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Plant genomes are often characterized by a high level of
repetitiveness and polyploid nature. Consequently, creating
genome assemblies for plant genomes is challenging. The
introduction of short-read technologies 10 years ago sub-
stantially increased the number of available plant genomes.
Generally, these assemblies are incomplete and fragmented,
and only a few are at the chromosome scale. Recently,
Pacific Biosciences and Oxford Nanopore sequencing tech-
nologies were commercialized that can sequence long DNA
fragments (kilobases to megabase) and, using efficient algo-
rithms, provide high-quality assemblies in terms of contigu-
ity and completeness of repetitive regions'*. However, even
though genome assemblies based on long reads exhibit high
contig N50s (>1Mb), these methods are still insufficient
to decipher genome organization at the chromosome level.
Here, we describe a strategy based on long reads (MinlON
or PromethlON sequencers) and optical maps (Saphyr
system) that can produce chromosome-level assemblies
and demonstrate applicability by generating high-quality
genome sequences for two new dicotyledon morphotypes,
Brassica rapa Z1 (yellow sarson) and Brassica oleracea HDEM
(broccoli), and one new monocotyledon, Musa schizocarpa
(banana). All three assemblies show contig N50s of >5Mb
and contain scaffolds that represent entire chromosomes or
chromosome arms.

The plant genome epic started with the genomes of two model
plants: Arabidopsis® for dicotyledons and rice® for monocotyledons
in 2000 and 2005, respectively. Their genome sequences, based on
the BAC approach and Sanger sequencing, are of high quality and
are still today among the best assemblies of plant genomes. With
the introduction of Illumina sequencing technology, more than 200
plant genomes have now been sequenced, but most have poor conti-
guity (Fig. 1) and are composed of thousands of scaffolds. Generally,
the gene space is relatively complete and correctly assembled, but
regions rich in transposable elements are more fragmented or even
under-represented. In addition, the dynamics of transposable ele-
ments is largely unknown and this knowledge gap is mostly due

to the difficulties in assembling repeated elements from genome
sequences obtained using short-read technologies. However, with
the development of long-read sequencing technologies, such as
Oxford Nanopore Technology (ONT) and Pacific Biosciences
(PACBIO), the situation is changing radically and these technologies
hold great promise for obtaining high-quality assemblies'-*. From
105 plant genomes, we observed that, even with long-read strate-
gies, there is still surprisingly high heterogeneity in terms of assem-
bly contiguity. Even today, only a few plant species have a genome
assembly with high contiguity. For example, only six species have an
assembly with a contig N50 of > 5Mb—rice®’, Arabidopsis®, wood-
land strawberry®, Schrenkiella’, Brachypodium' and Rosa''—and
they all have a small genome size (see Methods and Supplementary
File 2). Here, using our sequencing strategy, we are able to add
three more species to this list: Brassica rapa, Brassica oleracea
and Musa schizocarpa.

Brassica crops include important vegetables for human nutri-
tion and vegetable oil production. Furthermore, they underwent
several paleo-polyploidy events, making their current genomes
important models for understanding polyploid plants. The recent
sequencing of several hundred B.rapa and B.oleracea genotypes
highlighted the fact that similar morphotypes appeared indepen-
dently in these two species after a whole-genome triplication event
and through parallel selection of paralogous genes'’. This whole-
genome triplication contributed to their diversification into head-
ing and tuber-forming morphotypes' (see Methods). It is now
accepted that the variability between two morphotypes of the same
Brassica species is high, showing the importance of having several
reference assemblies for a given species. Musa spp. include des-
sert and cooking bananas and are essential staple crops in many
tropical and subtropical countries and the most popular fruit in
industrialized countries. Cultivars are derived from hybridization
between Musa species and subspecies, and as such are particularly
interesting for studying reticulate evolution. In this context, we
decided to sequence two unsequenced morphotypes of Brassica
(Supplementary Table 1) and the previously unknown genome
of M. schizocarpa. The genomes of three relatives of these plants
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Fig. 1| Comparison of contig N50 and genome sizes of 105 existing plant genome assemblies. The dots were coloured according to the main sequencing

technology used: 454, Illumina, ONT, PACBIO and Sanger.

(B. rapa Chiifu'>'", B. oleracea To1000 (ref. '*) and Musa acuminata
Pahang-HD'®'"") have already been sequenced using short-read
strategies, but the resulting assemblies are fragmented (contig N50
of <50kb) and contain a high proportion of unknown or missing
bases (22-30%; Supplementary Fig. 1A). For example, the initial
sequence of the B.rapa genome lacked near half of the expected
genome content (273 of 529 Mb). Even though a recent release’
improved the situation by adding PACBIO long reads, the assembly
is still highly fragmented.

Here, we de novo sequenced the genomes of B.rapa (Z1 gen-
otype, estimated size of 529 Mb), B.oleracea (HDEM genotype,
estimated size of 630Mb) and M. schizocarpa (estimated size of
587Mb) with a strategy combining MinION, which is a portable
sequencer commercialized by the Oxford Nanopore company, opti-
cal maps produced using the Saphyr system (BioNano Genomics)'®
and short reads from an Illumina sequencer. First, we generated
between 38X and 79X nanopore long reads containing a significant
proportion of reads longer than 50kb, representing between 4.4x
and 8.2X coverage (Supplementary Table 2). The resulting long-
read assemblies showed high contiguity (less than 1,000 contigs
with N50s between 3.8 and 7.3 Mb) that facilitated the use of long-
range information provided by the optical maps. The final assem-
blies had N50s between 5.5 and 9.5 Mb at the contig level and N50s
between 15.4 and 36.8 Mb at the scaffold level (Table 1). Compared
with existing assemblies, the contig N50s of our assemblies are
between 100-times and 450-times higher, whereas the scaffold N50s
are, in general, lower, but the published assemblies were built using
genetic maps (Supplementary Fig. 1B). When adding a genetic
map for one of our genomes, B. oleracea, we were able to deliver an
assembly composed of 129 scaffolds, with the nine chromosomes
representing 95.3% of the assembly. Importantly, more than 98%
of the markers were in accordance in both the assembly and the
genetic map (see Methods). Here, we are able to anchor 528.8 Mb, a
significant improvement when compared with the 446.8 Mb of the
published release. We decided to use comparative genomics based
on available related genomes to produce anchored versions of the
B.rapa and M. schizocarpa genomes. However, although we did not
compare these final assemblies with existing references as they were
not obtained de novo, we did submit these versions to public reposi-
tories as they represent valuable resources for the scientific commu-
nity (Fig. 2 and Supplementary Table 12).

880

One-quarter of the chromosomes were composed of a single
scaffold and 66% of the chromosomes were assembled into one
or two scaffolds, representing either the complete chromosome
or a chromosome arm. For example, chromosome 7 of the banana
assembly is spanned by a single scaffold that harbours telomeric
repeats at both extremities and a high density of centromeric
repeats in a 4-Mb region (Supplementary Fig. 2), representing a real
improvement compared with the available reference. As observed
on this particular chromosome, long-read assembly generated a mix
of large and small contigs, proving the importance of combining
long reads with long-range information to decipher the chromo-
some architecture.

We then performed gene prediction on our three genome
assemblies using existing annotations of closely related species
(see Methods). We annotated 46,721, 61,279 and 32,809 genes
for B.rapa, B.oleracea and M. schizocarpa, respectively (Table 1),
consistent with the available gene sets and the evolutionary his-
tory of these genomes. Transposable elements and, more generally,
transposable element-rich regions are under-represented in short-
read assemblies, and as expected, in the long-read assemblies, we
detected a higher proportion of bases accounting for long inter-
spersed nuclear element (LINE), long terminal repeat retrotrans-
poson and DNA transposon families and the average sizes of the
detected transposable elements were higher (see Methods and
Supplementary Fig. 10). For example, we predicted 14.95%, 37.95%
and 59.95% more complete copies of Copia elements in our assem-
blies (B. rapa, B. oleracea and M. schizocarpa, respectively) than the
reference genomes (Supplementary Table 15). The gene content was
mostly the same between the short-read and long-read assemblies,
but the long-read assemblies improved the completeness of the
transposable element catalogue as well as the genomic context of
these transposable element-rich regions (Fig. 3). Generally, genes
inserted in transposable element-rich regions are hard to anchor on
the chromosomes, and again, our long-read assemblies made it pos-
sible to anchor a higher proportion of genes, more than 98% for the
three assemblies (Supplementary Table 12).

Read length is a key factor in improving the assembly of trans-
posable element-rich regions and, as a consequence, the assembly
contiguity. Recent plant assemblies based on PACBIO sequencing
show lower N50s at the contig level (except for the Rosa chinensis
assembly) owing to the difficulty of sequencing long DNA
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Table 1| Statistics of the genome assemblies

B. oleracea B.rapa Musa spp.

To1000 HDEM Chiifu Z1 M. acuminata M. schizocarpa M. schizocarpa

Ref. Parkin et al.”” This study Caietal® This study Martin et al.” This study This study
MinlON MinION MinlON PromethlON
Estimated genome 630 630 529 529 523 587 587
size (Mb)
Number of scaffolds 1,428 140 86,852 335 24 227 199
(>2kb)
Cumulative size 473,834,292 554,975,960 391,410,456 401,923,810 450,848,473 525,280,193 519,202,252
N50 (L50) 48,366,697 (5) 29,516,207 (8) 33,885,992 (5) 15,385,215(8) 37,593,364 (6) 36,762,082 (6) 36,841,820
(6)
NSO (L90) 39,822,476 (9) 13,883,733 (17) 30,058 (212) 1,671,465 (31) 29,070,452 (11) 9,697,206 (15) 19,788,892
14)

Maximum size 64,984,695 48,260,371 54,546,898 38,870,275 46,622,217 52,742,985 52,101,276
Number of Ns 42,740,102 9,958,104 23,665,136 32,963,474 45,326,459 7,793,997 7,582,583

(9.02%) (1.79%) (6.04%) (8.2%) (10.05%) (1.48%) (1.46%)
Number of contigs 51,566 264 21,717 627 19,265 379 329
(>=500bp)
Cumulative size 435,858,618 545,017,856 348,573,990 368,960,336 405,516,558 517,486,196 511,619,669
N50 (L50) 22,128 (5,797) 9,491,203 (19) 55,952 (1902) 5519976 (17) 43,237 (2,363) 6,493,909 (24) 9,983,208 (17)
N90 (L90) 4,448 (21,523) 2,202,317 (59) 13,025 (6,630) 184,937 (211) 9,026 (10,326) 1,047,001 (84) 1,020,486 (67)
Maximum size 163,976 26,712,175 327,235 22,127,468 602,020 18,138,554 27,023,771
Number of genes 59,225 61,279 41,019 46,721 36,542 32,809 ND
Number of exons per 5.54:4 5.47:4 6.15:5 5.94:4 6.05:5 6.19:5 ND
multi-exon genes
(average:median)
BUSCO (complete)  95.1% 95.8% 96.3% 96.6% 86.8% 92.3% ND

Statistics of HDEM, Z1 and M. schizocarpa assemblies and gene content compared with existing reference genomes (To1000, Chiifu and M. acuminata). If unspecified, the unit is base pair. ND, not

determined.

fragments. We compared the recent Vigna angularis', Vitis vinifera',
Citrus maxima®™, Arabidopsis thaliana®, Fragaria vesca® and
R. chinensis" PACBIO data with our three ONT data sets and
observed a higher proportion of long reads (>50kb) in the ONT
data (Supplementary Fig. 3 and Supplementary Table 17). Moreover,
the PACBIO coverage was higher (between 125X and 283X), sug-
gesting the need for higher coverage to obtain a sufficient number of
long reads to perform high-contiguity genome assemblies. The nine
genomes have estimated genome sizes of 130-630 Mb, and the best
assemblies (in terms of contiguity) were the ones produced with the
longest reads. Interestingly, the second-most contiguous (contig
N50 of 9.5 Mb) assembly was obtained with a long-read data set that
had the smallest coverage (~36%) and the longest reads (reads N50
of 31kb), showing the higher effect of read length over coverage
and confirming the possibility of producing high-quality assemblies
with 30X long reads coverage®. This low-coverage requirement will
surely be reduced thanks to the ongoing improvement of the nano-
pore technology and of protocols for DNA extraction, which still
represents a real challenge for numerous plant species.

MinION is a low-cost sequencer, but the current through-
put, although sufficient to sequence eukaryotic genomes, is still a
limitation to reducing sequencing costs. Our chromosome-scale
assemblies cost on average US$14,071 (see Methods) for an aver-
age genome size of 582 Mb. However, ONT is currently launching
a high-throughput platform named PromethION that promises
to lower the cost of sequencing eukaryotic genomes. Here, we
sequenced the M. schizocarpa genome using a single flow cell that
produced 17.6 Gb of data with a comparable read N50 size (26kb
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versus 24kb with MinION; Supplementary Table 2). We assem-
bled this PromethION data set using the same protocol (based
on long reads, short reads and two optical maps) and obtained an
assembly of the same quality (Table 1). This first attempt using the
PromethION device reduced the sequencing cost from US$16,300
to US$6,500 for the banana genome.

To highlight the importance of using these new Brassica assem-
blies as reference genomes, we aligned the resequencing data of 199
B.rapa and 119 B.oleracea accessions'” on both the existing refer-
ences and our genomes. These 318 Brassica accessions represent
various morphotypes (Supplementary Table 1), with some closer
to the reference genomes (Chinese cabbage for B.rapa Chiifu and
Chinese kale for B. oleracea To1000) and others closer to our Z1 and
HDEM accessions (sarsons for B. rapa and broccoli for B. oleracea).
However, we surprisingly observed that we were able to map a higher
proportion of reads on our assemblies (0.61% more for B. rapa and
2.77% more for B.oleracea on average) for all of the accessions
regardless of the morphotype, except for the Chinese cabbage
accessions of B.rapa (Supplementary Fig. 13 and Supplementary
Table 18). Furthermore, as expected, the proportion of uniquely
mapped reads was lower on our assemblies, suggesting that repeats
were collapsed in the reference genomes (Supplementary Table 19).
We expertized the reads that could not be mapped to the reference
genomes and detected 1.14Mb and 1.54Mb (in HDEM and Z1,
respectively) of genic regions that were specific to our accessions
or missing from the reference chromosomes (see Methods). These
results promote our new genome assemblies as prime references for
resequencing analysis.
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Fig. 2 | Circular representation of anchored scaffolds of B. oleracea HDEM, B.rapa Z1 and M. schizocarpa genome assemblies. Rings represent: density of
Copia elements (i), density of Gypsy elements (ii), density of transposable elements (iii), gene density (iv), centromeric repeats positions (v) and telomeric

repeats positions (vi). Chr, chromosome.

Even if the B.oleracea and B.rapa pair of genomes are highly
conserved, we detected several differences at the gene level. A
comparison of orthologous proteins from Z1-Chiifu and HDEM-
Tol000 pairs revealed a higher conservation between B.olera-
cea morphotypes (median identity per cent of 99.2% and 98.9%,
respectively; Supplementary Fig. 16). Similarly, when looking at the
gene-order conservation, we identified more translocation events of
gene blocks in the Z1-Chiifu pair (23 against 1; see Methods and
Supplementary Figs. 7-9).

We searched for the Flowering Locus C (FLC) genes, which are
known to be responsible for vernalization and flowering time. Copy

882

number variations of this gene family seem to affect the flower-
ing time. Here, we found, as expected in a broccoli morphotype,
the FLCI, a partial FLC2 (the disrupted FLC2 allele in cauliflower
was associated with early flowering) and FLC3 genes and, interest-
ingly, we annotated an FLC5 gene (reported as specific to the cau-
liflower morphotype??) and three tandemly duplicated copies of
FLCl1, as suggested in a previous study”. In comparison, we found
four FLC genes in B.rapa Z1, as expected (Supplementary Fig. 17).
Furthermore, we investigated the S-locus, a 30-150-kb region that is
strongly enriched in transposable elements***, which causes major
difficulties when attempting to assemble it in its entirety using short
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Fig. 3 | Base annotation of the three ONT genomes and the corresponding current references (B. rapa, B. oleracea and Musa species). Genomic regions
were classified into several categories: repeats, introns, exons, gaps (Ns) and unannotated regions. Repeated elements were divided into five classes: DNA
transposons, LINEs, Copia, Gypsy and other known transposable elements (TEs).

reads®. For example, the S-locus in the Raphanus sativus genome
assembly is spread over several contigs”, whereas that of Brassica
nigra®® is spread over 2.2 Mb, suggesting problems with the assem-
bly. We identified a full S-locus in B.rapa Z1 spanning a 48-kb
region syntenic to the S-locus region (53kb, chromosome A07) in
the Chiifu assembly. For B.oleracea HDEM, the S-locus spanned
a 102-kb region similar to the S-locus region (71kb, chromosome
C06) of To1000 (see Methods and Supplementary Fig. 18).

Whole-genome comparison of M. schizocarpa with M. acuminata
revealed high variability in the centromeric regions (Supplementary
Fig. 4). Both versions'®"” of the M. acuminata genome were more
fragmented and were anchored using a genetic map. Centromeric
regions have a low recombination rate; thus, sequences originating
from these regions are always difficult to order and orient correctly,
although they represent an essential component of the genomic
landscape. This observation highlights the importance of having
large contigs to locate centromeres and the richness of the infor-
mation provided by an optical map compared with a conventional
genetic map. Furthermore, we examined disease resistance-like
genes (R-genes), which are organized in clusters and are gener-
ally difficult to assemble correctly. We compared the proportion
of undetermined nucleotides for three orthologous R-gene clusters
on both the M.acuminata and the M.schizocarpa genomes (see
Methods). We found a clear difference between the two genome
assemblies (6.5% and 0% of undetermined bases for M. acuminata
and M. schizocarpa, respectively), showing again the importance of
long reads for resolving complex regions. A comparison of ortholo-
gous proteins showed a high conservation level, both at the base
level (median identity per cent of 98.0% between orthologues) and
the synteny level (five translocation events, due to assembly errors in
the first M. acuminata assembly'’) (see Methods and Supplementary
Figs. 7 and 14).

We demonstrated that combining three technologies (ONT,
BioNano Genomics and Illumina) can lead to high-quality and
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relatively low-cost genome assemblies when using the PromethION
device (around US$6,000 for 500-600 Mb genomes). We present
high-quality genomes for three plant genomes (two Brassicaceae
and one banana species) and, when compared with existing refer-
ence genomes, our assemblies provide a real improvement, espe-
cially in regions enriched in transposable elements. We annotated
the three assemblies and observed similar gene content in the gene-
rich regions, but a more complete catalogue of transposable elements
was produced and the S-loci of the two Brassica could be entirely
annotated thanks to the high quality of the assemblies in these
regions. Further improvements are still needed to enable extraction
of high-molecular-weight DNA for all plants, and systematic errors
in the nanopore long reads mean that Illumina sequences are still
required to polish assemblies. Today, optical maps® or chromosome
conformation®-** capture is still mandatory to propose chromo-
some-scale assemblies for large plant genomes. Even though extrac-
tion of high-molecular-weight DNA could remain a challenge, one
can imagine that read lengths will increase, enabling the assembly of
complete chromosomes with long-read sequencing in coming years.

Methods

Brassica morphotypes. Among the large diversity described for both B. rapa and
B. oleracea, domestication gave rise around 500 years ago to highly contrasted
morphotypes for tubers, heads or seeds. Among the six distinct genetic groups
identified for B. rapa'*, the genotype ‘Chiifu’ used for the reference genome'

is a heading type and belongs to the clade that is the most divergent to the last

B. rapa common ancestor. On the contrary, the genotype sequenced in this study
(Z1) is a sarson type (oilseed type) (Supplementary Table 1) and is much closer

to the B. rapa root. Similarly, the genotype used in this study (HDEM: broccoli)
belongs to a different morphotype than the B. oleracea “To1000’ reference genome'®
(Chinese kale) (Supplementary Table 1).

Plants. B. rapa ssp. trilocularis Z1 and B. oleracea ssp. botrytis italica HDEM seeds
were sown in Fertiss blocks (Fertil). Plantlets were grown under a 16-h light/8-h
night photoperiod in a greenhouse at 20 °C for 10-12 days. Prior to harvest, the
plants were either dark treated for 5days or not treated after the 10-12-day culture.
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M. schizocarpa (ITC926) in vitro plants were obtained from the International
Musa Germplasm Collection hold at the International Transit Centre (ITC,
Leuven, Belgium). The plants were grown under natural light in a greenhouse at
about 25°C (minimum: 15°C, maximum: 50 °C), in 11 pots until they reached a
height of 50 cm and had five fully expanded leaves. Harvesting was performed in a
period comprised between 8 months and 1 year after the initiation of culture.

DNA extraction. M. schizocarpa DNA extraction. High-molecular-weight

plant DNA extraction was performed using a modified mixed alkyl trimethyl
ammonium bromide (MATAB) procedure™*. A total of 2 g freshly harvested
leaves was ground in liquid nitrogen with a mortar and pestle and immediately
transferred to 12 ml of 74°C prewarmed extraction buffer containing 100 mM
Tris-HCI, pH 8, 20mM EDTA, 1.4 M NaCl, 2% w/v MATAB, 1% w/v PEG6000
(polyethylene glycol), 0.5% w/v sodium sulfite and 20 mg1~' RNAse A. Crude
extracts were maintained for 20 min at 74 °C, extracted with an equal volume

of chloroform-isoamylalcohol (24:1) and transferred to clean tubes. DNA was
recovered by centrifugation after adding 10 ml isopropanol. DNA precipitates were
briefly dried, washed with 2ml of 70% ethanol and resuspended in 1ml sterile
water. Extract quality was evaluated using pulse field gel electrophoresis for size
estimation and spectrophotometry (A260/A280 and A260/A230 ratios) for purity
estimation. DNA samples with a fragment size above 50 kb, a A260/A280 ratio
close to 2 and a A260/A230 ratio above 1.5 were kept.

B.rapa and B. oleracea DNA extraction. For some of the nanopore sequencing runs,
B.rapa Z1 and B. oleracea HDEM DNA extracts were prepared according to the
protocol used for optical maps (see Optical maps).

For the other sequencing runs, 1 cm? first young leaves were harvested and
the mid-ribs were removed. The samples were placed on aluminium foil on ice.
Then, 2.5g of each genotype was ground in liquid nitrogen with a mortar and
pestle for 1 min. The ground materials were homogenized with 10 ml pre-heated
CF lysis buffer (MACHEREY-NAGEL) supplemented with 4 mg proteinase K in
50-ml tubes containing phase-lock gel and incubated for 45 min at 56 °C. Next,
10 ml saturated phenol (25:24:1) was added to the samples and the tubes were
placed on a rotator at 40 r.p.m. for 10 min to get a fine emulsion. The samples were
centrifuged for 24 min at 4,500¢ (Acc3/Dec3) and the aqueous phases were poured
into new 50-ml tubes containing phase-lock gel. Subsequently, 10 ml chloroform-
octanol (24:1) was added to each sample and the tubes were placed on a rotator
at 40r.p.m. for 10 min to get a fine emulsion. The samples were centrifuged for
24 min at 4,500g (Acc3/Dec3) and the aqueous phases were poured into new 50-ml
tubes. The DNA was precipitated by adding 4 ml of 5M NaCl and 30 ml of cold
100% isopropanol. After 3h at 4°C, the DNA was removed in one piece with a
hook produced by melting a glass capillary in a blue flame. The DNA pellets were
submerged in 50-ml tubes containing 70% ethanol and transferred to new tubes
to evaporate the remaining isopropanol at 37 °C (in an oven). The dried DNA was
resuspended with 3 ml transposable element 10/1 buffer. The extract quality was
evaluated using field inverted gel electrophoresis with the Pippin pulse system
(Sage Sciences). DNA samples with a fragment size above 50kb were kept and run
on BluePippin (Sage Sciences).

Illumina sequencing. DNA (1.5 ug) was sonicated to a 100-1,500-bp size range
using a Covaris E220 sonicator (Covaris). The fragments were end repaired and
3’-adenylated, and Illumina adapters were added using the Kapa Hyper Prep Kit
(Kapa Biosystems). The ligation products were purified with AMPure XP beads
(Beckmann Coulter Genomics). The libraries were quantified by quantitative
PCR using the KAPA Library Quantification Kit for Illumina Libraries (Kapa
Biosystems), and the library profiles were assessed using a DNA High Sensitivity
LabChip kit on an Agilent Bioanalyzer (Agilent Technologies). The libraries were
sequenced on an Illumina HiSeq2500 instrument (Illumina) using 250 base length
read chemistry in paired-end mode.

Nanopore sequencing. MinION. Most of the libraries were prepared according

to the following protocol, using the Oxford Nanopore SQK-LSK108 kit. Genomic
DNA or DNA previously fragmented to 50 kb with a Megaruptor (Diagenode
S.A.) was first size selected using BluePippin (Sage Sciences). The selected DNA
fragments were end repaired and 3’-adenylated with the NEBNext Ultra IT End
Repair/dA-Tailing Module (New England Biolabs). The DNA was then purified
with AMPure XP beads (Beckmann Coulter) and ligated with sequencing adapters
provided by ONT using the Blunt/TA Ligase Master Mix (NEB). After purification
with AMPure XP beads, the library was mixed with running buffer with fuel mix
(ONT) and library loading beads (ONT) and loaded on MinION R9.4 or R9.5
SpotON Flow Cells.

PromethION. Libraries were prepared following the Oxford Nanopore ‘1D
Genomic DNA by ligation (Kit 9 chemistry)—PromethION’ protocol. Genomic
DNA was first repaired and end prepped with NEBNext FFPE Repair Mix (New

England Biolabs) and the NEBNext Ultra II End Repair/dA-Tailing Module (NEB).

The DNA was then purified with AMPure XP beads (Beckmann Coulter) and
ligated with sequencing adapters provided by ONT using concentrated T4 DNA
ligase 2M U ml™" (NEB). After purification with AMPure XP beads (Beckman
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Coulter) using dilution buffer (ONT) and wash buffer (ONT), the library was
mixed with sequencing buffer (ONT) and library loading beads (ONT) and loaded
on the PromethION flow cells.

Optical maps. For B. rapa Z1 and B. oleracea HDEM, 1 cm? first young leaves were
harvested and the mid-ribs were removed. The samples were placed on aluminium
foil on ice. Then, 5g of each genotype was ground in liquid nitrogen with a
mortar and pestle for 2min. The ground materials were homogenized in 50 ml
NIBTM (10 mM Tris-HCI, pH 8, 10mM EDTA, pH 8, 80 mM KCI, 0.5 M sucrose,
1 mM spermine tetrahydrochloride, 1 mM spermidine trihydrochloride and 2%
(w/v) PVP40), the pH was adjusted to 9.4 and the solution was filtered through

a 0.22-um filter (NIB) and supplemented with 0.5% Triton X-100 (NIBT) and
7.5% 2-mercaptoethanol (NIBTM). The nuclei suspensions were filtered through
cheese cloth and Mira cloth and centrifuged at 1,500g for 20 min at 4°C. The
pellets were suspended in 1 ml NIBTM and adjusted to 20 ml with NIBTM. The
nuclei suspensions were filtered again through cheese cloth and Mira cloth and
centrifuged at 57¢ for 2min at 4°C. The supernatants were kept and centrifuged at
1,500 for 20 min at 4 °C. The pellets were suspended in 1 ml NIBT and adjusted
to 20 ml with NIBT. To wash the pellets, the last steps were repeated three times
with 50 ml NIBT and a final time with 50 ml NIB. The pellets were suspended in
residual NIB (approximately 200 ul), transferred to a 1.5-ml tube and centrifuged at
1,500g for 2 min at 4°C. The nuclei were suspended in cell suspension buffer from
CHEF Genomic DNA Plug Kits (Bio-Rad), and melted 2% agarose from the same
kit was added to reach a 0.75% agarose plug concentration. Plug lysis and DNA
retrieval were performed as recommended by Bionano Genomics.

For M. schizocarpa, a young cigar leaf was harvested and the mid-rib was
removed. Only the yellow part was used. Then, 2 g of the leaf segment was cut
to 2x2cm and fixed in 2% formaldehyde according to the Bionano Genomics
protocol, except the fixation step was performed in a vacuum bell. After the
100-pm and 40-pm filter steps, the nuclei suspension was centrifuged at 60g for
2min at 4°C. The supernatant was filtered again through a 40-um filter. The last
centrifugation was repeated and the supernatant was filtered again through a
40-um filter. The nuclei suspension was centrifuged at 400g for 15 min at 4°C.

The pellet was suspended in residual buffer and adjusted to 35ml. The nuclei
suspension was centrifuged once more at 400g for 15min at 4°C. The pellet was
suspended in residual buffer and adjusted to 35ml. The nuclei suspension was
centrifuged at 200g and the supernatant was kept and centrifuged at 400g for
10min at 4°C. The nuclei were suspended in homogenisation buffer plus (Bionano
Genomics), and melted 2% agarose from CHEF Genomic DNA Plug Kits
(Bio-Rad) was added to reach a 0.82% agarose plug concentration. Plug lysis was
performed with Bionano lysis buffer adjusted to pH 9 and supplemented with 0.4%
2-mercaptoethanol. DNA retrieval was performed as recommended by Bionano
Genomics.

The Nicks, Labels, Repairs and Stains labelling (BspQI) protocols were
performed for B. rapa Z1, B. oleracea HDEM and M. schizocarpa according to
Bionano Genomics with 600, 300 and 191.2 ng DNA, respectively. For the direct
label and stain (DLS) labelling (DLE-1), M. schizocarpa DNA was concentrated by
evaporation at room temperature. All DLS labelling was performed with 750 ng
DNA. Chip loading was performed as recommended by Bionano Genomics.

Quality control of raw reads. Illumina data. After Illumina sequencing, an in-
house quality control process was applied to the reads that passed the Illumina
quality filters. The first step discarded low-quality nucleotides (Q <20) from both
ends of the reads. Next, Illumina sequencing adapters and primer sequences were
removed from the reads. Then, reads shorter than 30 nucleotides after trimming
were discarded. These trimming and removal steps were achieved using in-house-
designed software based on the FastX package®. The last step identified and
discarded read pairs that mapped to the phage phiX genome, using SOAP** and
the phiX reference sequence (GenBank: NC_001422.1). This processing resulted in
high-quality data and improvement of subsequent analyses.

Nanopore data. The nanopore long reads were not cleaned; we used the raw
reads for each genome assembly. Taxonomic assignation was performed using
Centrifuge” for each data set to detect potential contamination.

Long-read genome assemblies. We used the Ra*, SMARTdenovo® and wtdbg
assemblers with all nanopore raw (or corrected) reads or subsets of raw
(or corrected) reads composed of either the longest reads or those selected by
the Filtlong" software (Supplementary Tables 3-5), as it has been proven that
downsampling the read coverage can be beneficial for the assembly phase’. We also
tried to use Canu'' but could not get to the final assembly stage owing to the high
computational requirements. Moreover, we could not select any subsets of reads for
B. oleracea, as the sequencing depth was too low to subsample the sequencing data.
Ra, wtdbg and Filtlong were used with default parameters. We used the following
options as inputs to SMARTdenovo: ‘-c 1’ to generate a consensus sequence,
‘-] 5000 to remove sequences smaller than 5kb and -k 17’ to use 17-mers, as this is
advised by the developers for large genomes.

Then, we selected the ‘best’ assembly for each organism, based on
contiguity metrics, such as N50 or cumulative size. For all organisms, the
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Ra assembler produced the most contiguous assembly. The best B. oleracea
and B. rapa assemblies were obtained using all of the reads and had contig
N50s of 7.3 Mb and 3.8 Mb, respectively. By contrast, the best M. schizocarpa
assembly (N50 of 4.0 Mb) was obtained using a 30X subset of reads generated
by Filtlong.

A high-quality consensus was needed for both aligning the optical map onto
the contigs and annotating genes. As nanopore reads contain systematic errors in
homopolymeric regions, we polished the consensus of the selected assembly three
times with the nanopore reads as input to the Racon* software and then three
additional times using Illumina reads as input to the Pilon* tool (Supplementary
Tables 6-8). Both tools were used with default parameters. The polishing process
significantly improved the number of complete BUSCOs detected in all organisms.
The percentage of complete BUSCOs went from 74.2% to 97.3% for B. oleracea,
from 79.7% to 97.8% for B. rapa and from 53.8% to 93.4% for M. schizocarpa.

Long-range genome assemblies. Two enzymes (BspQI and DLE-1) were used to
generate optical maps and both maps were produced using a single chip for each
genome. The DLE-1 map was generated using the new DLS technology, which
significantly improved the contiguity of the optical maps (N50s are 6-15-times
higher using DLS; Supplementary Table 10). Genome map assemblies for the three
species were generated using Bionano Solve Pipeline version 3.1.1 and Bionano
Access version 1.0a. A rough assembly was first performed with the following
parameters: -i 0 -V 0 -A -z -u -m (pipelineCL.py). This first result was used as

a reference for a second assembly, launched with the following parameters (as
recommended by the supplier): -y -r (rough assembly cmap) -V 0 -m. We filtered
out molecules smaller than 180 kb and molecules with less than nine labelling sites
(Supplementary Tables 9 and 10). The nanopore contigs were then organized using
the two Bionano maps (DLE and BspQI), with the scaffolding procedure provided
by BioNano Genomics, and negative gap sizes were checked with an internal
procedure that fused overlapping contigs and greatly improved the contig size

(see the ‘Resolution of negative gaps’ section).

Construction of a high-density B. oleracea genetic map and validation and
anchoring of our B. oleracea assembly. To construct a B. oleracea genetic map,
an F2 population (95 progenies) was obtained from a cross between Richelain

(B. oleracea ssp. capitata) and HDEM (B. oleracea var. botrytis italica). This
population was genotyped using the Illumina 60K array and a genetic map was
constructed using the CarthaGeéne software*. A total of 6,528 markers were
genetically mapped, totalling 817.3 cm. The sequence contexts of all single-
nucleotide polymorphism markers that were genetically mapped were blasted
against our B. oleracea HDEM assembly to validate the quality of our assembly
and to help with the ordering and orientation of scaffolds. Of these 6,528 markers,
5,449 were physically anchored on the HDEM assembly and, more specifically,
onto the 20 largest scaffolds (out of 140), representing 96.96% of the whole
assembly. The genetic and physical positions were discordant for only 95 markers
(1.74%) due to an inaccurate position on the genetic map (of a few centimorgans
in almost all cases). In most cases, only two scaffolds per pseudomolecule were
obtained, with one end of each scaffold corresponding to a centromere region
(Supplementary Fig. 12).

Resolution of negative gaps. We inspected several regions of the optical map
where two nanopore contigs were joined and found in several cases that the
nanopore contigs overlapped (based on the optical map), and this overlap was not
managed by the hybrid scaffolding procedure (Supplementary Fig. 11). In these
cases, the workflow decided not to fuse the two contigs and added a 499-bp gap.
We checked all 499-bp gaps and aligned both 30-kb flanking regions with BLAT*.
The two flanking contigs were joined if one alignment (score of >3,000) was
detected. This procedure resolved several negative gaps and improved the contig
N50 (Supplementary Table 11).

Transposable element annotation. Transposable elements and, more generally,
transposable element-rich regions are under-represented in short-read assemblies.
To investigate this aspect, we performed transposable element detection for

our three genomes and the three available reference assemblies. Transposable
elements were annotated using RepeatMasker’ (with default parameters, taxon
viridiplantae for M. schizocarpa and eudicotyledons for Brassica) and transposable
element libraries. The transposable element database generated in ref. *” was

used to annotate the B. oleracea and B. rapa genomes. The transposable element
database for the M. schizocarpa annotation came from an M. acuminata study"”.
We masked 34.43%, 37.82% and 51.09% of the genomes of B. rapa, B. oleracea and
M. schizocarpa, respectively (Supplementary Tables 15 and 16).

Gene prediction. Gene prediction was done using proteomes from

homologous species. For B. rapa, we used the following three proteomes: B. rapa
(UP000011750), Brassica napus (UP000028999) and A. thaliana (UP000006548).
For B. oleracea, we used the proteomes of B. oleracea (UP000032141), B. napus
and A. thaliana. For M. schizocarpa, we used the proteomes of M. acuminate
(UP000012960), Oryza sativa (UP000059680) and Phoenix dactylifera
(UP000228380).
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Low complexity in protein sequences was masked with the SEG algorithm. Low
complexity in genomic sequences was masked using the DustMasker algorithm*.
Tandem repeats were masked using Tandem Repeat Finder”. The transposable
elements detected by RepeatMasker were also masked for the gene prediction step,
as described in the “Transposable element annotation’ section.

The proteomes were aligned to the genomes in two steps. First, BLAT*
(default parameters) was used to quickly localize corresponding putative genes of
the proteins on the genome. The best match and matches with a score of >90%
(70% for A. thaliana proteins) of the best-match score were retained. Second, the
alignments were refined using Genewise™ (default parameters), which is more
precise for intron-exon boundary detection. Alignments were kept if more than
80% of the length of the protein was aligned to the genome.

We integrated the protein homologies using a combiner called Gmove® to
predict gene structures. This tool can find coding sequences based on the protein
mapping structures. It is easy to use with no need for a pre-calibration step. Briefly,
putative exons and introns, extracted from the alignments, were used to build
a simplified graph by removing redundancies. Then, Gmove extracted all paths
from the graph and searched for open reading frames consistent with the protein
evidence. A selection step was applied to all candidate genes, essentially based on
gene structure.

Finally, we used the pan-genomes of B. oleracea® and B. napus to complete the
gene catalogue. We aligned these two protein databases using the same workflow
and integrated the results using Gmove. The final gene catalogues of B. oleracea and
B. rapa are composed of the first Gmove results with the predicted genes (based on
pan-genomes) that do not overlap with any previous annotation.

Using this pipeline, 46,721, 61,279 and 32,809 gene models were predicted for
B.rapa, B. oleracea and M. schizocarpa, respectively. We assessed the completeness
of the annotation using BUSCO* (embryophyta data set) and detected a similar
(or higher) proportion of complete genes when compared with existing gene
annotations (Table 1 and Supplementary Table 13). Moreover, we computed the
annotation evaluation distance for the three genomes using the existing gene
catalogues as reference annotation (Supplementary Table 14).

Comparison with available plant assemblies. We downloaded a selection of 102
plant genome assemblies by retrieving assemblies organized at the chromosome level
and recently published genomes. We computed the usual metrics (cumulative size, NX,
LX, average size, number and size of gaps) at the scaffold level. Where NX is defined

as the sequence length of the shortest sequence at X% of the total genome length,

and LX is defined as the smallest number of contigs whose length sum produces NX.
Contigs were generated by fragmenting scaffolds at each N and metrics were computed
from the resulting contig fasta files. Expected genome size and chromosome number
information was obtained from the Kew website (https://www.kew.org) or from
scientific publications. This information is available in Supplementary File 2.

Comparison of ONT and PACBIO data sets. Six PACBIO data sets

were downloaded from the European Bioinformatics Institute-European
Nucleotide Archive and metrics were computed from the whole data set with

the following coverage: 127x (V. angularis, PRIDB3778), 231X (V. vinifera,
PRJNA316730), 224X (R. chinensis, PRINA413292), 125% (C. maxima,
PRJNA318855), 168 (F vesca, PRINA383733) and 283x (A. thaliana,
PRJNA237120). Likewise, metrics were computed from the whole ONT data sets:
79X (B.rapa), 51X (M. schizocarpa) and 36X (B. oleracea). All of the standard
metrics are available in Supplementary Table 17.

Comparison with reference genomes. We compared the three genome assemblies
with corresponding reference genomes using nucmer from the mummer4
package™ and dot™, an interactive dot plot viewer, to generate genome-genome
alignment dot plots (Supplementary Figs. 4-6).

We downloaded the 199 B. rapa and 119 B. oleracea accessions from the NCBI
website (PRJNA312457; Supplementary Table 1), raw reads were then mapped
using bwa mem (default parameters) to the chromosomes of the reference and
our nanopore assemblies for the two species. The proportion of mapped reads for
each accession was computed from the BAM output files (Supplementary Tables 18
and 19 and Supplementary Fig. 13). We retrieved the 65.7 million and 188 million
Tllumina reads that could not be mapped to the reference genomes (To1000 or
Chiifu). We were able to localize 52% and 39% of these reads to our assemblies,
respectively. By screening the coverage along the HDEM and Z1 chromosomes,
we found 2,735 and 3,508 regions (larger than 1kb and with a coverage of at least
10x), respectively, representing 5.26 Mb and 7.61 Mb and spread over all of the
chromosomes. We localized and annotated these regions as coding exon, intron
or transposable element using bedtools (Supplementary Figs. 14 and 15 and
Supplementary Table 20), and observed that nearly 20% of the bases (representing
1.14 Mb and 1.54 Mb for HDEM and Z1, respectively) were annotated as genic
regions (intron+ exon).

We computed best reciprocal hits using blastp between reference annotations
and our gene predictions. We compared the gene order (synteny) for each couple
of genome and searched for syntenic clusters of at least ten genes that are not
located on the same chromosome. We found 1, 23 and 5 translocations between
the B. oleracea, B. rapa and Musa (assembly V1) genomes involving 25, 951 and 658
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genes, respectively. Synteny visualizations were performed using the MCScan tool,
obtained from https://github.com/tanghaibao/jcvi/wiki/MCscan-(Python-version)

(Supplementary Figs. 7-9).

Estimation of sequencing costs. We computed the sequencing costs for each
genome using the following public prices: US$500 and US$2,200 for each MinION
and PromethION flow cell, US$2,146 for one-third of a HiSeq2500 flow cell
(2x250bp), US$175 for nanopore long-read library preparation, US$51 for Illumina
PCR-Free library preparation, US$1,500 for a single BioNano Genomics chip and
US$474 for the library preparation for two optical maps (BspQI and DLE-1). Given

these costs, we estimated sequencing costs of US$13,621, US$12,271 and US$16,321 to

generate the chromosome-scale assemblies of B. rapa, B. oleracea and M. schizocarpa,

respectively, based on the MinION device. The sequencing cost for the M. schizocarpa

assembly based on the PromethION device was estimated to be US$6,546.

Analysis of FLC genes. The FLC genes were searched using blastp and a database
of FLC genes composed of predicted genes from a previous study” and the pan-

genome of B. oleracea”. Five and three FLC genes were found in the gene catalogue of

HDEM and Z1, respectively. The sixth and fourth genes were missing in the HDEM
and Z1 annotation and were retrieved from the genomic sequence and added to the
gene catalogue. Finally, we reported three FLCI, one disrupted FLC2, one FLC3 and
one FLC5 genes for B. oleracea HDEM and one FLCI, one FLC2, one FLC3 and one
FLC5 genes for B. rapa Z1. Phylogenic trees were built using Phylogeny.fr*, a free,
simple-to-use web service dedicated to reconstructing and analysing phylogenetic
relationships between molecular sequences (Supplementary Fig. 17).

Identification and analysis of the self-incompatibility locus in the two Brassica

genomes. Self-incompatibility emerged as an evolutionary strategy to foster genetic

diversity and exchange in plant species. In Brassicaceae, self-incompatibility is

controlled by a single multi-allelic locus (named the S-locus). We first identified the
self-incompatibility alleles within each of the Brassica genomes with an unpublished

S-locus genotyping pipeline using raw Illumina reads from shotgun sequencing
of each individual (Z1 and HDEM) and a database of all available sequences of
SRK (the self-incompatibility gene expressed in the pistil) from GenBank. Briefly,
this pipeline (named NGSgenotyp) uses Bowtie2 to align raw reads against each
reference sequence from the database and produces summary statistics with
SAMtools (v1.4). We found that Z1 shared the same class II S-haplotype (B. rapa

§-60) as Chiifu, whereas HDEM had a different class I S-haplotype (B. oleracea S-13)

than To1000 (B. oleracea S-28). Using the full SRK sequences of these two S-alleles
from GenBank, we localized the S-locus within each of the two Brassica assemblies
with a blast search. We also identified the two other S-locus genes, SCR/SP11, the
pollen-expressed gene, and SLG, a pistil-expressed SRK paralogue, within each
assembly. Note that HDEM has full coding sequences of SRK and SCR, whereas
To1000 apparently lacks the SCR gene as well as the first two exons of SRK. Then,
we analysed the synteny in the S-locus and in flanking regions by comparative
analyses (using blast) of the annotated assemblies with the corresponding S-locus
regions in the B. rapa and B. oleracea reference genomes. Analysis of the two pairs
of S-locus sequences revealed high sequence homology in genic and intergenic
regions for the Z1-Chiifu pair as they share the same S-allele, whereas low overall
homology was found for the HDEM-To01000 pair, which has distinct S-alleles.
Finally, we produced a figure representing the annotated genes within the S-locus

and its flanking regions using R and used mVista to estimate the degree of sequence

homology in the S-locus region between our two Brassica assemblies and the two
reference genomes (Supplementary Fig. 19).

Analysis of assembly completeness of R-gene clusters. Three orthologous
disease resistance-like genes clusters identified in DH-Pahang assembly version

1 (ref. '°) were searched in DH-Pahang version 2 (ref. '’) and in the assembly

of M. schizocarpa with gene identifiers and blast search, respectively. Cluster
boundaries were manually refined based on the gene annotation of these two
genomes and the proportion of N was calculated for each region (Supplementary

Table 21). The proportions of N reported in results were calculated as the N sum in

the three clusters divided by their cumulated size.

Reporting Summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

The genome assemblies, gene predictions and genome browsers are freely available

at http://www.genoscope.cns.fr/plants. The Illumina, MinION and PromethION
data, the assemblies and the annotations are available in the European Nucleotide
Archive under the following projects: PRJEB26620 (B. rapa), PRJEB26621

(B. oleracea) and PRJEB26661 (M. schizocarpa). Germplasm for these genomes
will be made freely and publicly available to the entire community. M. schizocarpa
germplasm is available at Bioversity International Transit Center under ITC
number ITC0926. B. rapa ssp. trilocularis (genotype Z1) is available at the Plant
Genetic Resources of Canada and B. oleracea ssp. italica (genotype HDEM)

is available at the Biological Resource Center BrACySol, Rennes, France. All
supporting data are included in the Supplementary Information.
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