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Abstract
Releasing of the Brassica rapa var. Chiifu genome provided a reference
for genome evolution research, gene discovery and breeding of Brassica
crops. However, because of the limitation of the current technology, there
is still a great space for the genome to be improved. These include
increasing of the assembled repeat sequences, anchoring of the assemblies,
accuracy of the predicted gene models and annotation of functional
genome elements. More genomes of relative species were released.
Comparative genomics genomes should be conducted to understand the B.
rapa genome under a wider background. The reference genome provided
possibilities to explore the genetic variation in B. rapa by GWAS. But
large scale genome wide SNPs have to be generated. Extensive application
of the genome data needs also improvement of the genome database.

The release of the Brassica rapa var. Chiifu
genome (Wang et al. 2011) is not only of
importance for genome evolution research but
also facilitates gene discovery and breeding of
Brassica crops. We can now rebuild the evolu-
tionary route of the mesopolyploid Brassica
genome (Cheng et al. 2013) and bridge the rich
knowledge obtained from Arabidopsis to this
cultivated crop species. However, this is just a
starting point for applying genomics to improve

Brassica crops. Sequencing of the B. rapa
genome is far from finished. The quality of the
genome assembly has room for improvement
owing to advances in sequencing technologies.
The accuracy of the annotation can be increased
with the accumulation of more RNA-seq data.
The genome should be better understood by
being studied from different angles. More tools
and resources need to be established to success-
fully transfer the knowledge from Arabidopsis to
the Brassica crops and help the breeders to
increase the rate of breeding.

Owing to the limitations of sequencing tech-
nology and in the power of the assembly pipe-
line, the present version of the B. rapa genome is
still a draft, and a large part of the genome has
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not been assembled yet. The present assembly of
the B. rapa genome was assembled using mostly
paired-end reads of 75 bp. Based on theoretical
estimations, the genome size is 485 Mb; how-
ever, only 285 Mb were assembled, which is
58.7 % of the predicted total genome. It was
determined that the missing 200 Mb is largely
repetitive sequences, which are also very
important for understanding the genome (Wang
et al. 2011). Even within the assembled sequen-
ces, there are a large number of gaps waiting to
be filled.

The sequencing technologies are developing
rapidly, and the assembling pipelines are con-
tinuously improving. The read lengths of the
most widely used Illumina sequencing method
has now reached 250 bp and are increasing rap-
idly. The assembling pipelines, such as
ALLPATHS-LG (Gnerre et al. 2011), MaS-
uRCA (Zimin et al. 2013), SOAPdenovo2 (Luo
et al. 2012), and Velvet (Zerbino and Birney
2008), can create contigs by using longer k-mers
over 100 bp or even dynamic k-mers (Platanus)
(Kajitani et al. 2014). This improvement can
greatly increase the quality of the assembly,
especially the lengths of repetitive sequences that
can be assembled. The third-generation
sequencing technologies, such as Pacific bio
and nanopore (Branton et al. 2008; Gupta 2008;
Mardis 2008; Metzker 2009; Ku and Roukos
2013), which can produce very long reads over
10 kb, are emerging and maturing. Although the
accuracy of the reads is not as high as
second-generation sequencing methods, the read
length can improve significantly the lengths of
the contigs and the assemblage quality of repet-
itive sequences. There is still plenty of room to
improve the recent B. rapa genome assembly
(version 1.5) by adopting new sequencing and
assembling technologies.

The scaffolds anchored to the linkage groups
can also be increased by using high-density maps
constructed with markers produced by
high-throughput sequencing. The chromosome
pseudomolecular version 1.5 of the present B.
rapa assembly was created using linkage maps
constructed with a total of 1673 traditional mark-
ers (mostly SSRs and InDels). Approximately

90 % of the 285 Mb assembly was anchored.
Recently, (Yu et al. 2013) reported a high-density
linkage map generated by resequencing 150
recombinant inbred lines (RILs) derived from the
cross between heading and nonheading Chinese
cabbage. The map contained 2209 bin markers
produced from more than 1 million single nucle-
otide polymorphisms (SNPs). Such a high quality
map, and similar maps generated in the future,
should greatly facilitate the anchoring of scaffolds,
especially when more sequence is assembled for
the next version of the B. rapa genome.

Improving the annotation of a reference gen-
ome is continuous work. Using gene expression
data to support gene model predictions is the
most important way to improve the annotation.
The current versions of the gene models were
mostly predicted based on the limited expressed
sequence tag (EST) data generated by traditional
EST sequencing. Recently a large number of
high-throughput RNA-seq data have been gen-
erated (Cheng et al. 2012; Mun et al. 2012; Wang
et al. 2012; Paritosh et al. 2013; Song et al. 2013;
Tong et al. 2013), which provided rich resources
for increasing the accuracy of gene model pre-
dictions. The abundance of RNA-seq data also
provided opportunities to detect alternative tran-
script splicing of genes. Furthermore, technolo-
gies to isolate RNA from specific tissues or
single cells are now combinable with
high-throughput sequencing. This allows the
detection of tissue- or cell-specific and lowly
expressed mRNA, which will further improve the
gene model predictions.

Repetitive sequences compose most of the B.
rapa genome; however, they are still poorly
studied. Repetitive sequences of the B. rapa
genome have been neither well assembled nor
well characterized. This part of the genome is
largely hidden. The application of new
sequencing technology and sequence assemblers
will improve the assembling of repetitive
sequences, which will allow us to better under-
stand the structure of these sequences in the
genome.

In human genomics, there is an ENCyclopedia
Of DNA Elements (ENCODE) project
(ENCODE 2004), which generates a variety of
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whole-genome datasets that, in total, describe the
sequence, alternative transcript splicing, DNA
methylation, regulatory protein occupancy
(CHiP-seq), small and long noncoding RNA
levels, points of chromosomal contact (Hi–C),
and a variety of chromatin/nucleosome occu-
pancy characteristics. It is obvious that the
human ENCODE project is extremely valuable
in advancing human health. The value of
ENCODE-like data for crop improvement can
also be expected.

A number of Brassicaceae species, including
Arabidopsis lyrata (Hu et al. 2011), Capsella
rubella (Slotte et al. 2013), Schrenkiella parvula
(syn. Thellungiella parvula) (Dassanayake et al.
2011), Leavenworthia alabamica (Haudry et al.
2013), Sisymbrium irio (Haudry et al. 2013), and
Aethionema arabicum (Haudry et al. 2013) were
sequenced recently. The very close relatives of B.
rapa, Brassica oleracea (Liu et al. 2014) and
Brassica nigra, and its allotetraploid relatives,
Brassica napus and Brassica juncea, have also
been sequenced and will be publically available
soon. Tools that can visually present the com-
parative results and integrate functional annota-
tions from different species will now be of vital
importance. This is not only because these
comparative tools can be used for transferring
knowledge from species to species, but also
because these tools can help investigators who
are not working in the field of genomics to apply
genomics in their own fields.

B. rapa has a genome that is still rapidly
changing. A better understanding of the B. rapa
species cannot be achieved using only a refer-
ence genome. There are at least two factors that
drive change in the B. rapa genome. First, as a
species with relatively recent whole-genome
triplication, the B. rapa genome is still experi-
encing gene fractionation. Second, the transpo-
sons in B. rapa are very active. Both of these
factors create large numbers of variations within
the species. The concepts of pan and core gen-
omes were adopted to describe the genome of B.
rapa by (Lin et al. 2014). They defined a core
and a pan genome in B. rapa after comparing the
reference genome with the resequencing data of a
rapid-cycling line and a turnip accession.

However, this was not nearly enough informa-
tion for defining an accurate core and pan gen-
ome. Increasing high-throughput sequencing
methods and price reductions for sequencing data
have now allowed the resequencing of a large
number of accessions. Resequencing of a col-
lection of accessions representing different B.
rapa morphotypes and geographic origins will
produce information capable of more accurately
defining the core and pan genomes of B. rapa.
However, using the Chiifu genome as a refer-
ence, we can only look at the genes present in
that genome. Many genes or genetically active
features are accession-specific and cannot been
seen in the Chiifu reference genome. The de
novo assembly of some representative accessions
of different morphotypes is necessary to define
more comprehensive core and pan genomes for
B. rapa.

B. rapa is morphologically very polymorphic.
Under artificial selection during domestication, it
has evolved many different morphotypes with
extreme morphological characteristics, such as an
enlarged hypocotyl stem in turnip, enlarged leafy
heads in heading Chinese cabbage, and strong
axillary branching described by Mizuna et al.
Detecting the genes involved in extreme traits
will not only help to illustrate how artificial
selection impacts a genome and shapes it into a
crop, but will also be of importance in improving
the agronomic traits. Large scale resequencing
can detect selection signals, such as selection
sweeps and FST, which can be used to pinpoint
selected genes and further unravel the genetic
mechanisms behind the morphological plasticity
of B. rapa. The domestication and spreading
history of B. rapa crops are still mysteries. With
the accumulation of whole genome sequence
information from a large number of B. rapa
accessions with different origins, genomic evi-
dence can be collected to solve these mysteries.
However, unlike B. oleracea, in which many
wild species were found in the Mediterranean
region, no native wild B. rapa has been found.
This makes the investigation of B. rapa’s
domestication more challenging.

Association mapping, often in the form of
genome-wide association study, is a tool used to
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map quantitative traits based on linkage disequi-
librium (LD), which was first developed in human
genetics. It has the advantage of mapping quan-
titative traits with high resolution in a way that is
statistically very powerful. To perform associa-
tion mapping, the entire genome needs to be
scanned for significant associations between a
panel of SNPs and a particular phenotype, which
requires an extensive knowledge of the SNPs
within the organism of interest’s genome. To take
advantage of association mapping in locating loci
for important traits in B. rapa, we have to develop
tools that can detect SNPs in a high enough
density to locate associating genome blocks. As a
species with the feature of outcrossing and an
evolutionary history of millions of years, we can
expect that the LD of the species is not large,
which will make it difficult to use DNA chip
technology to detect enough SNPs for association
mapping. To perform association mapping in B.
rapa, high-throughput resequencing should be
used to generate enough SNPs.

The Brassica database (BRAD) (Cheng et al.
2011) is a portal for Brassica genome informa-
tion. BRAD has recently begun focusing on
providing services for mining the genomic data
of B. rapa, including a genome browser, synteny
block information, and gene annotation data. It
also hosts the genomic data of B. oleracea and
other Brassicaceae species with published gen-
omes. It is predicted that the genome sequences
of other Brassica, such as B. nigra, B. napus, B.
juncea and B. carinata, and species closely
related to Brassica, such as the Raphanus spe-
cies, will soon be published. Integrating their
genome data into BRAD will enable the com-
parison of the B. rapa genome with the genomes
of its closely related species and aid in unravel-
ing the evolution of the complicated genomes of
the Brassica species. There are also large-scale
resequencing projects of B. rapa underway.
Databases and tools for exploring resequencing
data will be designed and included in BRAD to
facilitate gene mining and variety breeding of B.
rapa crops. The concept of a diversity-fixed
foundation set has been proposed for B. rapa,

and we believe that with the creation of such a set
of genetic materials, genomics, transcriptomics,
metabolomics, and even phenomics data will be
produced and made publically available. Plat-
forms should be established to integrate, “view”,
and explore the omics data.
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