note) identified a reduction in brassinos-
teroid signaling, which is involved in hormone-triggered pollen matu-
ration13, in C. rubella (Supplementary Table 13).

To investigate whether the C. rubella and C. grandiflora pair is rep-
resentative of the expression differences in flowers of closely related 
selfers and outcrossers, we compared the selfer A. thaliana and the 
predominantly outcrossing A. lyrata. We found that the overlap in 
expression changes between the two species pairs was much higher 
than that expected by chance. For example, of 373 genes that were 
expressed more strongly in C. rubella, 75 orthologs were also expressed 

more strongly in A. thaliana compared to A. lyrata, whereas only 16 
showed higher expression in A. lyrata. In contrast, of 246 genes that 
were expressed more weakly in C. rubella, 46 orthologs were also 
expressed more weakly in A. thaliana, whereas only 12 showed lower 
expression in A. lyrata (Fisher’s exact test P < 1 × 10−13; Fig. 2). These 
results suggest that parallel floral evolution in selfers may be associ-
ated with parallel changes in gene expression. A caveat is that some 
of these changes could reflect the altered abundance of specific tissue 
types because of changes in flower morphology.

Population genetic theory predicts that selfers should accumulate 
slightly deleterious mutations because of a reduced effective popu-
lation size3. To test this hypothesis, we characterized genome-wide 
patterns of coding sequence polymorphisms discovered in RNA-seq 
data from five outbred C. grandiflora (ten haploid chromosomes) and 
six C. rubella individuals (Supplementary Note and Supplementary 
Table 14). We identified 48,518 high-quality SNPs in 4,225 genes. 
The vast majority (81%) segregated only in C. grandiflora. Of the 
remainder, 7% segregated in both species, 8% segregated only in  
C. rubella and only 4% were fixed between the two species. On aver-
age, diversity at synonymous sites was 0.02 in C. grandiflora, whereas 
it was sixfold lower (0.003) in C. rubella (Fig. 3a), which is similar to 
previously documented differences in smaller gene sets10–12.

To test for a change in the efficacy of selection, we examined the 
ratios of nonsynonymous to synonymous polymorphisms. The ratio 
was much higher for C. rubella–specific (0.68) than C. grandiflora–
specific SNPs (0.35; two-tailed Fisher’s exact test P < 0.0001). This 
was true for all site frequency classes when subsampling the data 
to equivalent haploid sample sizes (Fig. 3b), suggesting that relaxed 
selection is not simply due to rare variants in C. rubella having expe-
rienced less purifying selection after the recent genetic bottleneck 
that purged the majority of variation. In contrast, fixed SNPs behaved 
similarly to C. grandiflora–only SNPs, with a nonsynonymous- 
to-synonymous ratio of 0.38, whereas SNPs segregating in both  
species had the lowest ratio (0.22), consistent with these being the 
oldest on average and thus having experienced the most selection.

There are at least three potential explanations for the elevated 
nonsynonymous-to-synonymous ratio in C. rubella. The first is 
experimental error: because diversity is generally lower in C. rubella, 
SNP errors relative to true polymorphisms may inflate the relative 
measure of nonsynonymous variation. However, dideoxy sequenc-
ing indicated that the false positive rate was less than 2 × 10−3 per 
SNP, which is much lower than the C. rubella polymorphism density 
(Supplementary Note). Another explanation could be that the dis-
tribution of selection coefficients is altered because the evolution of 
selfing in C. rubella is associated with changes in morphology, life 
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Figure 2 Evolution of gene expression in selfing and outcrossing Capsella 
and comparisons to Arabidopsis. Distribution of fold changes in gene 
expression in C. grandiflora relative to C. rubella (x axis) and A. lyrata 
relative to A. thaliana (y axis) at genes showing significant downregulation 
or significant upregulation in C. rubella.

Figure 3 Polymorphism comparisons in  
C. rubella and C. grandiflora. (a) Average 
pairwise differences (π) at nonsynonymous 
(nonsyn) and synonymous (syn) sites. Error  
bars indicate standard errors across all loci.  
Cr, C. rubella; Cg, C. grandiflora. (b) Ratio  
of nonsynonymous to synonymous 
polymorphisms at each derived frequency  
class using data subsampled to six 
chromosomes per species. N. paniculata  
was used as an outgroup to infer derived 
status. (c) Proportion of synonymous and 
nonsynonymous polymorphisms unique  
to each species, as well as shared and  
fixed differences. Simulated (sim) values are from forward computer simulations using the inferred demographic model and strength of selection on 
nonsynonymous sites (see main text). Obs, observed.
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history, habitat and range. However, extensive population genetic 
modeling and computer simulations indicated that such a scenario 
is not required to explain the data (Fig. 3c, Supplementary Note, 
Supplementary Fig. 11 and Supplementary Tables 15 and 16). The 
elevated nonsynonymous-to-synonymous ratio in C. rubella could 
also be due to a reduced efficacy of purifying selection caused by the 
demographic and selective effects associated with the shift to selfing, 
as is predicted by theory4. Our results seem to be the most consistent 
with this third hypothesis. Most previous work has found little or 
no evidence for relaxed selection on nonsynonymous sites in selfing 
lineages14–16; our use of genome-wide polymorphism data to quantify 
current selection pressures in a recently derived selfing lineage pro-
vides a more powerful test of this hypothesis, suggesting that selfing 
lineages may in fact experience considerable accumulation of deleteri-
ous mutations even over short timescales.

Apart from genome-wide changes in the nonsynonymous-to- 
synonymous ratio, a potential consequence of the transition to selfing 
is a change in the abundance and distribution of transposable ele-
ments. Not only are self-replicating transposable elements expected 
to spread more efficiently through the genomes of highly outcross-
ing species, but self-regulated transposition is also more probable in 
selfers17,18. In agreement, many transposable element classes have 
fewer members in the A. thaliana than in the A. lyrata genome19. 
Despite its nuclear DNA content being in the same range as that of  
A. lyrata, the C. rubella genome is more similar to that of A. thaliana in 
several features related to transposable element frequency and density 
(Fig. 4). First, intergenic distances are more similar in C. rubella and 
A. thaliana (Fig. 4a). Across all chromosomal blocks, the A. lyrata– 
to–C. rubella ratios were positive, with a mean of 1.6, whereas the 
mean for A. thaliana compared to C. rubella was 0.95. Thus, intergenic 

space has either shrunk in A. thaliana and C. rubella or has expanded 
in A. lyrata. Similarly, transposable element density is low in the  
C. rubella assembly (Fig. 4b), particularly in gene-rich regions  
(Fig. 1), and is more comparable to that in A. thaliana (Fig. 4c). This 
suggests that genome expansion and contraction have occurred in dif-
ferent regions, with C. rubella having a compact euchromatic region 
comparable to A. thaliana, whereas A. lyrata has experienced greater 
recent transposable element activity near genes.

Given that the structure of gene-rich regions in the C. rubella 
genome is similar to that in A. thaliana, we tested whether the shift to 
selfing was associated with a rapid loss of transposable element abun-
dance, activity or both. The age distribution of long terminal repeat 
(LTR) retrotransposons in C. rubella seemed to be similar to that in 
A. thaliana, with no evidence for the high rate of recent transposition 
seen in A. lyrata (Fig. 4d). Only 5% of the full-length LTR retrotrans-
posons seemed to be younger than 100,000 years, which is close to 
the estimated speciation time (Supplementary Table 10), suggesting 
that the vast majority of transposition occurred before the shift to 
selfing. However, identification of transposable element insertions 
using paired-end genomic Illumina sequencing revealed no clear evi-
dence for consistent copy number differences between C. rubella and  
C. grandiflora (Fig. 5a and Supplementary Note). Similarly, although 
expression comparisons indicate a possible higher variance in trans-
posable element expression in C. rubella, there is no evidence for 
consistently higher transposable element expression in C. grandiflora  
(Wilcoxon rank sum test P = 0.4857; Fig. 5b). In addition, trans-
posable element density along the chromosomes is very similar in 
the two species (Fig. 5c). Given that species divergence is low rela-
tive to the coalescent history of C. grandiflora (that is, most of the 
C. rubella alleles are shared with C. grandiflora), it is probable that 
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longer timescales are required for transposable element copy number 
to diverge noticeably. Thus, our analyses suggest little evidence 
for large-scale changes in transposable element abundance, as the  
evolution of selfing in Capsella occurred about 100,000 years ago,  
and imply that transposable element activity may be specifically 
elevated in A. lyrata20.

C. rubella is a young species with an origin that is probably associ-
ated with a severe founder event and a shift to a highly selfing mating 
system. These recent and correlated events have had genome-wide 
consequences that range from divergence in gene expression for a 
suite of reproductively related genes to a genome-wide decline in the 
efficacy of natural selection on amino acid polymorphisms. Moreover, 
our comparisons among three closely related species, A. thaliana, 
A. lyrata and C. rubella, highlight the fluidity of large-scale genome 
structure, typified by differential expansion of centromeric repeats 
and changes in transposable element activity. The factors driving such 
contrasting modes of genome expansion and shrinkage are far from 
resolved, and it will be important to broaden future comparisons to 
larger phylogenetic scales to better understand the processes driving 
genome structure evolution.

URLs. JGI sequencing protocols, http://www.jgi.doe.gov/sequencing/
protocols/prots_production.html; 1001 Arabidopsis Genomes project, 
http://www.1001genomes.org/; PHYTOZOME portal, http://www.
phytozome.net/capsella.php.

MeThOds
Methods and any associated references are available in the online 
version of the paper.

Accession codes. The assembly and annotation (Entrez BioProject 
ID PRJNA13878) are available from GenBank (accession number 
ANNY00000000) and from the JGI PHYTOZOME portal (see URLs). 
RNA-seq data sets are available from GenBank (GEO SuperSeries 
GSE45687 and SRA accession PRJNA194469). Seeds from the  
reference C. rubella strain Monte Gargano are available from the 
Arabidopsis Biological Resource Center (ABRC) under accession 
number CS22697 and the Nottingham Arabidopsis Stock Centre 
(NASC) under accession number N9609.

Note: Supplementary information is available in the online version of the paper.
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ONLINe MeThOds
Genome assembly and annotation. Sequencing. Whole-genome shotgun 
sequencing of C. rubella was conducted using the Monte Gargano (Italy) 
reference strain. The majority of the sequencing reads were collected with 
standard Sanger sequencing protocols and Roche 454 XLR and Illumina GAIIx 
machines at the DoE JGI in Walnut Creek, California (JGI sequencing pro-
tocols; see URLs). One linear Roche 454 library (ten runs, 2.78 Gb), three 
2.5-kb insert size paired libraries (three runs, 713.1 Mb), two 4-kb insert size 
paired libraries (four runs, 434.5 Mb), one 8-kb insert size library (three runs,  
935.4 Mb) and one 10-kb insert size library (two runs, 515.4 Mb) were 
sequenced with standard XLR protocols.

Genome assembly and construction of pseudomolecule chromosomes. The 
sequence reads were assembled using our modified version of Arachne 
v.20071016 (ref. 21). This produced 1,859 scaffold sequences, with a scaf-
fold L50 value of 6.7 Mb, 71 scaffolds larger than 100 kb and a total genome 
size of 137.1 Mb. Scaffolds were screened against bacterial proteins, organelle 
sequences and the GenBank nucleotide repository (nr) and removed if they 
were found to be contaminants. Additional scaffolds were removed if they  
(i) consisted of >95% 24-mers that occurred four other times in scaffolds larger 
than 50 kb, (ii) contained only unanchored RNA sequences or (iii) were less 
than 1 kb in length.

The combination of 768 markers in an Illumina-based genetic map 
(Supplementary Note), A. lyrata synteny derived from whole-genome align-
ments (Online Methods) and BAC and fosmid paired-end link support was 
used to identify misjoins in the assembly. Scaffolds were broken if they con-
tained syntenic and linkage group discontiguity coincident with an area of 
low BAC and fosmid coverage. To avoid bias, discontiguity on the basis of 
synteny alone was not deemed sufficient for breaking scaffolds. A total of  
16 breaks were executed, and 45 broken scaffolds were oriented, ordered and 
joined using 37 joins to form the final assembly containing eight pseudomol-
ecule chromosomes. The final assembly contained 853 scaffolds (9,675 contigs) 
that covered 134.8 Mb of the genome with a contig L50 value of 134.1 kb and 
a scaffold L50 value of 15.1 Mb. Except for a single potential misplacement of 
a small chromosome 7 contig on chromosome 4, the assembly was supported 
by an independent map with 999 markers within C. rubella, with 194 F2 indi-
viduals from the cross of 1408 and Monte Gargano22.

Completeness of the euchromatic portion of the genome assembly was 
assessed using 1,167 full-length cDNAs from C. rubella along with an 108-bp 
Illumina EST library from C. grandiflora leaf material (plants grown at the 
University of Toronto and library construction and sequencing conducted at 
the Genome Quebec Innovation Centre in Montreal). The aim of this analysis 
was to obtain a measure of the completeness of the assembly rather than a 
comprehensive examination of gene space. The screened alignments indicated 
that 1,166 of 1,167 (99.74%) of the full-length cDNAs aligned to the assembly, 
and 27,876 of 32,766 (86.29%) of the Illumina ESTs aligned. The ESTs that did 
not align were checked against the NCBI nr, and a large fraction was found 
to be prokaryotic rDNA.

Annotation. Protein-coding genes were predicted with a pipeline that combines 
ESTs, homology and de novo prediction methods23. Three-hundred twenty-
nine million 108-bp-long single-ended Illumina reads from ten libraries of 
C. grandiflora cDNAs were assembled with tophat 1.3.0 and cufflinks 1.0.3, 
aligned to the Capsella genome and assembled with PASA24 (alignments 
required 95% identity and 50% length), generating 28,322 EST assemblies 
with a median length of 1,426 bp. These were aligned to the Capsella genome 
(requiring 95% sequence identity and 50% coverage of the input sequence) 
and further assembled with PASA24 to generate 27,399 EST assemblies with 
a median length of 1,432 bp. Predicted protein sequences from Arabidopsis 
(v. TAIR10), papaya (ASGPB v0.4 Dec2) and grapevine (Genoscope  
12 × 05/10/10) to the softmasked Capsella v1.0 assembly with gapped blastx25 
were aligned to generate putative protein-coding gene loci from regions 
with EST assemblies, protein homology or both, extending to include over-
lap where necessary. Gene predictions were generated from putative loci 
with FGenesH+26, exonerate27 (with setting –model protein2genome) and 
GenomeScan28. The gene prediction at each locus with the highest amount 
of support from EST assemblies and protein homology was chosen to be 

improved using evidence from the EST assemblies with a second round of 
PASA. Gene models with homology to repeats were removed. This produced 
an annotation at each of 26,521 protein-coding loci, with 1,926 alternative 
splice forms predicted to produce a total of 28,447 transcripts.

Whole-genome alignment. Two approaches were used to conduct whole-
genome alignments and identify orthologous gene positions. First,  
CoGe29 was used, using the quota align algorithm in Synmap, to identify 
orthologous gene positions across the genomes of C. rubella, A. thaliana,  
A. lyrata and S. parvula.

Additionally, to gain more comprehensive synteny information for gene-
poor regions, whole-genome orthologous alignments were generated for  
C. rubella, A. thaliana and A. lyrata. To generate three-species whole-genome 
alignments, LASTZ30 alignments and orthologous chaining31 were conducted 
using Capsella as the reference, retaining only a single chain per species per 
region. Version 0.62-1 of the circos software32 was used to create the circular 
plots. For comparative mapping in the circos plots, orthologous chains were 
filtered to a minimum length of 100 kb.

RNA extraction, sequencing and read mapping. Total RNA was harvested from 
mixed flower buds flash frozen in liquid nitrogen from five C. grandiflora 
genotypes from Greece and six C. rubella genotypes sampled from different 
geographic locations (Supplementary Table 2) using the RNAeasy plant mini 
kit (Qiagen) with minor modifications to obtain the required yield (~5 µg) 
for RNA sequencing. After extraction, mRNA isolation, library preparation 
and paired-end 38-bp read sequencing were conducted on three flow cells of 
an Illumina Genome Analyzer (GAII) at the Centre for Analysis of Genome 
Evolution and Function (CAGEF) at the University of Toronto.

To compare our expression patterns in Capsella with those in Arabidopsis, 
we prepared duplicate RNA from stage-12 floral buds of A. thaliana (Col-0  
reference accession) and A. lyrata (accession MN47 (ref. 19)). Barcoded  
RNA-seq libraries were prepared from each sample with an adaptation of 
the standard Illumina mRNA-seq method, and single-end sequencing (one 
flowcell lane worth) was performed to generate 78-bp reads on an Illumina 
Genome Analyzer (GAII). Methods for plant growth, floral bud collection, 
RNA extraction, library construction and sequencing for the Arabidopsis  
samples are as reported in Gan et al.33.

We used TopHat34 to map sequence reads to the reference genome of  
C. rubella. A. thaliana and A. lyrata RNA sequence reads were mapped to their 
respective reference genomes using the same parameters described above.

Genomic resequencing and analysis. Genomic extraction of leaf material 
was conducted for two C. grandiflora accessions and three C. rubella acces-
sions, as well as one accession of N. paniculata, using a modified CTAB pro-
tocol; 108-bp paired-end genomic sequencing was conducted at the Genome 
Quebec Innovation Centre, and 150-bp sequencing was performed at the 
Max Planck Institute for Developmental Biology. To infer the ancestral state 
of segregating polymorphisms in Capsella, we mapped Neslia Illumina reads 
onto the Capsella reference genome using Stampy35, which is optimized for 
mapping divergent sequences. Additionally, we conducted 5 kb–insert mate-
pair sequencing of one of the C. grandiflora accessions and the N. paniculata 
accession and produced Illumina-only de novo assemblies as described in the 
Supplementary Note.

Transposable element annotation. The TEdenovo pipeline from the REPET 
v2.0 package36 was used for de novo identification of repeated sequences in  
the following genomes: A. thaliana (ecotypes Col, Ler, Kro, Bur and C24 
from the 1001 Arabidopsis genomes project; see URLs), A. lyrata, A. alpina 
(courtesy of G. Coupland), Brassica rapa, C. rubella, Eutrema halophila and 
S. parvula. The selected sequences from all species were combined into the 
Brassicaceae repeat library, to which we also appended the A. thaliana repeat 
library from the Repbase database. TEannot from the REPET v2.0 package 
was run against the C. rubella, A. thaliana and A. lyrata genomes using the 
Brassicaceae library.

LTR retrotransposons were identified de novo for each genome using 
LTRharvest from the Genome Tools v1.3.9 package37 with default parameters. 
MUSCLE v3.8.31 (ref. 38) was used to align LTRs from annotated elements, 
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alignment ends were trimmed at each end to have three consecutive matching 
nucleotides, and the Kimura two-parameter distance was calculated for each 
alignment using the EMBOSS v6.4.0 dismat function39. Insertion time was 
then calculated using the methods described in Hu et al.19.

FISH and comparative chromosome painting. Cytogenetic analyses were 
conducted using meiotic chromosomes at the stage of pachytene or diakinesis 
prepared from young flower buds. See Supplementary Figure 8 for details of 
rDNA and telomere repeat probes and A. thaliana BAC contigs used as chro-
mosome-specific probes for comparative chromosome painting in C. rubella. 
All DNA probes were labeled with biotin–deoxyuridine triphosphate (dUTP), 
digoxigenin-dUTP or Cy3-dUTP by nick translation and hybridized to suitable 
chromosome spreads. Fluorescence signals were analyzed with an Olympus 
BX-61 epifluorescence microscope and a CoolCube camera (MetaSystems) 
and pseudocolored using Adobe Photoshop CS2 software (Adobe Systems).  
See Supplementary Figure 8 and ref. 40 for a detailed description of all  
protocols used.
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Supplementary Figure 1a.  Marker placements for the genetic map on Capsella 
rubella chromosome 1. 

 

 

Supplementary Figure 1b. Marker placements for the genetic map on Capsella 
rubella chromosome 2. 
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Supplementary Figure 1c. Marker placements for the genetic map on Capsella 
rubella chromosome 3. 

 

 

Supplementary Figure 1d. Marker placements for the genetic map on Capsella 
rubella chromosome 4. 
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Supplementary Figure 1e. Marker placements for the genetic map on Capsella 
rubella chromosome 5. 

 

 

Supplementary Figure 1f. Marker placements for the genetic map on Capsella 
rubella chromosome 6. 
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Supplementary Figure 1g. Marker placements for the genetic map on Capsella 
rubella chromosome 7. 

 

 

Supplementary Figure 1h. Marker placements for the genetic map on Capsella 
rubella chromosome 8. 
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Supplementary Figure 2a. Pairwise linkage plot from an initial de novo assembly of 
the C. rubella genome. Heatmap indicates regions of high linkage (red), intermediate 
(yellow), low (green) and none (blue). Arrow shows an example of a scaffold with a 
sharp break in linkage, indicating a false join in the assembly.  
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Supplementary Figure 2b. Linkage plot from final genome assembly, indicating that 
false joins have been removed. Compare to Supplementary Figure 2A. 
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Supplementary Figure 3: Dot plot of the final C. rubella assembly (x-axis) against the 
A. lyrata assembly (y-axis). 
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Supplementary Figure 4a.  Dot plot of fosmid clone 4002707 on a region of scaffold_7. 
This alignment is representative of the high quality fosmid alignments in 12 of the 13 available 
completely sequenced fosmid clones.	  
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Supplementary Figure 4b. Dot plot of fosmid clone 4002708 on a region of scaffold_6. This 
sequence contains a small insertion relative to the assembly.	  
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Supplementary Figure 4c. Dot plot of fosmid clone 4002704 on a region of scaffold_7 
composed primarily of degraded transposons.	  
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Supplementary Figure 4d. Dot plot of BAC clone 9285 on a region of scaffold_3. This 
alignment is representative of the high quality clone alignments in 10 of the 21 available 
completely sequenced BAC clones.	  
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Supplementary Figure 4e. Dot plot of BAC clone 9297 on a region of scaffold_2, composed 
primarily of degraded transposons.	  
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Supplementary Figure 4f. Dot plot of BAC clone 9295 on a region of scaffold_3, with 
several indels of various size.  This discrepancy is likely due to the differences in generation 
between the genomic reads and the clones.	  
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Supplementary Figure 5. CoGe dotplot comparison, using SynMap of C. rubella with 
(A) N. paniculata, and (B) C. grandiflora. 
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Supplementary Figure 6. Observed size of scaffolds on the x axis vs. inferred size based 
on Illumina coverage on the y axis. The 1:1 relation is shown in red. The 8 chromosomal 
scaffolds are circled.  
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Supplementary Figure 7. Classification of Illumina genomic reads of reference 
genome sequence into repetitive and nonrepetitive categories. 
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Supplementary Figure 8. Fluorescent in situ hybridization analyses. (A) Positions of major chromosome 
landmarks (5S and 45S rDNA loci, interstitial telomere repeats and pericentromeric heterochromatin) 
within the idiogram of C. rubella (left) and on inverted diakinetic bivalents (right). The identity of all 16 
chromosome arms was revealed by comparative chromosome painting using A. thaliana BAC contigs (see 
Material and methods for details). The 24 ancestral genomic blocks of the Ancestral Crucifer Karyotype 
(Schranz et al. 2006) are indicated by uppercase letters (A to X).  (B) FISH analysis of the boundary 
between genomic blocks C and D in Capsella, Arabidopsis lyrata, and A. thaliana ecotypes Cvi and Col-0. 
Differentially labeled BAC contig F6D8  – F13D13 (∼1.9 Mb in A. thaliana Col) hybridized on two 
chromosomes in Capsella and A. lyrata, and one chromosome in A. thaliana. Note the altered position of 
BAC T22H22 in Col as compared to the ancestral pattern in Cvi, A. lyrata and Capsella. Downward-
pointing arrows indicate the opposite orientation of block D compared to the position in the Ancestral 
Crucifer Karyotype. Pachytene chromosomes were counterstained with DAPI. Scale bars, 10 µm. 
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Supplementary Figure 9 Dotplot comparisons of Arabidopsis lyrata, Capsella rubella, 
and Schrenkiella parvula. Three major rearrangements are highlighted, which are not 
detectable between Capsella rubella and Schrenkiella parvula, consistent with the 
rearrangements being unique to the A. lyrata genome assembly. 
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Supplementary Figure 10. Principal components and hierarchical clustering analysis 
of the differentially expressed genes. Analyses were conducted using the Dchip package.  
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Supplementary Figure 11. (A) Joint site frequency spectra for four-fold synonymous sites 
(left), and for nonsynonymous sites (right). (B) Fit of site frequency spectra in C. grandiflora to 
simulated data. (C) Fit of shared and unique polymorphisms and fixed differences to observed 
data. In panels B and C, the left panel shows results for synonymous sites, whereas the right panel 
shows results for nonsynonymous sites, and for simulated data, arrows indicate approximate 95% 
confidence intervals.  
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Supplementary Tables 

 

Library 
Sequencing 

Platform Average 
Read/Insert Size 

Read 
Number 

Assembled 
Sequence 
Coverage (x) 

Linear 454 XLR 353 ± 156* 8,998,560 16.88 
GOOT 454 XLR paired 2,390 ± 876 777,790 0.73 
GOOU 454 XLR paired 2,455 ± 880 635,604 0.56 
GOOW 454 XLR paired 2,476 ± 852 735,804 0.67 
HUCP 454 XLR paired 4,094 ± 398 526,360 0.30 
HWZU 454 XLR paired 4,471 ± 368 718,406 0.28 
HUFS 454 XLR paired 8,275 ± 1,380 2,554,138 1.04 
GAYO 454 XLR paired 10,655 ± 1,774 852,924 0.68 
FITO Sanger 35,317 ± 4,190 308,832 0.82 
FSWU Sanger 37,158 ± 3,654 24,576 0.11 
BSIA Sanger 40,132 ± 4,092 10,752 0.04 
BPHG Sanger 40,299 ± 4,204 81,453 0.14 
CAP Sanger 138,916 ± 

14,821 
26,112 0.10 

Total  N/A 20,035,17
1 22.35 

 
Supplementary Table 1. Genomic libraries included in the Capsella rubella genome 

assembly and their respective assembled sequence coverage levels in the final release. 
*Indicates that the number reported in the table is the average read length and standard 
deviation, not insert size. 
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Minimum 
Scaffold 
Length 

Number 
of Scaffolds 

Number 
of Contigs Scaffold Size Base pairs 

% Non-
gap Base 
pairs 

5 Mb 9 1,945 83,800,702 83,207,536 99.29% 
2.5 Mb 15 2,862 109,988,361 109,111,306 99.20% 
1 Mb 22 3,496 120,285,947 119,137,479 99.05% 
500 kb 29 3,800 125,015,804 123,166,334 98.52% 
250 kb 36 4,042 127,275,338 124,934,477 98.16% 
100 kb 52 5,059 129,762,519 126,329,374 97.35% 
50 kb 71 5,841 131,039,977 127,280,728 97.13% 
25 kb 108 6,721 132,285,636 128,070,438 96.81% 
10 kb 211 7,734 133,843,625 128,977,938 96.36% 
5 kb 407 8,615 135,213,679 129,706,240 95.93% 
2.5kKb 730 9,487 136,359,310 130,194,008 95.48% 
1 kb 1,019 10,029 136,845,852 130,460,215 95.33% 
0 bp 1,859 10,916 137,118,633 130,720,267 95.33% 
 
Supplementary Table 2. Summary statistics of the output of the whole genome 

shotgun assembly prior to screening, removal of organelles and contaminating scaffolds 
and chromosome-scale pseudomolecule construction. The table shows total contigs and 
total assembled base pairs for each set of scaffolds greater than the size listed in the left 
hand column. 

 
 
 
 
 

Scaffold total 853 
Contig total 9,675 

Scaffold sequence total 134.8 Mb 
Sequence placed on 
chromosomes 

124.9 Mb 

Contig sequence total 130.1 Mb (3.5% gap) 
Scaffold N/L50 4/15.1 Mb 
Contig N/L50 265/134.1 kb 

Supplementary Table 3. Final summary assembly statistics for chromosome scale 
assembly. 
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Fosmid  
Clone ID 

Length 
bp Scaffold Start 

bp 
Stop 
bp 

Discordant 
Bases 

4002707 38,734 scaffold_7 5,045,895 5,084,629 0 
4002714 41,191 scaffold_1 3,212,963 3,254,155 0 
4002715 36,241 scaffold_2 1,395,421 1,431,662 0 
4002706 32,542 scaffold_6 13,081,692 13,114,232 4 
4002703 38,742 scaffold_5 4,303,844 4,342,579 7 
4002716 40,672 scaffold_1 16,845,541 16,887,448 8 
4002712 40,852 scaffold_6 13,004,766 13,046,277 10 
4002711 44,182 scaffold_8 11,105,345 11,149,515 12 
4002717 29,397 scaffold_5 2,235,314 2,264,946 75 
4002713 37,600 scaffold_5 2,928,104 2,965,878 166 
4002705 41,085 scaffold_7 11,478,240 11,519,089 236 
4002708 29,568 scaffold_6 5,376,721 5,406,090 477 
Total 450,806    995 

 
Supplementary Table 4. Placement of individual completely sequenced fosmid clones on 

scaffolds and their contribution to the overall error rate. 
 
 
 
 
 
 

 
BAC 
Clone ID 

Length 
bp Scaffold Start 

bp 
Stop 
bp 

Discordant 
Bases 

9285 134,688 scaffold_3 5,492,673 5,627,354 8 
9279 170,037 scaffold_6 2,833,593 3,003,831 61 
9277 148,953 scaffold_7 4,251,711 4,400,783 123 
9282 125,625 scaffold_5 300,990 426,642 122 
9289 134,212 scaffold_6 298,020 432,319 154 
9296 134,605 scaffold_7 2,691,838 2,829,633 171 
9286 79,708 scaffold_8 11,614,394 11,694,049 134 
9297 155,124 scaffold_2 6,470,939 6,671,470 531 
9287 182,653 scaffold_4 11,881,783 12,064,337 929 
9291 128,808 scaffold_4 13,754,803 13,883,159 806 
Total 1,394,413    3,039 

 
Supplementary Table 5. Placement of individual completely sequenced BAC clones on 

scaffolds and their contribution to the overall error rate. 
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Main genome scaffold total 30,490 
Main genome contig total 44,658 

Main genome scaffold sequence total 
112.3 Mb 

Main genome contig sequence total 
100.5 Mb (-> 10.5% gap) 

Main genome scaffold N/L50 
56/98.1 kb 

Main genome contig N/L50 
2,508/10.3 kb 

Number of scaffolds > 50 kn 505 

% nuclear genome in scaffolds > 50 kb 65.50% 
      

Minimum Scaffold 
Length 

Number of 
Scaffolds 

Number of 
Contigs 

Total Scaffold 
Length 

Total Contig 
Length 

Scaffold 

All 30,490 44,658 112,290,236 100,507,575 89.51% 

100 bp 30,482 44,650 112,289,603 100,506,942 89.51% 
250 bp 13,900 28,042 110,057,328 98,274,994 89.29% 

500 bp 9,248 22,548 108,377,980 96,679,626 89.21% 
1 kb 4,997 17,286 105,346,052 93,753,068 89.00% 

2.5 kb 2,291 13,773 101,340,709 89,828,933 88.64% 
5 kb 1,907 13,174 100,067,047 88,571,904 88.51% 

10 kb 1,480 12,175 96,813,647 86,051,737 88.88% 
25 kb 886 9,946 87,093,467 78,265,006 89.86% 

50 kb 505 7,758 73,519,643 66,973,813 91.10% 
100 kb 247 5,226 55,293,634 51,089,345 92.40% 

250 kb 72 2,309 28,004,659 26,281,287 93.85% 
500 kb 8 314 6,178,508 5,972,560 96.67% 

1 Mb 1 59 1,487,256 1,449,874 97.49% 

Supplementary Table 6. Summary statistics of de novo assembly of C. grandiflora 
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Supplementary Table 7. Assembly statistics for de novo assembly of N. paniculata 
 
 
 
 
 
 

Parameter Count Percentage 
 Number of scaffolds 6899   
 Total size of scaffolds 113370917   
 Longest scaffold 455829   
 Shortest scaffold 130   
 Number of scaffolds > 500 nt 5592 81.10% 
 Number of scaffolds > 1K nt 4788 69.40% 
 Number of scaffolds > 10K nt 2177 31.60% 
 Number of scaffolds > 100K nt 225 3.30% 
 Number of scaffolds > 1M nt 0 0.00% 
 Mean scaffold size 16433   
 Median scaffold size 2807   
 N50 scaffold length 62327   
 L50 scaffold count 520   
 scaffold %A 30.57   
 scaffold %C 17.45   
 scaffold %G 17.46   
 scaffold %T 30.58   
 scaffold %N 3.93   
 Percentage of assembly in scaffolded contigs 78.20%   
 Percentage of assembly in unscaffolded contigs 21.80%   
 Average number of contigs per scaffold 1.7   
Average length of break (>25 Ns) between contigs in 

scaffold 
645   

 Number of contigs  12044   
 Number of contigs in scaffolds 7054   
 Number of contigs not in scaffolds 4990   
 Total size of contigs 108924905   
 Longest contig 165716   
 Shortest contig 79   
 Number of contigs > 500 nt 10266 85.20% 
 Number of contigs > 1K nt 8947 74.30% 
 Number of contigs > 10K nt 3216 26.70% 
 Number of contigs > 100K nt 32 0.30% 
 Number of contigs > 1M nt 0 0.00% 
 Mean contig size 9044   
 Median contig size 3189   
 N50 contig length 24627   
 L50 contig count 1259   
 contig %A 31.82   
 contig %C 18.16   
 contig %G 18.18   
 contig %T 31.83   
 contig %N 0.01   
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 Count 

in CR 
Number 
mapping 
to CG 

Number 
Mapping 
to NP 

Median 
size in CR 
(nt) 

Median 
size in 
CG (nt) 

Median 
size in NP 
(nt) 

Genes 26187 18630 16293 1,979 1,653 1,730 
CDS  
Exons 

136278 123331 109568 135 133 132 

Introns 110091 99362 81440 102 101 101 
Upstream regions 
(500 bp) 

26187 18422 11979 500 500 504 

Downstream 
regions (500 bp) 

26187 19077 12064 500 500 506 

Supplementary Table 8.  Mapping of genic regions in C. rubella (CR) onto C. 
grandiflora (CG) and N. paniculata (NP) assemblies using liftOver with >80% identity 
from best orthologous chains (Kent tools). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Gapped Alignment Size (nt) Percentage of CR assembly 
mapped to CG/NP 

Size of CR assembly 134834574  
Total size of CR chains 
(gapped) mapping to NP 

123180187 91% 

Total size of CR chains 
(gapped) mapping to CG 

110762997 82% 

   
Ungapped alignment   
Size of CR assembly 134834574  
Total size of ungapped  
alignments to NP 

70799976 53% 

Total size of ungapped  
alignments to CG 

87964390 65% 

Supplementary Table 9. Percentage of the C. rubella (CR) genome for which 
alignments are reliably suggested in the C. grandiflora (CG) and N. paniculata (NP) 
assemblies. 
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Scaffold Observed 
Scaffold 
Size (bp) 

Inferred 
Genomic 
Content (bp) 

Inferred 
Copy 
Number 

Description 

74 76047 3499817 46 Centromere satellite sequence 

26 128634 3139803 24 Ribosomal RNA repeat 

31 79818 1965193 24 Centromere satellite sequence 

40 52300 1432816 27 Centromere satellite sequence 

499 3022 1339713 443 Centromere satellite sequence 

36 121157 1279557 11 Centromere satellite sequence 

42 37376 1269164 34 Centromere satellite sequence 

16 194218 1043964 5 Centromere satellite sequence 

11 314570 1034819 3 Centromere satellite sequence 

17 241894 951260 4 Centromere satellite sequence 

Supplementary Table 10. Description of the ten non-chromosomal scaffolds with 
largest inferred genomic content 
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Description Number in 

input list 
Number of 
background/reference 
genes 

p-value FDR 

Post-embryonic 
development 

32 705 3.1e-09 3.7e-06 

Photosynthesis 13 162 2.6e-07 0.0001 
Floral Whorl 

development 
12 133 2.1e-07 0.0001 

Cell wall 
modification during 
multidimensional cell 
growth 

6 29 1.7e-06 0.0005 

Flower 
development 

17 377 1.3e-05 0.0031 

Reproductive 
development process 

29 978 5.9e-05 0.0044 

Post-embryonic 
organ development 

10 154 3.8e-05 0.0044 

Anatomical 
structure formation 
involved in 
morphogenesis 

9 122 3.4e-05 0.0044 

Response to 
endogenous stimulus 

31 1068 5e-05 0.0044 

Developmental 
process 

54 2304 5.9e-05 0.0044 

Reproductive 
structure development 

29 978 5.9e-05 0.0044 

Plant-type cell wall 
modification during 
multidimensional cell 
growth 

5 27 2.3e-05 0.0044 

Plant-type cell wall 
modification 

6 50 4.6e-05 0.0044 

Multidimensional 
cell growth 

6 50 4.6e-05 0.0044 

Floral organ 
development 

10 152 3.4e-05 0.0044 

Anatomical 
structure development 

44 1726 4e-05 0.0044 

Plant-type cell wall 
loosening 

5 40 0.0001 0.011 

Supplementary Table 11. Ontology categories identified as significantly differentiated 
in expression between C. rubella and C. grandiflora using the DAVID system 
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Candidate 
genes under 
QTL 

QTL C.rubella ID Scaffold() and 
Position 

Function 

AT1G70560 Petal size Carubv10020400m (2) 
10071409-10074104 

Essential for the auxin 
synthesis pathway. 
Responsible for flower 
and gynoecium 
development. 

AT1G20190 Petal size Carubv10010090m (1) 
7036769-7038449 

Responsible for cell 
morphogenesis. Causes 
loosening and 
extension of plant cell 
walls. 

AT5G09790 Pollen 
number 

Carubv10001176m (6) 
2981770-2983853 

Role in cell cycle or 
DNA replication. 
Involved in pollen 
development. 

AT1G63180 Pollen 
number 

Carubv10020560m (2) 
718095-720820 

Role in cell envelope 
biogenesis. Involved in 
pollen and gametophyte 
development. 

Supplementary Table 12. Candidate differentially expressed genes falling in floral QTL 
regions that have been mapped in interspecific crosses between C. grandiflora and C. rubella 
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Arabidopsis 
ortholog 

Evidence of differential 
expression from orthology 
analysis? 

Change in 
expression in  

C. rubella 
AT5G22260 

(MS1) 
Yes Down 

AT4G28395 Yes Down 
AT3G42960 Yes Down 
AT3G51590 Yes Down 
AT1G07340 Yes Down 
AT2G18550 No - 
AT1G61110 Yes Down 
AT5G62320 No - 
AT5G61430 No - 
AT3G11980 Yes Down 
AT2G16910 Yes Down 

Supplementary Table 13. Genes in the brassinosteroid pathway showing changes in 
gene expression 
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Species Sample Name Geographic origin 

C. rubella CrTAAL Taguemont, Algeria  

C. rubella Cr1377  Buenos Aires, Argentina  

C. rubella Cr1GR1 Samos, Greece 

C. rubella Cr81.02 Megalopoli, Greece 

C. rubella Cr75.2 Kalavrita, Greece 

C. rubella Cr34.11 San Luca, Italy 

C. grandiflora Cg88.23 Monodendri, Greece 

C. grandiflora Cg103.02 Pili, Greece 

C. grandiflora Cg85.9 Metsovo, Greece 

C. grandiflora CgAxF F1 of Cg2e_TS1 from Paleokastritsas, 
Corfu, Greece and Cg918_8_TS1 from 
Pantokrator, Corfu, Greece 

C. grandiflora Cg5a Troumpeta, Corfu, Greece 
Supplementary Table 14. samples used in RNAseq population genetics analysis 
 
 
 

 

 Nes < 1 Nes 1-10 Nes 10-100 Nes >100 

Step change in Ne 0.063237 0.09263  0.222715 0.621417 

Constant Ne 0.056065 0.120077 0.342698 0.481160 

 Supplementary Table 15. Proportions of new nonsynonymous mutations in bins with 
different negative fitness effects. For comparison estimates under a model of constant 
population size. 
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Model LogL AIC NeAnc NeCg NeCr Tsplit 

Split Growth -268.22 544.44 111,433 223,588 1,308 96,134 

Instant Change -287.98 581.97 108,846 163,183 7,613 131,946 

Instant Change 
in Cr only -333.44 670.87 115,612 115,612 6,726 115,340 

Supplementary Table 16. Parameter estimates for three demographic models of the split 
between C. grandiflora and C. rubella, assuming a mutation rate of 7*10-9 bp-1 
generation-1 10. For the split growth model, we estimate that 2.3% of the ancestral 
population contributed to the formation of C. rubella, and estimates for effective 
population size of C. grandiflora and C. rubella indicate current sizes. 
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Supplementary Note 

Construction of the Scaffold assembly 

Prior to assembly, organellar reads were removed by screening against mitochondria, 

chloroplast and rDNA.  For Roche 454 linear reads, any read <200bps was discarded.  

Roche 454 paired reads were split into pairs and any pair with a read shorter than 50bp 

was discarded. An additional deduplication step was applied to the 454 paired libraries 

that identifies and retains only one copy of each PCR duplicate.  All remaining 454 reads 

were compared against a Illumina GA2x data totaling 48.22 Gbs and any 

insertion/deletions in the 454 reads were corrected to match the Illumina alignments. A 

total of 20,035,171 reads (see Supplementary Table 1 for library size summary) were 

assembled using a modified version of ARACHNE (Jaffe et al., 2003) v.200710161 with 

parameters maxcliq1=100, correct1_passes=0 and BINGE_AND_PURGE=True (see 

Supplementary Table 2 for overall scaffold and contig statistics). 

 

Genetic Mapping and Pseudomolecule Chromosome Construction. 

We used multiplexed shotgun sequencing (MSG)2 of 550 F2’s from an interspecific 

cross between C. rubella and C. grandiflora3 to generate a genetic map to help identify 

false joins in the assembly and merge scaffolds into pseudomolecules. Our high-density 

linkage map, which made use of SNP markers genome-wide, helped enable a precise 

identification of the positions of false joins, as regions showing discontinuities in linkage. 

Nature Genetics: doi:10.1038/ng.2669 



For the final assembly process following the breakage of false joins, the markers were 

collapsed down into 768 non-redundant markers as previously described3. 

Genetic markers were aligned to the assembly using BLAT3 (Parameters –t=dna –

q=dna –minScore=200 –extendThroughN). The combination of the genetic map, 

BAC/Fosmid paired end link support, and A. lyrata synteny were used to identify false 

joins, and integrate the assembled scaffolds into 8 pseudomolecule chromosomes.  

Scaffolds were broken if they contained a putative false join with both genetic mapping 

and synteny support coincident with an area of low BAC/fosmid coverage. A total of 16 

breaks were identified and broken, resulting in 1,875 scaffolds in the broken assembly.  

The optimal order and orientation of the broken scaffolds was obtained using all available 

evidence (768 collapsed markers, synteny, BES).  A total of 37 joins were made on 45 

scaffolds to form the final assembly containing 8 chromosomes capturing 124.9 Mb 

(92.7%) of the assembled sequence. Each join is padded with 10,000 Ns. After screening 

for contaminant, the final assembly contains 853 scaffolds (9,675 contigs) that cover 

134.8 Mb of the genome with a contig L50 of 134.1 kb and a scaffold L50 of 15.1 Mb. 

Significant telomeric sequence was identified using the TTTAGGG repeat, and care was 

taken to make sure that it was properly oriented in the production assembly.  Plots of the 

marker placements for the 8 chromosomes are shown in Supplementary Figure 1.  A dot 

plot of the C. rubella assembly against the A. lyrata chromosomes is shown in 

Supplementary Figure 3. 

Screening and final assembly release 

Remaining scaffolds were classified into bins depending on sequence content. 
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Contamination was identified using megablast against the NCBI nucleotide collection 

(NR/NT) and blastx using a set of known microbial proteins.  Additional scaffolds were 

classified as unanchored rDNA (2 scaffolds), mitochondrion (4 scaffolds), chloroplast (16 

scaffolds), repetitive (>95% masked with 24mers that occur more than 4 times in the 

genome) (123 scaffolds). We also removed 840 scaffolds that were less than 1 kb in 

sequence length. Resulting final statistics are shown in Supplementary Table 2. 
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Assessment of Assembly Accuracy 

A set of 21 BAC clones and 13 Fosmid clones were sequenced in order to assess the 

accuracy of the assembly. The Fosmid clones were of the same genotype as the reference, 

and the BAC clones were of a different genotype.  Minor variants were detected in the 

comparison of the fosmid clones and the assembly.  In 12 of the 13 fosmid clones, the 

alignments were of high quality (< 0.50% bp error) with an example being given in 

Supplementary Figure 4a. The overall bp error rate (including marked gap bases) in the 

Fosmid clones is 0.22% (995 discrepant bp out of 450,806).  Supplementary Table 4 

shows the individual Fosmid clones and their contribution to the overall error rate.  Note 

that one Fosmid clone (4002708) contributes nearly 50% of the discrepant bases.  This is 

due to a small indel in the clone relative to the assembly shown in Supplementary Figure 

4b (all dot plots were generated using Gepard5).  The Fosmid clone that indicated a large 

discrepancy is shown in Supplementary Figure 4c.  There are several indels of various 

sizes in the clone and assembly, typical of a region of degraded transposon. 

The BAC clones were generated using the same ecotype as the genomic reads, but 

different generations, which can introduce discrepancies in the clones relative to the 

assembly.  We found that 11 of the 21 BAC clones exhibited noteworthy discrepancies.  

The overall error rate in the 10 clones that exhibited high quality alignments was 0.218%, 

in good agreement with the Fosmid clone error rate.  Supplementary Figure 4d is an 

example of a high quality alignment.  Supplementary Figure 4e is an example of a BAC 

clone that exhibits a large discrepancy in a region of degraded transposon, while 

Supplementary Figure 4f is an example of a BAC clone that exhibits discrepancies that 
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are potentially caused from the difference in generation between the genomic reads and 

the BAC clones. 

De novo Illumina assembly in Capsella grandiflora and Neslia paniculata 

C. grandiflora de novo assembly  

The C. grandiflora assembly was performed using the meraculous 

toolkit4.  Parameter settings for contig generation were: kmer-size 51 (-m 51),  minimum 

depth threshold 3 (-D 3), and minimum contig size 51 (-c 51).  The preliminary 

meraculous mer-frequency analysis indicated a genome size in the range 200-240 Mbp 

with an estimated heterozygosity of 1.4% .  Initial contigs were generated using only the 

standard fragment library (insert size  289 +/- 25 bp).  Two rounds of scaffolding were 

performed, first using the fragment library with a minimum pairing threshold of 3 (-p 3) 

and then using the mate-pair library (insert size 4553 +/- 400 bp) with a minimum pairing 

threshold of 10 (-p 10).  These thresholds were chosen by exhaustive optimization of N50 

scaffold length at each round.  Isolated contigs with mean kmer depth less than 24 were 

not included in scaffolding as these are deemed haplotype-specific contigs 

("haplotigs").  After scaffolding, gap-closure was performed using the fragment library 

with the polymorphic-closure setting enabled (-P).   The resulting assembly is comprised 

of 4,997 scaffolds larger than 1kbp, including 105.3Mbp of scaffold sequence (93.8 Mbp 

in contigs).  Half of the assembled sequence is contained within 256 scaffold (2508 

contigs) of size at least 98.1 kbp (10.3 kbp).  A full table of assembled scaffold/contig 

sizes is provided in Supplementary Table 6.  
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N. paniculata de novo assembly 

A partial assembly of the outgroup genome Neslia paniculata was undertaken with 

the aim of generating  scaffolds of sufficient length for generally unambiguous alignment 

against the C. rubella reference and coverage of the majority of the non-repetitive 

sequence. 16.5 Gb of short paired-end sequences were generated (2x108 nt, 280 nt insert 

size) on the Illumina GAIIx platform to 80x from nuclear enriched DNA. Read data was 

3' trimmed for low quality bases (Q<30) and assembled into contigs (N50 ~25 kb) using 

the Ray (v 1.4) assembler5 with a Kmer of 31.  Contigs were imported into the 

SOAPdeNovo package6 for scaffolding (Kmer 51) with 28 Gb of 2x100 nt mate pair 

reads (Illumina HiSeq, 5 kb insert size, gently sheared) that were bloom filtered to 

remove duplicate reads and aligned against the contig reference to remove chimeric 

reads.  This generated a 113 Mb assembly (scaffold L50 = 62 kb) with a 96% called base 

percentage (see Supplementary Table 7 for assembly statistics). 

 

Comparison of N. paniculata, C. grandiflora and C. rubella genome assemblies 

Our partial assemblies of the Neslia paniculata  and Capsella grandiflora genomes 

are available online (http://grandiflora.eeb.utoronto.ca:8086/CG.fasta, 

http://grandiflora.eeb.utoronto.ca:8086/NP.fasta ). While up to 90% of C. rubella CDS 

sequences can be located in these assemblies, a relatively lower 60-70% complete rubella 

genes can be identified through orthologous-chain liftover at >80% identity 
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(Supplementary Table 8).  Nonetheless between 80-90% of the C. rubella genome can be 

identified in blocks of sequence in the C. grandiflora and N. paniculata genomes 

(Supplementary Table 9, Supplementary Figure 5). 

Assessment of Repetitiveness of Genome Assembly 

To assess the degree to which multicopy repeats comprise the remainder of the genome 

missing from the assembly, we utilized Illumina whole-genome sequence from the 

reference strain. We took several approaches to assess genome completeness. First, raw 

fastq reads were mapped onto the reference genome, including chloroplast and 

mitochondrial scaffolds, using Stampy7 under default parameters. From the results of 

read mapping, the total number of reads mapping to each nuclear scaffold was assessed. 

To estimate the total genomic coverage of repetitive nuclear scaffolds, we first estimated 

the average coverage of the main eight chromosomal scaffolds, and assumed that this 

represented the single-copy coverage. To be conservative, we assumed that all unmapped 

reads belonged in the main 8 chromosomal scaffolds and failed to map due to base 

quality.  We then estimated the copy number of other genomic scaffolds as the total 

number of sequence reads mapping to those scaffolds, divided by the inferred single-

copy nuclear coverage. As shown in Supplementry Figure 6, many of the smaller 

genomic scaffolds appear to be multicopy, indicating that much of the genome missing 

from the assembly is comprised of many copies of repetitive elements in our assembly.  

Summing the inferred sizes of each scaffold gives a total genome size estimate of 

approximately 187 MB. Furthermore, full genome-wide estimates of per-base copy 

number, accounting for the multicopy repeats within the main genome scaffolds lead to 

an estimate of 198MB, close to the expected genome size of 224 MB based on flow 
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cytometry. Although base composition biases and other library preparation biases might 

affect the quantitative estimates, this indicates that the ‘missing genome’ is mostly 

accounted for by repetitive scaffolds found within our assembly (Table S6). Using 

BLAST searches8 the high-copy scaffolds representing the most abundant multicopy 

repeats contain centromeric satellite repeats and rDNA units. Other scaffolds showing 

similarity to centromeric repeats are found to be in 14,000-20,000 copies.  

To dissect genome content in more detail, a subset of 16,180,609 Illumina genomic 

DNA reads were analyzed (Supplementary Figure 7).  These were serially assigned to 

each of a number of classes of sequence.  After each stage of association, those that could 

be associated with that class were removed from the read-set and then the next class was 

aligned. 

The stages of classification were: 

 

1. Chloroplast (by alignment to the published C. bursa-pastoris chloroplast sequence in 

Genbank with high similarity) 

2. Mitochondrial (by alignment to the A. thaliana mitochondrial sequence) 

3. Telomeric repeats (by alignment to a series of TTTAGGG sequences) 

4. Centromeric repeats (by alignment to the C. rubella centromere satellite sequences in 

Genbank) and repeat models 

5. rDNA repeats (by alignment to a set of AT rDNA sequences in the 
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SILVA http://www.arb-silva.de/aligner/ database) 

6. Alignment against de novo repeat models by Mathieu Blanchette and Repeat 

Modeller 

7. Alignment against the hard repeat masked genome to determine the non-repetitive 

reads 

8. Alignment against only the repeat masked portion of the genome to determine the 

repeats missed above 

After classification above, very few reads were left at the end of the analysis that 

would correspond to euchromatic sequences missing from the data.  The results generally 

imply that the repetitive part of the genome should be about twice the size assigned to it 

in the current build, corresponding to a genome of approximately 206 Mb 

(Supplementary Figure 7), which is close to the estimate of 219 Mb from flow 

cytometry.  Of the residual reads, 19,000 could be aligned to the AT genome. 11,000 of 

these were mitochondrial but were diverged by more than a few percent from the 

mitochondrial reference suggesting they might be decaying/mutating nuclear transferred 

mitochondrial sequences similar to the chloroplast sequences. 7,000 of these reads 

corresponded to a 200 kb block of the A. thaliana genome that seems to be in the C. 

rubella read catalogue but is mostly missing in the assembly of C. rubella, at A. thaliana 

coordinates Chromosome 2:3,240,808-3,509,564. Finally, 136 reads came from a small 

section of A. thaliana scaffold 5 that again seems to be in the reads, but not the assembly, 

at A. thaliana coordinates Chromosome 5:4,488,564-4,492,946. This region was 

identified as being present in earlier assemblies, but ended up removed from the final 
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assembly as part of the process of breaking false joins and reassembling the genome. 

Genome structure and chromosome rearrangements  

Previous comparative genetic mapping analyses suggested minimal rearrangement events 

between Capsella rubella and Arabidopsis lyrata, with both species thought to maintain 

an ancestral gene order9. To investigate the extent of chromosome rearrangements 

between the species, we conducted dotplot analyses using COGE’s synmap program, 

using the Quota align algorithm and synonymous substitution rates for inferring syntenic 

genes. Only three putative major chromosome rearrangements are detected between C. 

rubella and A. lyrata. Comparisons with Schrenkiella parvulum (Supplementary Figure 

9) indicate that all three rearrangements are likely to be derived in A. lyrata and not C. 

rubella, reflecting derived rearrangements and/or assembly errors in A. lyrata.  

The first and most apparent putative rearrangement event involved a pericentromeric 

region of Cr 2, which localized to the rightmost end of the Al 1 assembly (Supplementary 

Figure 9). To verify our assembly of C. rubella in this region, we identified a BAC clone 

from A. thaliana from this region, T22H22, and conducted DAPI staining of pachytene 

chromosomes, verifying its location as pericentromeric on Chromosome 2 

(Supplementary Figure 8b). Since this region has recently been identified as a 

polymorphic transposition event in Arabidopsis thaliana (Long, Q et al., Nature Genetics 

in review, M. Nordborg), and the A. lyrata assembly in this region had been guided by 

synteny with A. thaliana, Columbia accession, this likely reflects an assembly error in the 

A. lyrata genome. Indeed, DAPI staining of the CVI accession of A. thaliana and in A. 
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lyrata places T22H22 in the same syntenic position as C. rubella (Supplementary Figure 

8b), confirming an assembly error in A. lyrata.  

Polymorphism and Expression Analysis 

Expression Analysis 

After aligning our reads to the C. rubella reference genome, the Cufflinks pipeline10 was 

used to assemble transcripts, estimate their abundance and extract differentially 

expressed genes using the C. rubella annotation with known exons. Preliminary analysis 

indicated overloading of one of the three flow cells during cluster generation.  

Consequently low quality calls were discarded from this overloaded flow cell and the 

data was used only for SNP calling. The two remaining flow cells (four samples of each 

species) with generally high-quality data were used for both expression analysis and 

SNP calling. The data for gene expression was calculated as fragments per kilobase of 

transcript per million mapped reads (FKPM). Invariant set normalization across the C. 

grandiflora and C. rubella was then performed in Dchip (dchip.org).   Westfall and 

Young permutations of sample classifications were used to estimate the FDR for 

differential expression (DE) assignment under different significance criteria.    The aim 

was to restrict false discovery rates to under 1%.    Once a lower signal threshold (19 

units, corresponding to the 10th percentile of ranked signal) had been introduced, the 

combination of fold change and p-value that resulted in the lowest type-II error were fold 

change > 1.5 and p<0.005.  Differentially expressed genes were clustered hierarchically 

in DChip and samples were clustered by the DE gene list.  All samples were 

appropriately classified, with intra-group variance approximately 10% of the inter-group 
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variance.  Ontology assignment of differentially expressed genes was undertaken both in 

the NIH DAVID (http://david.abcc.ncifcrf.gov/) system in which ontology clustering and 

pathway enrichment is possible and in the AgriGO (http://bioinfo.cau.edu.cn/agriGO/) 

system, which is specialized for plant genome annotation. 

Gene expression data were tested for significant differences between species using a 

t-test, with a significance cutoff of 0.005, a fold change of 1.5 and a lower limit of 

expression for consideration of 19 normalized FPKMs (covering 90% of expression). 

Genes showing significant up- and down-regulation were tested for enrichment of 

functional categories using the Agrigo Bioinformatics database, where a false discovery 

rate (FDR) for the detection of differentially impacted ontology groups of .05 was set. 

To further explore the impact of strongly perturbed genes in conjunction with the set 

of weakly perturbed genes, we identified differentially expressed pathways using a per-

gene FDR threshold of approximately 5%, corresponding to a fold-change of 1.3 (p<.05) 

with the same lower expression limit.  This increases the per-gene FDR but at no 

significant cost to the ontology group FDR. This revealed a number of differentially 

expressed ontology groups (Supplementary Table 11), including a number of groups 

associated with pollen development and morphology and floral development. We also 

identified a number of candidate genes found in QTL regions involved in floral evolution 

between selfing and outcrossing Capsella (Supplementary Table 12). Inspection of the 

intersection of these groups highlighted the Brassinosteroid pathway, involved in pollen 

development11, as a possible key differentially expressed pathway; of the 11 genes in this 

pathway with identified orthologues and expression estimates, eight show evidence of 

down-regulation in C. rubella (Supplementary Table 13). Although this could in part 

Nature Genetics: doi:10.1038/ng.2669 



reflect simply differences in pollen number between the two flower bud samples, the 

MS1 transcription factor is found within a pollen number QTL, suggesting a possible 

direct role in the evolution of pollen number.  

SNP Calling 

For the polymorphism analysis of the RNA sequencing dataset (for samples, see 

Supplementary Table 14), SNP calls were conducted using the bcftools pipeline12. 

Because of the high heterozygosity of outbred C. grandiflora individuals, we required a 

minimum depth cuttoff of 20x for each individual. Additional filtering included a 

minimum SNP quality score of 25, a minimum genotype quality score of 20, and to 

avoid spurious SNP calls around indels and splice junctions we excluded regions within 

5 bp either side of an indel and/or a region of total coverage below 220x. For all of the 

analyses presented here, we included only sites for which all samples passed these 

thresholds, as well as the presence of informative bases for ancestral state inference from 

genomic resequencing of the close outgroup Neslia paniculata. We removed 325 loci 

with internal stop codons, any codons with missing data or gaps in any sample, and loci 

with 60 bp aligned length prior to analyses. A total of 4,226 loci remained after this 

filtering procedure, and these loci were analyzed for synonymous and nonsynonymous 

polymorphism and divergence. Prior to demographic analyses, we also filtered a total of 

699 four-fold synonymous SNPs with heterozygous basecalls in C. rubella. To estimate 

error rates, we conducted Sanger resequencing from genomic DNA of three samples of 

each species at 14 genes, for a total of 104,980 bp of sequence and 425 SNP calls. No 

false positives were identified in this dataset, suggesting a per base pair false positive 

error rate less than 10-5, and a per SNP false positive error rate less than 0.003. 21 false 
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negative SNP calls were identified, mostly at a single gene and due to a highly divergent 

haplotype that experienced allelic dropout during read mapping, because of high SNP 

density.  

 

Polymorphism and Divergence 

We extracted four-fold synonymous sites and estimated divergence at four-fold 

synonymous and nonsynonymous sites using Polymorphorama, a perl script written by 

D. Bachtrog and P. Andolfatto (Bachtrog and Andolfatto 2006). We obtained the joint 

site frequency spectrum at four-fold synonymous and nonsynonymous sites using the 

compute and polydNdS programs based on Kevin Thornton’s libsequence (Thornton 

2003). 

 

Distribution of Fitness Effects of Nonsynonymous Mutations 

We estimated the distribution of fitness effects of new nonsynonymous mutations (DFE) 

in C. grandiflora using DFE-alpha (http://liberty.cap.ed.ac.uk/~eang33/dfe-alpha-

server.html; Keightley and Eyre-Walker 2007; Eyre-Walker and Keightley 2009). 

Estimates of the DFE were based only on data for C. grandiflora, and we used 4-fold 

degenerate synonymous sites as a neutral reference. 

 As in Slotte et al (2010) we found that most new nonsynonymous mutations are under 

strong purifying selection in C. grandiflora (88.4% of polymorphisms have Nes >10; 
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Supplementary Table 15). The estimates of the parameters of the gamma distribution of 

negative fitness effects of new nonsynonymous mutations were –Nes: 602.965338 and 

beta: 0.3925. 

Demographic Model Inference 

We estimated the parameters of a model for the split between C. rubella and C. 

grandiflora using dadi (Gutenkunst et al 2009). Demographic modeling was based on 

data on the folded joint site frequency spectrum for a total of 20,388 four-fold 

synonymous SNPs at 438,490 four-fold sites in 4225 loci. 

 We fit three demographic models that differed with respect to population size change 

(Supplementary Table 16). Parameter estimates for all three models were similar; based 

on the AIC, the preferred model included an initial bottleneck down to 2.3% of the 

ancestral population in association with the origin of C. rubella, followed by exponential 

population size expansion in both C. grandiflora and C. rubella. Population expansion 

was inferred to be stronger in C. rubella than in C. grandiflora (alpha 18.6 vs 7.1) under 

this model, and parameter estimates for the rate of population size expansion in C. 

grandiflora agree with those in St. Onge et al (2011). Note that our time and 

demographic estimates differ in part from previous studies because we are using more 

recent estimates of the per generation substitution rate from direct experimental data13, 

which are also in line with recent fossil dating. Because this substitution rate is 

substantially lower (2.14 times) than previous estimates, this has the effect of lowering 

estimates of effective population size and increasing divergence times more than 

twofold. Accounting for this, the timing of the split is within the confidence intervals of 
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the estimate of Foxe et al (2009) but the effective sizes are not. This may reflect 

differences in the sampling strategy or reflect the choice of loci. 

 

Forward Population Genetic Simulations 

Forward population genetic simulations with purifying selection were conducted in 

SFS_CODE (Hernandez 2008). We simulated coding sequence data according to the 

demographic model inferred in dadi, with nonsynonymous mutations having deleterious 

effects drawn from a gamma distribution with parameters as estimated for C. grandiflora 

in DFE-alpha. The total number of loci in each simulation was 4225, and we assumed 

that loci were unlinked and equal length, with no recombination within loci and that 

mutations followed an infinite sites mutation model. The weighted mean of our per-locus 

estimate of Watterson’s theta at four-fold synonymous sites in C. grandiflora, 0.0168, 

was used as the per-site scaled mutation rate in these simulations. A total of 500 

simulations were done under each model. As a check of model fit, we assessed whether 

the fit of observed C. grandiflora synonymous and nonsynonymous folded site 

frequency spectra to our simulations. We summarized the results for both C. rubella and 

C. grandiflora in terms of numbers of unique and shared polymorphisms and fixed 

differences at synonymous and nonsynonymous sites. All counts of unique and shared 

polymorphisms and fixed differences were obtained from the SFS_CODE output using 

custom perl scripts written by Tanja Slotte.  

We conducted forward population genetic simulations with selection under the model 

described above, as well as under a simpler model with an instant size change in both C. 
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rubella and C. grandiflora. Reassuringly, simulations under these models with a 

distribution of negative selection coefficients derived from C. grandiflora data fit well 

with the observed site frequency spectra for both synonymous and nonsynonymous sites 

in C. grandiflora (Supplementary Figure 11; results shown are for the split+growth 

model but were similar for the instant change model). 

There is also a good qualitative agreement between the relative numbers of shared and 

unique polymorphisms and fixed differences at synonymous and nonsynonymous sites in 

our simulations and in our data (Supplemenetary Figure 11). However, some aspects of 

the model are clearly unrealistic, as our observed data on shared and fixed differences do 

not fall within the approximate confidence intervals of the simulated data. It is possible 

that model fit could be improved by a more realistic treatment of linkage among loci, as 

assuming free recombination between loci can cause confidence intervals to be too 

narrow. It should also be noted that our models assume additivity of fitness effects, and 

varying dominance could contribute to departures from model predictions. In any case, 

the relatively good overall agreement between our data and simulations suggests that 

patterns of polymorphism and fixed differences at nonsynonymous sites in C. rubella are 

consistent with a model where there is relaxation of purifying selection due to the 

population size change alone, but without a change in the shape of the distribution of 

fitness coefficients. 
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Transposon Annotation and Analysis 

TE annotation 

The TEdenovo pipeline from the REPET v2.0 package14 was used for de novo 

identification of repeated sequences in the following genomes: A. thaliana (ecotypes 

Col, Ler, Kro, Bur, and C24; http://www.1001genomes.org/), Arabidopsis lyrata, Arabis 

alpina (courtesy of Dr. George Coupland), Brassica rapa, Capsella rubella, Eutrema 

halophila, and Schrenkiella parvulum. The consensus sequences identified were 

analyzed using the REPET classifier tool which screens for structural features 

characteristic of transposable elements, searches for similarity with known TE sequences 

from Repbase, and probes for virtually all Pfam hidden Markov models. Classification 

was curated on the basis of the evidence collected for each consensus. Consensus 

sequences from each species were probed against their respective genome using the 

TEannot pipeline from the REPET v2.0 package in order to identify those with at least 

one full-length genomic copy. The selected sequences from all species were combined 

into the Brassicaceae repeat library to which we also appended the A. thaliana repeat 

library from the Repbase database. TEannot was then run again against the C. rubella, A. 

thaliana and A. lyrata assemblies using the Brassicaceae repeat library. Tandem repeats 

were not considered in this holistic approach and only the unclassified repeats with 10 or 

more copies in the source genome were counted for coverage calculations. 
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TE expression, insertion frequency, and copy number analysis from Illumina data 

RNAseq Illumina reads from four C. rubella and four C. grandiflora individuals were 

aligned to the identified TE database with the Stampy aligner7 using default settings. TE 

abundance was estimated from the number of reads mapped to TEs relative to the 

number of reads mapped anywhere in the genome using SAMtools12. Genomic 

abundance of TEs was similarly estimated using Illumina reads from genomic DNA 

from two accessions each of C. rubella and C. grandiflora.  

 To identify individual TE insertion sites across the genomes of resequenced samples, 

PoPoolation TE15 was run on paired-end Illumina genome sequences from two C. 

rubella and two C. grandiflora individuals using default settings. This program identifies 

TE insertion sites by finding paired end reads, where one read maps to a unique position 

in the repeat-masked genome and the second read maps to a transposable element.  
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