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Abstract 

 

Hybrid approaches have been developed to mix large datasets from different next-generation sequencing (NGS) platforms, such as 

Illumina and SOLiD, for optimizing de novo transcriptomic assembly. The classical approach (CA) is to form supercontigs from 

contigs obtained by the de novo assembly of each dataset. We have developed a new hybrid colour-space read-additive (HCRA) 

approach to assemble both datasets encoded in colour-space reads, using a multiple k-mer Velvet/Oases method. All reads are 

combined in colour-space and subjected together to the assembler. To evaluate both CA and HCRA methods, we used assembly 

statistics such as total base pairs, N50, reads mapped back to transcripts, and percentage of unique transcripts partially and 

completely identified. These approaches were tested using SOLiD and Illumina simulated runs, generated from 41392 sequences of 

Arabidopsis cDNA, totalling 64.8 Mb and with an N50 of 1913 bp. The CA and HCRA methods generated contig datasets with 

225811 and 172835 transcripts with N50s of 931 and 1617 bp, respectively. Compared with the initial Arabidopsis dataset, 35960 

contigs were reconstructed with CA, totalling 35.4 Mb, and 35240 contigs were reconstructed with HCRA, totalling 52.3 Mb. The 

HCRA method generated approximately 2-fold longer contigs than CA, and 40% more transcripts were completely identified. The 

proposed pipeline was applied to a real dataset of the Piper nigrum transcriptome, generating 60645 unigenes with an N50 of 1653 

bp and representing about 71 Mb of its transcriptome. This method improves the integration of SOLiD datasets with those from other 

NGS platforms and should open new perspectives to add colour-space datasets to Illumina runs to improve de novo transcriptomic 

assembly in non-model organisms. 

 

Keywords: Next-generation sequencing, transcriptome, hybrid de novo assembly, Arabidopsis thaliana, Piper nigrum. 

Abbreviations: EST_expressed sequence tag; HCRA_hybrid colour-space read-additive; CA_contig additive; CEGMA_core 

eukaryotic gene mapping approach; RMBT_reads mapped back to transcripts. 

 

Introduction 

 

RNA-seq is a powerful technology based on high-throughput 

next-generation sequencing (NGS) methods that describes 

expressed RNAs highly efficiently in an exhaustive matter 

(Wang et al., 2009). This technology is commonly used in 

plant genetics to obtain sequences of coding and non-coding 

RNAs, to estimate relative RNA expression, and to identify 

single nucleotide polymorphisms (Wang et al., 2009; Martin 

and Wang, 2011). A better and easier approach to obtain the 

complete transcriptomic sequence dataset using NGS short 

reads is to compare and align reads against genomes and EST 

references to facilitate read assembly (Garg and Jain, 2013), 

but RNA-seq has opened new perspectives for characterizing 

non-model plants. De novo sequencing, which sequences 

without previous knowledge of the genome and 

transcriptome, is useful and efficient for agrigenomic 

approaches and a rapid way to obtain new large genetic 

datasets of non-model plants. The limiting step of de novo 

sequencing is the bioinformatic analysis. De novo assembly 

of short reads is a complex and time-consuming challenge for 

plant data due to the large size of plant genomes, high 

number of paralogs and isoforms, polyploidy, and other 

genomic duplications (Garg and Jain, 2013). Many 

bioinformatic tools have been developed to detect, identify, 

and reconstruct RNA sequences with high accuracy and 

precision for optimizing de novo assembly. The more 

efficient tools for short reads are based on de Bruijin graphs, 

such as Velvet (Zerbino and Birney, 2008), Oases (Schulz et 

al., 2012), ABySS (Simpson et al., 2009), Trinity (Grabherr 

et al., 2011), CLC Genomics Workbench (www.clcbio.com), 

and SOAPdenovo-Trans (Xie, 2014). All de novo assembly 

tools are efficient, but the results, the predicted assembled 

transcriptomes, vary depending on the assembler tool and its 

parameters, illustrating that this bioinformatic step remains a 

limiting step of RNA-seq to evaluate plant transcriptomes 

(Wang et al., 2009; McGettigan, 2013). One way to improve 

the prediction of transcriptomic sequences is to test and 

combine the results of different transcriptomic assemblers or 

different parameters in assembly steps. The commonest 

method is to form supercontigs from contigs obtained by 

different assemblers from the same reads of the datasets. 

Transcriptomic prediction is based on two steps: the primary 

assembly to obtain the contigs from reads, and the secondary 

assembly to obtain the supercontigs by processing contigs 

with assembler tools (Wang et al., 2012). This method has 

several limitations, such as the formation of chimeric 

sequences and the lack of isoform-detection sensitivity. The 
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alternative method is the contig additive (CA) approach, 

which is based on a clustering and not an assembler tool. Its 

principal objective is to remove sequence redundancy while 

preserving isoform prediction. For example, Surget-Groba 

and Montoya-Burgos (2010) have developed a strategy to 

join contigs obtained with multiple k-mer parameters from 

Velvet tools. An alternative, the hybrid approach, is to 

integrate datasets from different NGS platforms, exploiting 

the advantage of each platform relative to the other, such as 

sequencing chemistry and library preparation. The most 

common method for non-model plants is the integration of 

large datasets of short reads, such as SOLiD and Illumina 

datasets, with longer reads, such as 454 sequencer or Sanger 

data. Large short-read datasets with high sequencing quality 

are used to correct and extend long reads or contigs (Koren et 

al., 2012; Kamada et al., 2014; Martin et al., 2014; Peng et 

al., 2014;). Wang et al. (2012) have proposed a de novo 

assembly approach, processing separately SOLiD, 454, and 

Illumina datasets and forming supercontigs in a second step. 

The hybrid assembly with three platforms was significantly 

more efficient compared to each individual assembly (Wang 

et al., 2012). The integration of Illumina and 454 sequencer 

data is relatively easy because all reads are nucleotide 

sequences (base-space), unlike the SOLiD platform that 

produces dibase-encoded reads known as colour-spaces. 

SOLiD sequencing chemistry is based on the use of ligase 

and the extension of dibases at each cycle, and each base is 

sequenced twice (Metzker, 2010). This platform is 

consequently more efficient at discriminating sequencing 

errors and true polymorphisms (Metzker, 2010). The major 

limitation is the complexity of processing all reads in a 

colour-space bioinformatic pipeline; the translation of colour-

space to base-space of read datasets produce a high 

proportion of aberrant read sequences (Ondov et al. 2008; Liu 

et al. 2012, Marco and Griffiths-Jones, 2012). The integration 

of SOLiD datasets with those from other platforms will be in 

a colour-space system, as suggested by Salmela (2010). This 

study describes a system of correcting sequencing errors, 

combining reads from SOLiD and other platforms in colour-

space, and increasing the reliability of bioinformatic analysis, 

especially for reads with low sequencing coverage (Salmela, 

2010). We describe a new approach for de novo assembly, 

integrating SOLiD and Illumina read datasets in a colour-

space system for improving transcriptomic prediction. This 

hybrid colour-space read-additive (HCRA) approach was 

tested with simulated SOLiD and Illumina RNA-seq runs, 

compared to classical de novo transcriptomic assembly 

approaches, and applied to black pepper (Piper nigrum) 

RNA-seq datasets. 
 

Results and Discussion 

 

Generation of simulated dataset and transcriptomic 

assemblies 
 

To better assess the quality of the CA and HCRA approaches, 

we generated a simulated dataset from the model plant 

Arabidopsis thaliana composed from an Illumina run, with 

12.5 million paired-end reads, and one SOLiD run, with 25.5 

million single-end reads. A range of k-mers was tested for 

assembly with Velvet and Oases, ranging from 19 to 55 with 

different steps. Those that achieved the best results are 

described in Materials and Methods. Automatic word size 

was used for CLC.  

 

 

 

 

Comparison of single and multiple k-mers 

 

Table 1 shows the assembly results for the various processing 

methods. The SOLiD and Illumina runs were assembled 

separately with CLC software and Velvet/Oases tools. The 

numbers of transcripts obtained using CLC methods were 

only about 40 and 48% of those obtained by Velvet/Oases for 

the SOLiD and Illumina runs, respectively. The same results 

were observed for N50 and total size of the assembled 

transcriptome; the Velvet/Oases results were superior to those 

for CLC. The Velvet/Oases improved more with the SOLiD 

run, detecting 46% of CEGMA conserved proteins compared 

to 15% for Illumina. CEGMA is a computational tool based 

on comparison of a query sequences dataset with 458 highly 

conserved eukaryotic proteins and consequently reports the 

completeness of transcriptome prediction. This first result 

agreed with that by Surget-Groba and Montoya-Burgos, 

demonstrating that multiple k-mers are more efficient for de 

novo assembly (Table 1). This method also had a greater 

advantage for SOLiD runs. 

 

Comparison of CA and HCRA methods 

 

A further step was to compare the different approaches 

integrating read datasets from the Illumina and SOLiD 

platforms. The CA approach is the classical approach for 

which CLC and Velvet/Oases tools have been tested. The 

Oases-based pipeline also performed better, with 40% better 

N50, 46% more transcripts, and 61% higher total Mb. The 

reads mapped back to transcripts (RMBT) and percent of 

CEGMA proteins detected, however, were more similar, with 

only 10% of proteins and 2-3% of mapped reads superior for 

the Oases than the CLC tools (Table 1). The HCRA method 

is a new approach based on the integration of reads and not of 

contigs after a primary assembly. All read assembly was done 

in colour-space, and only the obtained transcripts were 

converted to base-space in the final step. The transcript 

number was lower than that obtained by the CA approach, 

but the N50 was much higher. The RMBT were also higher, 

with a larger observed difference for CEGMA proteins. The 

HCRA method allowed the reconstruction of up to 98% of 

sequences. The HCRA method, using the Velvet multiple k-

mer method, integrated datasets better, especially integrating 

more reads and forming longer transcripts (Table 1). The 

CAP3 tool was used to optimize transcripts for combining the 

transcripts obtained by the HCRA and CA approaches. The 

result was a higher N50 and a large decrease in transcript 

number, thereby removing redundancy. The percent of 

detected CEGMA proteins was constant and equal to that in 

the HCRA method (Table 1). The number of de novo 

assembled reconstructed transcripts are presented for each 

processing method in Fig. 1. The number of reconstructed 

transcripts with homology to initial cDNA sequences was 

relatively similar between conditions, but the total number of 

assembled and full-length transcripts with homology was 

highly variable. The CA method had more transcripts, 

resulting in a data set of 225000 transcripts with 16% (35960 

transcripts) with homology to initial cDNA sequences, but 

the proportion of full-length transcripts was low at about 

33%. HCRA had a 3-fold higher percentage of full-length 

transcripts, and the total number of transcripts was lower, 

indicating a better transcriptomic prediction. Combining the 

transcript datasets of the CA and HCRA methods with CAP3 

had the advantage of drastically decreasing the total transcript 

number but slightly decreasing the number of transcripts with 

homology, compared to the HCRA dataset (Fig.1). 
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             Table 1. Assembly statistics for CLC and Velvet/Oases. 

Assembly Total 

(Mbp) 

No. Transcripts N50 

(bp) 

RMBT (%) 

SOLiD 

RMBT (%) 

Illumina 

CEGMA (%) 

Complete/Partial 

CLC SOLiD 30 67585 448 42.56 25.03 31.45/64.52 

CLC Illumina 34 56234 678 38.44 30.68 48.39/86.69 

Oases SOLiD 113 166472 851 45.06 33.50 58.47/78.63 

Oases Illumina 84 114797 966 36.52 30.02 56.85/80.65 

CLC CA 63 121782 570 50.84 37.39 57.26/89.92 

CLC HCRA 41 49884 1177 55.47 48.58 81.05/97.58 

Oases CA 163 225811 931 51.27 40.29 63.31/86.69 

Oases HCRA 209 172835 1617 59.42 58.30 98.39/99.60 

CAP3 (HCRA + CA) 95 75757 1704 60.20 58.68 98.39/99.19 
Abbreviations: bp, base pair; Mb, megabase pair; RMBT, reads mapped back to transcripts; CEGMA, percentage of complete and partial conserved genes identified using 

CEGMA (complete refers to those predicted proteins in the set of 248 with alignment lengths 70% of the protein lengths; if a protein is not complete but exceeds a 

minimum alignment score, then it is called a partial protein); CA, contig additive; HCRA, hybrid colour-space read-additive; CAP3, removing redundancy with CAP3 

using assemblies CA and HCRA 

 

 

 
 

Fig 1. The percentage of unique transcripts partially and completely identified with Oases using A. thaliana reference cDNA. The 

blue bars represent partially recovered transcripts, red bars represent completely recovered transcripts, and the green line represents 

the number of transcripts for each approach. 

 

Performance with a real dataset 

 

A summary of our approach using P. nigrum data relative to 

simulated A. thaliana data is presented in Table 2. Our 

approach produced 60645 unigenes, totalling 71 Mb, with an 

average length of 1172 bp and an N50 of 1653 bp. Joy et al. 

(2013) reported 128157 unigenes, totalling 28 Mb, with an 

average length of 449 bp. Comparing our metrics to those by 

Joy et al. (2013), our method had 2.5-fold more total number 

of base pairs, 2-fold lower total number of unigenes, and an 

average of 2.5-fold longer unigenes. Gordo et al. (2012) 

reported 10338 unigenes, totalling 1 Mb, with an N50 of 168 

bp. Comparing our metrics to those of Gordo et al. (2012), 

our method had 6-fold more unigenes, 70-fold more total 

number of base pairs, and a 10-fold higher N50. These results 

show that we could generate a more robust assembly and 

efficiently integrate data from SOLiD and Illumina. The 

percentage of the genes identified with CEGMA was >90%, 

completely and partially, and the percentage of RMBTs from 

Illumina was 44.10%. The low percentage of SOLiD RMBT 

can be explained by the low quality of the SOLiD 

sequencing, as illustrated by Gordo et al. (2012), which may 

also have influenced the decrease of 5% of the genes 

completely identified with CEGMA relative to A. thaliana. 

 

 

Materials and Methods 

 

Simulation of RNA-seq runs usingA. thaliana data 

 

Simulated RNA-seq runs were generated by ART (Huang et 

al., 2012), version ART-VanillaIceCream-03-11-2014, using 

A. thaliana cDNA sequences from the ENSEMBL database. 

ART generates simulated reads by emulating the sequencing 

process with built-in, technology-specific error models and 

quality profiles parameterized empirically in large data sets 

(Huang et al., 2012). The SOLiD run is a single end 50 bp 

long and sequencing coverage of about 20×, and the Illumina 

run is a paired-end read of 100 bp, sequencing coverage of 

about 20×, and a pair distance of 300 bp. The simulated 

sequencing error rate for both runs was the default. 

 

Contig additive de novo assembly  

 

Velvet version 1.2.10 followed by Oases version 0.8.08 were 

used with a multiple k-mer method described by Surget-

Groba and Montoya-Burgos (2010), and CLC version 6.5.1 

was used with a single k-mer method. For CLC, the 

following parameters were used for the SOLiD and Illumina  
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Table 2. Assembly statistics of the HCRA+CA assembly for A. thaliana and P. nigrum data. 

 A. thaliana P. nigrum 

Total Mb 95 71 

No. of transcripts 75757 60645 

N50 (bp) 1704 1653 

Average length (bp) 1266 1172 

Longest transcript (bp) 16326 12272 

CEGMA (%) Complete 98.39 92.74 

CEGMA (%) Partial 99.19 97.18 

RMBT (%) SOLiD 60.20 25.65 

RMBT (%) Illumina 58.68 44.10 
Abbreviations: bp, base pair; Mb, megabase pair; RMBT, reads mapped back to transcripts; CEGMA, percentage of complete and partially conserved genes identified 

using CEGMA. 

 

 
Fig 2. The flowchart for de novo assembly using hybrid colour-space read-additive, contig additive, and combined approaches. (A) 

The hybrid colour-space read-additive approach. In this approach, Illumina reads are converted to SOLiD format with the 

denovo_preprocessor_illumina.pl script and grouped to SOLiD reads, the set of reads is submitted for assembly with Velvet/Oases, 

and the output is converted to base-space by the denovo_postprocessor_solid.pl script. (B) The contig additive approach. Illumina 

and SOLiD reads are assembled separately and the outputs are combined with CD-HIT-EST. (C) The two assemblies (CA and 

HCRA) are combined into a single set with CAP3 responsible for removing redundancy and extending the size of the transcripts. 

 

runs: automatic bubble size, yes; minimum contig length, 200 

bp; perform scaffolding, no; and k (automatic word size), 22. 

Before assembly with Velvet and Oases, the SOLiD reads 

were converted to a double-encoded format using the 

"denovo_preprocessor_solid.pl" script from Life 

Technologies. After conversion, the SOLiD and Illumina 

reads were run separately for Velvet and Oases with: k-mer 

(k), 19- 25; step, 2; minimum size contig, 200 bp; perform 

scaffolding, no; and coverage, auto. After assembly, the 

SOLiD contigs were converted to base-space format using 

the "denovo_postprocessor_solid.pl" script from Life 

Technologies. In the second step, CD-HIT-EST (Li and 

Godzik, 2006) version 4.6 was used to combine assemblies 

with 100% identity. The contigs from assemblies CLC 

SOLiD and CLC Illumina were first combined, termed CLC 

CA, and then the contigs from Oases SOLiD and Oases 

Illumina, termed Oases CA. 

 

 

Hybrid colour-space read-additive de novo assembly 

 

The reads from SOLiD and Illumina required conversion 

before assembly with Velvet and Oases. The Illumina reads 

were first converted to colour-space and paired-end SOLiD 

format and then to double-encoded format using the 

"denovo_preprocessor_illumina.pl"script developed by us. 

The SOLiD reads were converted to a double-encoded format 

with the "denovo_preprocessor_solid.pl" script from Applied 

Biosystems. After the conversion, the SOLiD and Illumina 

reads were combined and subjected to Velvet and Oases with 

the parameters: k-mer, 19-25; step size, 2; minimum size 

contig, 200 bp; perform scaffolding, no; and coverage, auto. 

After assembly, the contigs were converted to nucleotides 

(conversion from double-encoded to base-space format) 

using the "denovo_postprocessor_solid.pl" script.  
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This approach is termed Oases HCRA. The SOLiD and 

Illumina reads were submitted to CLC without conversion 

and with the assembly parameters: automatic bubble size, 

yes; minimum contig length, 200; perform scaffolding, no; 

and k, 23.This approach is termed CLC HCRA. After 

assembly, the CLC HCRA and Oases contig datasets were 

submitted to the CD-HIT-EST tool with 100% identity to 

remove redundancy.  

 

Merging assemblies for improved reliability 

 

The Oases HCRA and Oases CA assemblies were combined 

with CD-HIT-EST to reduce the number of redundant 

transcripts, with 95% identity and using the default 

parameters of CAP3 (Huang and Madan, 1999) version 

8.6.13. Fig. 2 shows a flowchart of assemblies HCRA, CA, 

and merging HCRA and CA with CAP3. 

 

Quality assessment of transcriptomic prediction 

 

Bowtie (Langmead et al., 2009) version 1.0.0 was used to 

evaluate the percentage of RMBT with default parameters: n 

(maximum mismatch number on seed), 2; l (size of seed), 28; 

and best parameter, yes.  

The set of assemblies were compared to A. thaliana cDNA, 

available on the ENSEMBL database. BLASTN (Altschul et 

al., 1997) version 2.29 was used for comparison with the 

parameters: e-value, 1e-10 and max_target_seqs, 1. The 

script “analyze_blastPlus_topHit_ coverage.pl” (available at 

http://trinityrnaseq.sourceforge.net/analysis/full_length_trans

cript 

_analysis.html) from the Trinity package analysed the full-

length transcripts (transcripts covered by more than 90% of 

their transcript lengths.). CEGMA (Parra et al., 2007) was 

used to evaluate the completeness of the assembled 

transcriptomes.  

 

Applying a pipeline for areal data set of P. nigrum 

sequences 

 

We downloaded three runs of P. nigrum sequences from the 

NCBI SRA database. Two were single-end read runs 50 bp in 

length generated by the SOLiD 3.0 platform, one totalling 3.6 

Gb (accession number SRX104901) (Gordo et al., 2012) and 

the other totalling 2.7 Gb (accession number SRX192196). 

The third was a paired-end Illumina HiSeq 2000 run 

(accession number SRX119532) with a read size of 100 bp 

and totalling 5 Gb (Joy et al., 2013).  

After downloading the data, we applied the pipeline 

described in Fig. 2 to the real dataset, merging HCRA and 

CA and using the same parameters as for the simulated 

dataset. CD-HIT-EST was used to remove redundancy with 

90% identity. The CEGMA and RMBT parameters were used 

to evaluate the completeness and percentage of incorporated 

transcripts in our approach, respectively. 

 

Conclusions 

 

SOLiD technology will likely soon be discontinued, but 

NCBI SRA contains more than 4500 SOLiD RNA-seq runs, 

and many more have certainly not yet been deposited and 

processed due to the complexity of colour-space read 

processing. The previously described studies (Salmela, 2010; 

Wang et al., 2012), however, have demonstrated that results 

are globally improved when SOLiD is combined with other 

platforms. Plant genomes are generally highly repetitive and 

often polyploid. Many plant species have no reference data, 

which complicates assembly. The de novo hybrid assembly of 

data from non-model plants, however, represents a viable 

solution for generating an initial set of high quality 

transcripts, as demonstrated by Agarwal et al. (2012) and 

Garg et al. (2011). The present study presents a hybrid 

colour-space read-additive (HCRA) approach to de novo 

assembly for non-model organisms that is able to reconstruct 

a data set of high quality, with data from the SOLiD and 

Illumina platforms using a multiple k-mer method. We 

applied HCRA and CA approach to a dataset of P. nigrum 

sequences available on NCBI SRA, generating about 60000 

unigenes representing 71 Mbp of the transcriptome. These 

unigenes provide a valuable upgrade of the P. nigrum 

transcriptomic data and serve as a material basis for future 

genomic research of black pepper. 
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