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Abstract

Background: The continuing increase in size and quality of the “short reads” raw data is a significant help for the
quality of the assembly obtained through various bioinformatics tools. However, building a reference genome
sequence for most plant species remains a significant challenge due to the large number of repeated sequences
which are problematic for a whole-genome quality de novo assembly. Furthermore, for most SNP identification
approaches in plant genetics and breeding, only the “Gene-space” regions including the promoter, exon and intron
sequences are considered.

Results: We developed the iPea protocol to produce a de novo Gene-space assembly by reconstructing, in an
iterative way, the non-coding sequence flanking the Unigene cDNA sequence through addition of next-generation
DNA-seq data. The approach was elaborated with the large diploid genome of pea (Pisum sativum L.), rich in repeti-
tive sequences. The final Gene-space assembly included 35,400 contigs (97 Mb), covering 88 % of the 40,227 contigs

(53.1 Mb) of the PsCam_low-copy Unigen set. Its accuracy was validated by the results of the built GenoPea 13.2 K

SNP Array.

Conclusion: The iPEA protocol allows the reconstruction of a Gene-space based from RNA-Seq and DNA-seq data

with limited computing resources.
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Background

Next-generation sequencing (NGS) technologies and
their low cost provide an easy access to the sequences of
many genotypes and thus to the single nucleotide poly-
morphisms (SNPs). This ability has changed many appli-
cations of plant and animal genetics: analysis of genetic
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resources, QTL mapping, association genetics, marker-
assisted breeding. The construction of genotyping array
for the joint analysis of thousands or even hundreds of
thousands SNP is a major challenge for the improvement
of plant and animal species (association genetics, genom-
ics selection, etc.).

However to identify the SNPs, the most commonly
used bioinformatics methods require a mapping step
performing the alignment of raw data (reads) to a refer-
ence sequence.
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The continuing increase in size and quality of the “short
reads” sequences is a significant help for the quality of
the assembly provided by various bioinformatics tools
(Velvet [1], ABySS [2], Bowtie [3], SOAPdenovo [4]),
but simultaneously it causes increased costs in terms of
computer processing [5]. Even though, for most plant
species, building a reference genome sequence remains a
significant challenge due to the large number of repeated
sequences that are problematic for a quality de novo
assembly. The constitution of international consor-
tia is still necessary for mobilizing the technical and IT
resources required.

In practice, for most of the applications mentioned
above, only the sequence portion of the “Gene-space”
(with gene implied in a broad sense as: promoter, exon
and intron) is actually considered when identifying
SNPs. The positioning of SNPs on repetitive sequences
is de facto very difficult if not impossible because these
sequences have multiple locations in the genome. The
use as a reference sequence of a “Unigene’; built from a
RNA-seq sequence data, is an effective and economical
alternative. However, for SNP identification, the Unigene
set is still limited by the fact that much of the variability
between genotypes of crop species are found in the non-
coding portion of the gene (intron sequences, 3’ and 5
UTR), less subject to selection pressure.

We present here a bioinformatics approach which
allows, for a diploid species without a complete
genome reference sequence, the de novo assembly of
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a Gene-space combining DNA-seq data from high
throughput sequencing and a Unigene sequence set built
from RNA-seq data.

The approach was elaborated and tested for building
a genotyping chip for pea (Pisum sativum L.). The pea
genome is large with a genome estimated ca. 4.45 Gb,
diploid (2n = 14) with full of repetitive elements, with
75-95 % of it being repeated sequences [6]. The efficiency
of the de novo assembly obtained by this protocol was
validated by different methods, and particularly by the
results of the high throughput genotyping array built
from it.

This de novo assembly protocol allows laboratories
with limited IT resources to obtain a reference sequence
consisting of a large part of the Gene-space using RNA-
seq and DNA-seq data now easy accessible in any plant
species.

Methods
General principle of the method
We used an iterative protocol (Figs. 1, 2, 3) where each
iteration (I1 to In) included two steps. Step.l imple-
mented a “filter” that only retained the DNA-seq paired-
end reads showing homology with a reference sequence
file provided at each iteration. Step.2 assembled the
paired-end reads filtered at Step.1 into contigs.

The “filtration Step.l” was performed by mapping
paired-end reads against the reference sequence file
provided (either Unigene contigs for the 1st iteration

Iteration 2 [12]

N Iteration [In]

Exon 1 . ‘Missing Intron 17 7 | Exon 2 I Missing Intron 2 | Exon 3 |
‘ Exon 1 Intron 1 ] Exon 2 [ Intron 2 ] Exon 3

(Unigene), providing additional information for the next iteration

Fig. 1 The evolution of the reconstruction of a genic sequence, represented by a succession of exons (orange) and intron (green). The paired-end
reads are colored in orange or in green if they correspond to an intronic sequence (green), an exonic sequence (orange) or a junction intron/exon
sequence (green and orange). The figure shows that during the iterations, the introns are added to the exons present in the first reference sequence
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or the extended sequence from the previous iteration).
The reads R1 and R2 are physically linked as the data
were produced in “paired-end reads” All pairs of reads
of which at least one of the reads was mapped onto the
reference were extracted for the Step.2. At the first itera-
tion, the reference sequence is the Unigene, consisting of
exon sequences. If only one read of one pair is mapped,
it means that the second unmapped read is either in an
intron (therefore absent from the reference sequence),
or in an overlapping intron/junction. These unmapped
reads (in green in Fig. 1) provide the missing intronic
sequences at each later iterations.

The mapping and extraction tools used (CLC_ref
assemble_long and sub_assembly, respectively) are part
of the CLC Assembly Cell Package (version 3.22). The
mapping parameter for the distance between R1 and R2
corresponds to the insert lengths of the sequenced DNA
libraries. The value of the coefficient identity is chosen
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very high because the reads obtained by sequencing are
mapped to the Unigene built from the same genotype
Caméor.

The “de novo assembly Step.2” reconstructed contigs
from the filtered read pairs. This step was implemented
through the HKU-IDBA tool (version 1.09). HKU-
IDBA [7] was selected after comparison with Velvet [1]
and ABySS [2]. HKU-IDBA requires less RAM or CPU
resources and provides better results for our applica-
tion. HKU-IDBA, based on De Bruijn graph, itself uses
an iterative process. HKU-IDBA varies its value of
k-mer between a minimum kmin and a maximum kmax
for each iteration by incrementing a step value. It suc-
cessively provides de novo assemblies for these k-mers,
which allows to obtain a better result by correcting and
validating its contigs. Using an iterative k-mer also over-
comes the problem of choosing the k-mer value which is
very important in this type of de novo assembly protocol

STEP1:

Cleaned (QC & Trimmin
FILTER i o

PE reads HiSeq

Mapping

Iteration 1

Aligned PE Reads Pairs

N
Reference Sequence
[REF j1
Becomes
new reference
sequence
Iteration j

Extracted aligned PE Reads Pairs
(at least one of the
two reads is mapped)

UniGene

[REF1]

STEP 2 :
ASSEMBLY
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Assembly
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new input read
at j+1

|

PE MiSeq Reads

assembly already produced
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Fig. 2 The method diagram. For the first iteration, HiSeq 2000 short reads were submitted as “input short read” while longer reads from MiSeq are
submitted as “input long reads”. For further iteration lj, the contigs produced by Ij-1 are used as a new “input long read’, in order to maintain the
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[8]. The use of multiple k-mers should avoid the prob-
lem with even kmers that could become reverse com-
plements of their own sequences [9]. HKU-IDBA inputs
reads files with size less than or equal to 128 nt as “input
short read” and files containing reads greater than 128 nt
size as “input long read” At the end of each iteration, a
fasta file containing all contigs longer than a minimal
threshold size defined by the user was produced. This
output file is then used at the next iteration as a new ref-
erence sequence for the mapping (Step.1) and also as a
new “input long read” for the HKU-IDBA tool (Step.2)
in order to keep the assembly built at the previous itera-
tion. The algorithm of the processing is described in
Fig. 3.
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Application to the construction of the Pea Gene-space

Two TruSeq Illumina libraries of insert sizes 390 and
620 nt were produced from a unique total DNA of
the inbred cultivar Caméor (provided by the Dijon
team) and subjected to HiSeq 2000 (paired-end,
read length = 101 nt) and MiSeq (paired-end, read
length = 250 nt) sequencing, following the provider’s
instructions. 562,493,396 and 28,527,820 raw reads
were produced from HiSeq and Miseq sequencing,
respectively. A data quality control on the HiSeq files,
carried out with the software fastaQC [10], showed
that for the majority of reads, the Phred score was
between 30 and 40. A trimming was performed on the
HiSeq files with the constraints defined as followed: a

Algorithm 1: The processing

input

(paired-end).

output:

de novo assembly.

S€qref ¢ UYGP
fori<~0ton—-1do

if i =0 then
S€Qref

else
S€Qref

end
contigsass < S€qref

end

return contigs,s
end

kiins Emaz are the kmer minimum and the kmer maximum.
step is the increment value of kmer at each step.

n is the number of iteration

reads, readsy are the sets of reads 1 and reads 2

readsiong is the set of long reads.
l is the distance between reads 1 and reads 2 (paired-end).

ugp is the set of reference sequences.

contigs,ss 1s the set of contigs resulting from

data
assembly is the alignement description.
reads,,, is the set of paired-end reads mapped.
seqres is the reference sequence.

begin

assembly < Assembler(seq,.s,reads;, readsy, l)
reads,,, < ExtractSeq(assembly)

DeNovoAssembler(readsp,, readsiong, kmin; kmaz, step)

DeNovoAssembler(readsym, s€Gre s, Kmin, Kmaa, step)

Fig. 3 The algorithm of the processing
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base is maintained if its Phred value is greater or equal
to 30. The resulting read has a size greater or equal
to 30 bases and without ambiguous base. 530,868,977
(94 %) paired-end reads were conserved (Additional
file 1).

At the first iteration I1, the pea PsCam_LowCopy Uni-
Gene set [11], built from RNA-seq data from Caméor,
containing 40,227 contigs in a fasta format, was used
as the initial sequence. These contigs have sizes that
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vary between 203 and 16,601 nt, with an average size
of 1277 nt and a N50 of 1725 nt for a total of 53.1 Mb.
Mapping parameters in Step.1 were defined as follows:
95 % similarity between a read sequence and the refer-
ence sequence and a distance between readl and read2
of 100—400 nt for short sizing libraries, or 250-600 nt for
longer sizing libraries. In Step 2, the HKU-IDBA algo-
rithm was used with the following parameters for all
iterations: kmin value (—-mink) of 20 nt, kmax (-maxk) of
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Fig. 4 During the successive iterations, a the number of de novo genomics contigs decreases, b the mean of the de novo contig length increases,
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100 nt, with an increment (—step) of 5nt, minimum con-
tig value (-min_contig) of 200 nt, similarity value (—simi-
lar) of 1 nt.

For the first iteration, HiSeq 2000 short reads (smaller
than 128 nt) were submitted as “input short read” while
long reads of size greater than or equal to 128 nt from
MiSeq are submitted as “input long reads” For further
iteration Ij, the contigs produced by Ij-1 are used as a
new “input long read’, in order to maintain the assembly
already produced (Figs. 2, 3).

A «standalone BLAST» [12] was performed to assess
the quality of contigs from the assembly with the tools
of NCBI-BLAST-2.2.29+, and more particularly MAKE-
BLASTDB and BLASTN [13]. The e-value chosen to
1-10"%.

All calculations were performed on a Dell PowerEdge
R5610 2 x QUAD CORE XEON 2.66 GHz 96 GB RAM.

Results

The implementation of iPEA

The first filtration step was used to retrieve though map-
ping, all reads corresponding to or close to the coding
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sequences. The statistics of mapping for the first itera-
tion I1 (Additional file 2) show that regardless of the
library size, the percentage of reads mapped is still of
the order of 1 %. Such a percentage is consistent with
the estimate of coding sequences in the pea genome.
The proportion of multi-hits reads (mapping at multiple
locations of the reference sequence) is still on the order
of 10 % which can indicate the presence of gene families
in the Unigene.

The percentage of paired-end mapped reads was twice
as large for the small insert library (26 % for the library
with a 390 nt insert), than for the large insert library
(13 % for the library with a 620 nt insert). Because the
estimation of the mean sizes of the exons in Lotus and
Medicago species are 127-140 nt, respectively [14], one
reason could be that two reads of one pair come more
often from the same exon in the libraries of short inserts
than in the larger one. In the case of a library with a
longer insert, more broken pairs are found, indicating
that only one read is homologous to an exon, the second
corresponding to a part of an intron sequence, not pre-
sent in the Unigene.

88%

35 400

38,7% o

'

15 577 Unigene
contigs reconstructed
with a ratio of

more than 50% 16.6%

l

6 677 Unigene
contigs 100%
reconstructed

at the end of the assembly (iteration 16)

40 227 Unigene contigs

reconstructed contigs

Fig. 5 The results of a local BLAST between the 40,227 Unigene contigs allow the estimation of the reconstruction rate of 35,400 de novo contigs
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At the first iteration, both the trimmed and mapped
HiSeq 2000 reads (16,335,096 short read input, paired-
ends, trimmed, 30-101 nt) and the untrimmed MiSeq
reads (28,527,820 long read input, paired-ends, 250 nt),
were assembled with the HKU-IDBA software. The
MiSeq reads were not trimmed as the average sequencing
depth was about 1.6x, but their main interest was their
higher length that help to anchor the contigs together.

The results of the different iterations 1-6 are shown
in Fig. 4a, b and Additional file 3. During the successive
iterations, the number of de novo contigs decreases from
56,219-40,901 with lengths between 299 and 18,907 nt,
the mean of the de novo contig length increases from
1443 to 2378 nt and the entire assembly size increases
from 53.1 (the Unigene size) to 97 Mb. The results
indicate that each iteration provides additional reads
obtained by the filtration step which can help to join the
contigs. But after the six iterations, the number of contigs
and the cumulative number of bases reached a plateau.

Assesment of the iPEA assembly

For the validation of the de novo assembly, one of the
most common metric is the N50 value, i.e. the contig
size for which all larger contigs cover 50 % of the total
length of the assembly [15, 16]. In our protocol, the N50
increases from 1931 (iteration I1) to 3416 (iteration 16)
(Additional file 2) which is consistent with medium gene
size in plants.

Because this metric is not sufficient to validate the
consistency of contigs obtained, two other information
allowed us to estimate the quality of the assembly: (1)
the rate of reconstruction of genes compared to the Uni-
gene and (2) the results of the GenoPea 13.2 K Illumina
genotyping BeadChip constructed from the assembly
obtained in the sixth iteration.

1. The rate of gene reconstruction and the deduction of
exon—exon borders on the Unigene sequence was esti-
mated by the results of the standalone BLAST between
the Unigene contigs and the de novo contigs recon-
structed at the end of the assembly (iteration 16). From
the 40,227 contigs that contains the Unigene, 35,400
were found in the de novo assembly (88 %, Fig. 5). This
rate indicates that both steps of mapping and assem-
bly did not cause a major loss of information from the
initial Unigene. The BLASTN results allow to estimate
the reconstruction rate over the 35,400 de novo con-
tigs: 6677 (19 %) were completely rebuilt, 15,577 (44 %)
were half to completely rebuilt, and the remaining
13,146 (37 %) were at less than half rebuilt (Fig. 5).

On the 4827 present in the Unigene but not found in
the de novo assembly (12 %), nearly half (2100 contigs)
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do not match against the NCBI database “Nucleotide col-
lection nr/nt” but the other half (2727contigs) matched
partially on pea sequence and/or on other species (Lotus
japonicus, Cicer arietinum, Trifolium repens, Vitis vinif-
era, Pinus taeda) with various degrees of distance to the
pea. These contigs could come from the building of chi-
meric sequences during the assembly.

2. Based on our de novo assembly, the GenoPea 13.2 K
SNP genotyping Illumina BeadChip [17] was designed
and built to perform gene mapping and genetic vari-
ability studies. The repartition of 11,166 SNP with
unambiguous position in four groups based on SNP
and primer localization in an intron or an exon is
presented in Table 1. 762 SNP (6.8 %) are located in
an intron and 427 (3.8 %) in an exon, i.e. with probe
straddling an exon/intron junction. The genotyping
results show that the percentage of polymorphic SNPs
detected is similar in the four SNP localizations and
around 90 %. The remaining 10 % is divided between
non-polymorphic SNPs and SNPs with technical
problem. These results validate the good quality of our
Gene-space assembly.

Discussion

The process described above has allowed us to develop a
high-performance genotyping array. These results dem-
onstrate the ability to develop highly effective tools for
genomic for species with large genome, mainly because
of repetitive sequences, or species where the financial
and human resources are limited. This was done by con-
structing a Gene-space using RNA-seq and DNA-seq
data, easily accessible bioinformatic tools and fairly lim-
ited computing resources.

The two steps of the protocol were evaluated for their
computing time requirements on the hardware speci-
fied in the “Methodology” section. The Step-1 of mapping
and filtering required about 23 h. The mapping is depend-
ent on the amount of data, their complexity (repeated
sequences) and the size of the reference sequence. Our
dataset included 1.16 billion reads (122Go) for iteration 1,
and 1.06 billion of reads (99.8Go) for the following itera-
tions. The computing time for the mapping in the first iter-
ation was 21 h. The time for data extraction is also directly
dependent on the size of the data set. CLC_Assembly_Cell
required approximately 2 h to generate the mapping coor-
dinates associated to each read (“cas” file). The benefits
of the filtration Step-1 are visible in the reduction of the
computing time and memory requirements in the assem-
bly Step-2. By introducing less complex data, the number
of possible branches to be explored during the assem-
bly process is reduced. Step-2 of the assembly performed
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Table 1 Validation of the four categories of SNP on the GenoPea 13.2 KSNP Illumina genotyping BeadChip

SNP in exon with primer SNP in exon with primer par-

SNP in intron with primer SNP in intron

in exon tially in intron in intron with primer partially
in exon
Total number of SNP 7265 762 2712 427
Detected polymorphism 6514 (89.5 %) 685 (90 %) 2442 (90 %) 380 (89 %)
Non-detected polymorphism 551 (7.8 %) 45 (5.9 %) 185 (6.8 %) 33 (7.7 %)
Technical error 200 (2.75 %) 32 (4.2 %) 85 (3.1 %) 14 (3.3 %)

with HKU-IDBA takes a little more than an hour. The
major advantage of the HKU-IDBA is to allow an itera-
tive increase of the kmer parameter between two values,
kmin and kmax, thus avoiding an arbitrary selection of the
size of kmer used in the assembly. We used a kmin = 20
because a kmer value under 20 presents a greater risk not
to be unique, and a kmax = 100 corresponding to the max-
imum length of reads. We analyzed the influence of differ-
ent values of the kmin to kmax step increment value (from
1 to 20 nt) on the number and average length of generated
contigs and the compatibility with the computer resources
available. A step of 5 nt was chosen as the best compro-
mise between quality of assembly and computing time.

The number of iterations to reach the plateau was
linked in our study to two parameters: the intron length
and the read length. The longer the intron, the higher is
the required number of iterations to completely recon-
struct the sequence between the two exons. Conversely,
longer read decrease the number of iterations needed to
reconstruct the sequence. It is usually considered that
two third introns are smaller than 150 nt [18]. This can
explain why the total number of bases included in the
assembly increases by 33 % at the first iteration (Fig. 4a,
b). Going past the 6th iteration did not make sense for
most of pea genes. However for genes with longer
introns, it may be helpful to perform additional iterations
by removing the already completed genes from the data-
set, in order to decrease computing time.

Our iPEA approach is near to Dutilh et al. [19] for
the construction of a bacterial metapopulation consen-
sus genome. The mapping to a reference sequence fol-
lowed by the assembly of the extracted reads is certainly
an attractive approach to allow gene analysis in the case
of genotypes or metagenome where the only available
reference sequence can be phylogenetically distant. Of
course, the quality of this de novo assembly is highly
dependent of the mapping of the first iteration, which
can be extended onto a Unigene dataset or any previously
assembled reference sequence. The criteria of mapping
(length and degree of similarity) must be adjusted as not
to lose the richness present in the raw data files by a too

high stringency. The final assembly performed at the end
of the different iterations is a reconstruction of the actual
sequences existing in a particular sample.

Finally, the Bioinformatics tools (CLC_ref_assemble_long
and sub_assembly, and HKU-IDBA) to perform the mapping
and assembly were effective in this work but it is certain that
other programs for mapping and assembly can be change
into the IPEA pipeline (Fig. 3) to the user convenience.

Conclusion

The iPEA de novo assembly strategy allows laboratories
with limited computer resources to quickly assemble a
reference sequence mainly consisting of “Gene-space”
using RNA-Seq and DNA-Seq data (now easy to obtain
regardless of the species).

While this protocol can't be considered exhaustive, its
main interest is to provide a sequence assembly focus-
ing on the most informative and stable regions of the
genome. The results obtained after Illumina genotyping
confirmed that the de novo assembly was valid, and that
this approach is effective and of interest when reference
sequences are absent or of limited value for the plant
genotypes under investigation.

The analysis of the variability among genotypes of diverse
origins will not be satisfied with comparison with a limited
number of reference sequences. It is therefore essential to
develop tools and strategy for the assembly of “de novo”
sequence based on the actual NGS data and more closely
“relevant” to the genetic variability under investigation.
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genomics contigs as a function of the iterations.

Abbreviations
NGS: next generation sequencing; SNP: single nucleotide polymorphism;
BLAST: basic local alignment search tool; BLASTN: nucleotide BLAST.


http://dx.doi.org/10.1186/s13104-016-1903-z
http://dx.doi.org/10.1186/s13104-016-1903-z
http://dx.doi.org/10.1186/s13104-016-1903-z

Aluome et al. BMC Res Notes (2016) 9:81

Authors’ contributions

AC carried out the bioinformatics methods and computing and wrote the
manuscript. GA participated in the analyses of the results and the validation.
SAC built the Unigene sequence. MCLP produced the NGS data. JB coordi-
nates the PeaMust project and helped to write the manuscript. DB conceived
the methodology and wrote the manuscript. All authors read and approved
the final manuscript.

Author details

TINRA Institut National de la Recherche Agronomique, US1279 Etude du
Polymorphisme des génomes Végétaux, CEA-IG/CNG Centre National de
Génotypage, 2 rue Gaston Crémieux, 91057 Evry, France. 2 INRA Institut
National de la Recherche Agronomique, UMR1347 Agroécologie, 17 rue Sully,
21065 Dijon Cedex, France.

Acknowledgements

This work was supported by ANR GENOPEA_09-GENM-026-002. The authors
thank for their help in discussions and translation J.P. Hofmann and E. Mar-
quand and A. Bara for algorithm description.

Competing interests
The authors declare that they have no competing interests.

Received: 19 November 2015 Accepted: 2 February 2016
Published online: 11 February 2016

References

1. Zerbino DR, Birney E. Velvet: algorithms for de novo short read assembly
using de Bruijn graphs. Genome Res. 2008;18:821-9.

2. Simpson JT, Wong K, Jackman SD, Schein JE, Jones SJ, Birol I. ABySS:

a parallel assembler for short read sequence data. Genome Res.
2009;19:1117-23.

3. Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-
efficient alignment of short DNA sequences to the human genome.
Genome Biol. 2009;10:R254.

4. LuoR, LiuB, XieV, Li Z, Huang W, Yuan J, He G, ChenY, Pan Q, Liu Y, Tang J,

Wu G, Zhang H, ShiY, Liu Y, Yu C, Wang B, Lu Y, Han C, Cheung DW, Yiu SM,

Peng S, Xiaogian Z, Liu G, Liao X, Li Y, Yang H, Wang J, Lam TW, Wang J.
SOAPdenovo2: an empirically improved memory-efficient short-read de
novo assembler. GigaScience. 2012;1:18.

5. Sboner A, Mu XJ, Greenbaum D, Auerbach RK, Gerstein MB. The real cost
of sequencing: higher than you think! Genome Biol. 2011;12:125.

6. Smykal P, Aubert G, Burstin J, Coyne CJ, Ellis NTH, Flavell AJ, Ford R, Hybl
M, Macas J, Neumann P, McPhee KE, Redden RJ, Rubiales D, Weller JL,
Warkentin TD. Pea (Pisum sativum L.) in the genomic era. Agronomy.
2012;2:74-115.

Page 9 of 9

Peng Y, Leung HC, Yiu SM, Chin FY. IDBA—a practical iterative de Bruijn
graph de novo assembler. Res Comput Mol Biol. 2010;6044:426-40.
Chikhi R, Medvedev P. Informed and automated k-mer size selection for
genome assembly. Bioinformatics. 2014;30(1):31-7.

Anonymous: impact of changing k-mer size. http://www.homolog.us/
Tutorials/index.php?p=2.4&s=1.

. Andrews S: FastQC: a quality control tool for high throughput sequence

data. http://www.bioinformatics.babraham.ac.uk/projects/fastqc/.

. Alves-Carvalho S, Aubert G, Carrére S, Cruad C, Brochot AL, Jacquin F,

Klein A, Martin C, Boucherot K, Kreplak J, da Silva C C, Moreau S, Gamas
P, Wincker P, Gouzy J, Burstin J. Full-length de novo assembly of RNA-seq
data in pea (Pisum sativum L.) provides a gene expression atlas and gives
insights in root nodulation in this species. Plant J. 2015;84:1-19.

. Gish W, Miller W, Eugene W, Myers EW, David J, Lipman DJ. Basic local

alignment search tool. J Mol Biol. 1990;215(3):403-10.

. TaoT: Standalone BLAST setup for Unix 2014. http://www.ncbi.nlm.nih.

gov/books/NBK52640/.

. Wang BB, O'Toole M, Brendel V, Young ND. Cross-species EST alignements

reveal novel and conserved alternative spicing events in legumes. BMC
Plant Biol. 2008;8:17.

. LinY, LiJ, Shen H, Zhang L, Papasian CJ, Deng HW. Comparative studies

of de novo assembly tools for next-generation sequencing technologies.
Bioinformatics. 2011;27(15):2031-7.

. Earl D, Bradnam K, St John J, Darling A, Lin D, Fass J, Yu HO, Buffalo V,

Zerbino DR, Diekhans M, Nguyen N, Ariyaratne PN, Sung WK, Ning Z,
Haimel M, Simpson JT, Fonseca NA, Birol I, Docking TR, Ho IY, Rokhsar DS,
Chikhi R, Lavenier D, Chapuis G, Naquin D, Maillet N, Schatz MC, Kelley
DR, Phillippy AM, Koren S, Yang SP, Wu W, Chou WC, Srivastava A, Shaw
Tl, Ruby JG, Skewes-Cox P, Betegon M, Dimon MT, Solovyev V, Seledtsov |,
Kosarev P, Vorobyev D, Ramirez-Gonzalez R, Leggett R, MacLean D, Xia F,
Luo R, Li Z, Xie Y, Liu B, Gnerre S, MacCallum |, Przybylski D, Ribeiro FJ, Yin
S, Sharpe T, Hall G, Kersey PJ, Durbin R, Jackman SD, Chapman JA, Huang
X, DeRisi JL, Caccamo M, Li Y, Jaffe DB, Green RE, Haussler D, Korf |, Paten
B. Assemblathon 1: a competitive assessment of de novo short read
assembly methods. Genome Res. 2011,21:2224-41.

. Tayeh N, Aluome C, Falque M, Jacquin F, Klein A, Chauveau A, Bérard A,

Houtin H, Rond C, Kreplak J, Boucherot K, Martin C, Baranger A, Pilet-
Nayel ML, Warkentin T, Brunel D, Marget P, Le Paslier MC, Aubert G, Burstin
J. Development of two major resources for pea genomics: the GenoPea
13.2 KSNP Array and a high-density, high-resolution consensus genetic
map. Plant J. 2015;84(6):1257-73.

. Gupta PK. Organization of genetic material. In: Molecular biology and

genetic engineering. New Dehli: Editor Rastogi Publications; 2008. p. 104.

. Dutilh BE, Huynen MA, Strous M. Increasing the coverage of a metap-

opulation consensus genome by iterative read mapping and assembly.
Bioinformatics. 2009;25(21):2878-81.

Submit your next manuscript to BioMed Central
and we will help you at every step:

We accept pre-submission inquiries

Our selector tool helps you to find the most relevant journal

We provide round the clock customer support

Convenient online submission

Thorough peer review

Inclusion in PubMed and all major indexing services

Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central



http://www.homolog.us/Tutorials/index.php?p=2.4&s=1
http://www.homolog.us/Tutorials/index.php?p=2.4&s=1
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.ncbi.nlm.nih.gov/books/NBK52640/
http://www.ncbi.nlm.nih.gov/books/NBK52640/

	De novo construction of a “Gene-space” for diploid plant genome rich in repetitive sequences by an iterative Process of Extraction and Assembly of NGS reads (iPEA protocol) with limited computing resources
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Methods
	General principle of the method
	Application to the construction of the Pea Gene-space

	Results
	The implementation of iPEA
	Assesment of the iPEA assembly

	Discussion
	Conclusion
	Authors’ contributions
	References




