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Abstract

Transcriptome assembly using RNA-seq data - particularly in non-model organisms has been dramatically improved, but
only recently have the pre-assembly procedures, such as sequencing depth and error correction, been studied. Increasing
read length is viewed as a crucial condition to further improve transcriptome assembly, but it is unknown whether the read
length really matters. In addition, though many assembly tools are available now, it is unclear whether the existing
assemblers perform well enough for all data with different transcriptome complexities. In this paper, we studied these two
open problems using two high-performing assemblers, Velvet/Oases and Trinity, on several simulated datasets of human,
mouse and S.cerevisiae. The results suggest that (1) the read length of paired reads does not matter once it exceeds a
certain threshold, and interestingly, the threshold is distinct in different organisms; (2) the quality of de novo assembly
decreases sharply with the increase of transcriptome complexity, all existing de novo assemblers tend to corrupt whenever
the genes contain a large number of alternative splicing events.
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Introduction

RNA-seq provides a powerful tool to reveal the complex

landscape and dynamics of transcriptomes at an unprecedented

level of sensitivity and accuracy [1–4]. Compared with microarray

data and EST sequencing, RNA-seq has a lot of advantages, such

as single nucleotide resolution, higher dynamics range to quantify

gene expression level, and ability to distinguish rare transcripts and

alternative splicing transcripts [2,5,6]. However, the sequence

reads obtained from RNA sequencing tend to be very short and

error-prone [7], hence posting tremendous computational chal-

lenges to analyze transcriptome from the RNA-seq reads.

To obtain an accurate and completed transcriptome is a

prerequisite to most of, if not all, downstream transcriptomic

analyses, such as differential expression, functional genomics, SNP

discovery, etc. In the last few years, a number of transcriptome

assemblers have been developed, which can be classified into two

general categories: reference-based approaches [8,9] and de novo

assembly approaches [10–12]. Though reference-based approach-

es perform better [11–13], de novo assembly provides an important

solution when the reference genome is not available, or

incomplete, or substantially varied as in cancer cells.

Though the vast majority of computational research has been

focused on assembly methods, only limited knowledge regarding

the impact of sequencing data on de novo assembly has been known.

Recently, Warren Francis et al. [14] studied the effect of

sequencing depth and gave an optimal sequencing depth for do

novo transcriptome assembly. Another research paper [15] studied

how error correction impacts assembly accuracy. Increasing read

length of Illumina RNA-seq data is currently viewed as a crucial

condition to further improve the quality of de novo transcriptome

assembly, but it is unknown whether the read length really matters.

How does the read length affect de novo assembly? Mark Chaisson

et al. [16] provided a very surprising answer to this problem in the

context of the genome assembly with mate-paired reads, which

says that the read length does not matter once the read length

exceeds a certain threshold. But for transcriptome assembly, as far

as we know, nobody has ever studied whether the read length

matters, or whether such a threshold exists.

De novo transcriptome assembly has been dramatically improved

over the last few years, but it is unknown whether the existing

assembly methods have been good enough for all kinds of data.

Due to alternative splicing, transcriptome assembly requires a

graph structure, opposite to a linear sequence like in genome

assembly, to provide a complete representation of multiple spliced

isoforms per locus and then all the isoforms can be derived from

this graph. More alternative splicing events would dramatically

increase the complexity of the graph, resulting in more challenges

in the step of searching isoforms from the graph. Intuitively, we

suspect that the transcriptome complexity should have a significant

impact on the quality of de novo assembly. However, until now, no

public research has ever been particularly interested in this

problem.

In this paper, we focused on the two open questions mentioned

above and studied the impacts of read length and transcriptome

complexity on the quality of de novo assembly using simulated

Illumina RNA-seq datasets of human, mouse and S.cerevisiae.

The results strongly demonstrate that (1) the read length of paired-

read has a large effect on assembly quality only when it is under a

certain threshold which is distinct in different organisms, and once
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exceeding such a threshold, the read length does not matter at all;

(2) the quality of de novo transcriptome assembly decreases sharply

with the increase of transcriptome complexity, all existing de novo

assemblers tend to corrupt whenever the genes contain a large

number of alternative splicing events. Considering the significant

importance of de novo assembly, we believe that our findings would

be instructive and meaningful for further transcriptomic study.

Results

To exploit the impacts of read length and transcriptome

complexity on the quality of de novo assembly, we compared the de

novo assemblies on simulated datasets with different read lengths

and with different transcriptome complexities, respectively. Two

high-performing assemblers, Velevt/Oases [11,17] and Trinity

[12], were used to guarantee that our results are by no means

fortuitous. We used simulated data, instead of real data, due to the

following two considerations: first, assessing the quality of de novo

assembly requires the knowledge of the true transcriptome, which

is not possible for the real data; second, real datasets with different

lengths cannot be obtained by simply cutting long reads short

because the error rate is not consistent across the whole

sequencing read. Short reads cut from the end of the sequencing

reads usually have a higher sequencing error rate, which would

affect the interpretation of the experiment result.

Does read length matter?
The read length of illumine RNA-seq data has become longer

and longer with the development of sequencing technology. One

open question to be studied is whether the read length really

matters. Though longer reads are thought to be able to improve

the assembly quality, there is no evidence showing that the quality

of transcriptome assembly improves as the read length goes up.

We first generated six simulated RNA-seq datasets of human by

a simulation engine called BEERS [18]. Each dataset consists of

,50 million paired-reads, with an insert size of 200 bp but with

different read lengths of 50 bp, 75 bp, 100 bp, 150 bp, 175 bp

and 200 bp (see Methods and Data S1). The sequencing error rate

is randomly distributed across one read (Figure 1A), and is almost

the same among different datasets (Figure 1B). The sequencing

depth is adequate for de novo assembly according to the study of

Warren Francis et al [14]. All of these considerations will minimize,

if not avoid, the effects of sequencing errors and sequencing depth.

The quality of assembly is evaluated by the following four

metrics: the percentage of full-length reconstructed reference

transcripts, false positive rate, nucleotide sensitivity, and nucleotide

specificity (see Methods and Data S2). The results of Trinity and

Oases are shown in Figure 2. Basically, Trinity has higher

percentage of full-length reconstructed transcripts (Figure 2A) and

higher nucleotide sensitivity (Figure 2C) than Oases, but with

higher false positive rate (Figure 2B) and a little lower nucleotide

specificity (Figure 2D). In spite of the different performances, both

assemblers consistently suggest that the quality of transcriptome

assembly improves significantly with the read length increasing

from 50 bp to 150 bp, and does not improve any more after that,

in the sense of the following four facts (Table S1): (i) the percentage

of full-length reconstructed reference transcripts increases no more

than 1%; (ii) the false positive rate does not decrease; (iii) the

nucleotide sensitivity only improves by about 1%; and (iv) the

nucleotide specificity even exhibits a little decrease (about ,0.8%).

Based on these observations, we can conclude that the read

length does matter only when it is under a certain threshold, which

is ,150 bp for the human datasets. Once the read length exceeds

such a threshold, increasing the read length does not contribute to

the assembly quality any more (less than 1% improvement in all

measures).

We also simulated five S.cerevisiae datasets to check whether

the read length could have different impacts on distinct organisms.

Each dataset contains 40,50 million paired-reads with an insert

size of 200 bp but with different read lengths of 35 bp, 50 bp,

75 bp, 100 bp and 150 bp (see Methods). Trinity and Oases were

run on these datasets and their results were evaluated by the same

measures as used on human. It is obvious that there also exists a

threshold (,75 bp) in S.cerevisiae after which the increase of read

length does not matter at all (Figure 3 and Table S2). An

interesting observation is that the threshold in S.cerevisiae is much

less than that in human, indicating that there indeed exist different

thresholds in different organisms. The possible reason of smaller

threshold in S.cerevisiae is that its transcriptome is too simple to

have ambiguities resulted from alternative splicing that need to be

resolved by long reads.

Is the threshold the same in two similar species? To answer this

question, we simulated six mouse datasets with an insert length

200 bp (see Method and Data S3). The range of read length is the

same as human data, from 50 bp to 200 bp. As expected, both

Trinity and Oases indicate there exists a threshold in mouse

(Figure 4 and Table S3). Interestingly, the threshold is also 150 bp,

the same as the threshold in human. This is because the

complexities of transcriptomes of human and mouse are similar

to each other.

Although the read length of RNA-seq data is becoming longer

and longer, our study demonstrates that long reads may not always

help to improve the quality of de novo transcriptome assembly.

Therefore, one should not blindly pursue longer reads even at the

cost of higher sequencing error rate. Actually, we also simulated

different sequencing error rates by a perl script for the S.cerevisiae

dataset with read length of 75 bp (Data S2). The result of Trinity

indicate that the sequencing error rate could significantly affect

assembly accuracy (Table 1). For more details about the

relationship between assembly and sequencing error, please refer

to the study of MacManes et al. [15].

The impact of transcriptome complexity on de novo
assembly

Alternative splicing is a normal and nearly universal phenom-

enon in mammals like human [19,20]. Intuitively, more alternative

splicing events would dramatically increase the challenges of

constructing transcripts. By now, nobody has ever studied the

relationship between transcriptome complexity and the quality of

de novo assembly.

To address this problem, we measured transcriptome complex-

ity as the average number of spliced isoforms of each gene and

simulated five human datasets with different numbers of spliced

isoforms. The read length (100 bp) and insert size (200 bp) of

paired reads are the same among different datasets. Each of the

five datasets contains the same number of genes, but with various

spliced isoform numbers ranging from 1,2 to 9,10 isoforms per

gene (see Methods and Data S4). Neither the exon number of each

gene nor the isoform length has significant difference among

different simulated datasets (Figure 5). The number of paired reads

(ranging from 9 to 57 millions) for each dataset is proportional to

the number of transcripts to guarantee a comparable sequencing

depth (see Table 2).

The evaluations of Trinity and Oases on these datasets using

four different metrics are illustrated in Figure 6. Though Trinity

performs better than Oases, both assemblers consistently demon-

strate that the quality of de novo transcriptome assembly decreases

sharply with the increase of transcriptome complexity, particularly

Impacts of Read Length and Transcriptome Complexity for Assembly
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Figure 1. Distribution of sequencing errors. (A) shows the sequencing errors occur randomly across one read and B) shows the error rate is
almost the same among six human datasets with different read lengths.
doi:10.1371/journal.pone.0094825.g001

Figure 2. Assessing the quality of de novo assemblies on human datasets with different lengths using four different measures: (A)
the percentage of full-length reconstructed reference transcripts, (B) false positive rate, (C) nucleotide sensitivity, and (D)
nucleotide specificity.
doi:10.1371/journal.pone.0094825.g002
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in the sense of two most important measures: the percentage of

full-length reconstructed reference transcripts (Figure 6A) and false

positive rate (Figure 6B). In fact, when the average spliced isoform

number of each gene in the transcriptome is up to 9,10, only less

than 5% of reference transcripts could be full-length reconstructed,

and the false positive rate is even higher than 93% (Table S4),

which implies a meaningless assembly. Further assessing the

different assemblies in the nucleotide level, we can see that the

nucleotide sensitivity also decreases with the increasing number of

spliced isoforms (Figure 6C), while the nucleotide specificity is

relatively stable (Figure 6D).

Though de novo transcriptome assembly has been dramatically

improved, all existing de novo assemblers tend to corrupt whenever

the genes contain a large number of alternative splicing events.

This observation shows that the assembly method still need to be

further improved by more sophisticated computational technolo-

gies, which could particularly address the genes with many

alternative splicing events.

Methods

Preparing datasets
We used the following simulated RNA-seq datasets to exploit

the impacts of read length and transcriptome complexity on the

quality of de novo assembly (All datasets can be regenerated by the

instructions in Data S1, S2, S3 and S4).

(1) Six datasets of human with different lengths of 50 bp, 75 bp,

100 bp, 150 bp, 175 bp, 200 bp. Each of these datasets

contains ,50 million paired reads with an insert size of

200 bp generated by a simulation engine called BEERS [18].

BEERS first randomly chooses 10,000 genes from 11 different

published annotation efforts (AceView, Ensembl, Geneid,

Genscan, NSCAN, OtherRefSeq, RefSeq, SGP, Transcrip-

tome, UCSC, Vega), and then introduces sequencing errors

and alternative splice isoforms (see Data S1).

(2) Five datasets for S.cerevisiae with lengths of 35 bp, 50 bp,

75 bp, 100 bp, 150 bp. Each dataset consists of 40,50

million paired reads with an insert size of 200 bp. Since

BEER can only simulate reads for human or mouse, we

generated these datasets by ourselves as follows. First, 6,713

reference transcripts of S.cerevisiae are downloaded from

Ensemble (http://www.ensembl.org/info/data/ftp/index.

html), and then a random expression level is assigned to each

transcript. Finally, paired reads are generated from these

transcripts based on their expression levels (see Data S2).

(3) Six mouse datasets with different lengths of 50 bp, 75 bp,

100 bp, 150 bp, 175 bp, 200 bp. Each datasets has ,50

million paired reads generated by BEERS, with an insert size

of 200 bp. (see Data S3).

(4) Five human datasets of human with different spliced isoforms.

The read length (100 bp) and insert length (200 bp) of paired

reads are the same among all datasets, but spliced isoforms

ranging from 1,2 isoforms per gene to 9,10 isoforms per

Figure 3. Four assessment metrics of assemblies on S.cerevisiae datasets with different lengths.
doi:10.1371/journal.pone.0094825.g003
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gene (see Data S4). These datasets are generated from the

same number (4000) of genes with different numbers of

transcripts ranging from 6000 to 38000 (Table 2).

Mapping to reference
All assembled transcripts were mapped to the reference using

BLAT [21] with 95% sequence identity. If one assembled

transcript fully covered one reference transcript with 1% indels,

we say this reference transcript is full-length reconstructed.

Considering the alternative splicing, a stringent indel cutoff is

used mainly to avoid the potential problem of over-estimating

consistencies between predicted transcripts and the reference

transcripts.

Assessing assembly quality
Although the standards for systematically assessing the quality of

transcriptome assemblies have not been established, several

criteria are proposed in recent studies [11,12,22]. In this paper,

we evaluate different assemblies using the following four metrics: (i)

the percentage of full-length reconstructed reference transcripts;

(ii) false positive rate, which is the ratio between the false positive

predictions and the total number of assemblies, where a false

positive prediction means a predicted transcript that less than 50%

of its sequence can be aligned to some reference transcript; (iii)

nucleotide sensitivity, which is calculated by the number of correct

bases divided by the number of reference transcriptomic bases

[11]; (iv) nucleotide specificity, which is the ratio between the

number of correct bases and the number of predicted transcrip-

tomic bases.

Figure 4. Assessing the quality of de novo assemblies on mouse datasets with different lengths.
doi:10.1371/journal.pone.0094825.g004

Table 1. Comparison of de novo assemblies on S.cerevisiae datasets with different sequencing error rates (the read length is
75 bp).

Error Rate aFull-length Percentage False Positive Rate Nucleotide Sensitivity Nucleotide Specificity

error-free 84.4% 7.1% 95% 99.4%

0.5% 84.3% 7.1% 94.8% 98.9%

1% 82.8% 7.8% 94.3% 98.5%

2% 79.1% 10.3% 93.5% 95.4%

aFull-length Percentage: the percentage of full-length reconstructed reference transcripts.
doi:10.1371/journal.pone.0094825.t001
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De novo assembly
RNA-seq reads were de novo assembled using Trinity (version

r2013-08-14) [12] and Velvet (version 1.2.01) + Oases (version

0.2.02) [11,17]. The command line parameters used for Trinity is

‘‘- -CPU 6 - -bflyHeapSpaceMax 10G - -bflyGCThreads 4’’ for all

datasets, for Velvet is ‘‘-read_trkg yes -ins_length 200’’ and for

Oases is: ‘‘ -min_trans_lgth 200’’. The k-mer length is an

important parameter, which is 25 in Trinity, while variable in

Oases. Though Oases is a multiple-k assembler which can use a

range of k-mer assemblies, we just treat it as a single-k assembler

and take the optimal value on each dataset in our study. All the

assemblies were performed on a server with 512GB of RAM. After

assembly, only transcripts with no less than 200 bases were used

for downstream analysis.

Discussion

In the past few years, significant efforts have been spent on

assembly method, but only limit knowledge regarding the impact

of sequencing data on de novo assembly is known. Particularly,

increasing read length is currently viewed as a crucial condition for

transcriptome assembly, but it is unknown whether the read length

matters. In this study, different simulated datasets of human,

mouse and S.cerevisiae were generated to address this issue. The

experimental results consistently suggest that the read length of

paired reads does not matter once the read length exceeds a

certain threshold, and interestingly, this threshold is the same in

similar species and different in distinct organisms.

Intuitively, more alternative splicing events may have negative

effect for assembly quality, however, as of today, no public

research has ever been particularly interested in this problem. We

quantitatively studied the relationship between transcriptome

complexity, measured as the average number of spliced isoforms

of each gene, and the quality of de novo assembly. The test results

on five human datasets indicate that the quality of transcriptome

assembly, at least based on the existing de novo assemblers,

decreases sharply with the increase of transcriptome complexity.

Therefore, the assembly method has to be further improved in the

future.

An important and counterintuitive implication of our first

conclusion is that one may not always blindly pursue longer reads

even at a cost of higher sequencing error rate. The second

conclusion reminds us to pay attention to those genes with many

alternative splicing events when designing new assembly method.

Figure 5. Analyses of five human datasets with different numbers of spliced isoforms. (A) Boxplot of exon number of each gene. (B)
Boxplot of spliced isoform length.
doi:10.1371/journal.pone.0094825.g005

Table 2. Statistics of five human datasets with different numbers of spliced isoforms.

Dataset
IDs

# Isoforms/
Gene # Genes # Transcripts Total Reads # Reads/Transcript

1 1,2 4000 6000 9 M 1500

2 3,4 4000 14000 21 M 1500

3 5,6 4000 22000 33 M 1500

4 7,8 4000 30000 45 M 1500

5 9,10 4000 38000 57 M 1500

doi:10.1371/journal.pone.0094825.t002
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Based on the significant importance of de novo assembly, we believe

that our findings would be instructive and meaningful for further

transcriptomic study.

Supporting Information

Table S1 Comparison of de novo assemblies on six
human datasets with different lengths.
(DOCX)

Table S2 Comparison of de novo assemblies on five
S.cerevisiae datasets with different lengths.
(DOCX)

Table S3 Comparison of de novo assemblies on six
mouse datasets with different lengths.
(DOCX)

Table S4 Comparison of de novo assemblies on five
human datasets with different numbers of spliced
isoforms.
(DOCX)

Data S1 Information of generating six human datasets
with different lengths.

(ZIP)

Data S2 Information of generating five S.cerevisiae
datasets with different lengths.

(ZIP)

Data S3 Information of generating six mouse datasets
with different lengths.

(ZIP)

Data S4 Information of generating five human datasets
with different numbers of spliced isoforms.

(ZIP)

Author Contributions

Conceived and designed the experiments: GL ZC. Performed the

experiments: ZC ZW. Analyzed the data: ZC ZW. Wrote the paper:

ZC. Revised the manuscript: GL.

References

1. Ozsolak F, Milos PM (2010) RNA sequencing: advances, challenges and

opportunities. Nature Reviews Genetics 12: 87–98.

2. Wang Z, Gerstein M, Snyder M (2009) RNA-Seq: a revolutionary tool for

transcriptomics. Nature Reviews Genetics 10: 57–63.

3. Marguerat S, Bähler J (2010) RNA-seq: from technology to biology. Cellular and

molecular life sciences 67: 569–579.

4. Wilhelm BT, Landry J-R (2009) RNA-Seq—quantitative measurement of

expression through massively parallel RNA-sequencing. Methods 48: 249–257.

5. Marioni JC, Mason CE, Mane SM, Stephens M, Gilad Y (2008) RNA-seq: an

assessment of technical reproducibility and comparison with gene expression
arrays. Genome research 18: 1509–1517.

6. Hiller D, Jiang H, Xu W, Wong WH (2009) Identifiability of isoform

deconvolution from junction arrays and RNA-Seq. Bioinformatics 25: 3056–
3059.

7. Metzker ML (2009) Sequencing technologies—the next generation. Nature
Reviews Genetics 11: 31–46.

8. Guttman M, Garber M, Levin JZ, Donaghey J, Robinson J, et al. (2010) Ab

initio reconstruction of cell type-specific transcriptomes in mouse reveals the

Figure 6. Comparison of de novo assemblies on five human datasets with different numbers of spliced isoforms.
doi:10.1371/journal.pone.0094825.g006

Impacts of Read Length and Transcriptome Complexity for Assembly

PLOS ONE | www.plosone.org 7 April 2014 | Volume 9 | Issue 4 | e94825



conserved multi-exonic structure of lincRNAs. Nature biotechnology 28: 503–

510.

9. Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, et al. (2010)

Transcript assembly and quantification by RNA-Seq reveals unannotated

transcripts and isoform switching during cell differentiation. Nature biotechnol-

ogy 28: 511–515.

10. Birol I, Jackman SD, Nielsen CB, Qian JQ, Varhol R, et al. (2009) De novo

transcriptome assembly with ABySS. Bioinformatics 25: 2872–2877.

11. Schulz MH, Zerbino DR, Vingron M, Birney E (2012) Oases: robust de novo

RNA-seq assembly across the dynamic range of expression levels. Bioinformatics

28: 1086–1092.

12. Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, et al. (2011) Full-

length transcriptome assembly from RNA-Seq data without a reference genome.

Nature biotechnology 29: 644–652.

13. Zhao Q-Y, Wang Y, Kong Y-M, Luo D, Li X, et al. (2011) Optimizing de novo

transcriptome assembly from short-read RNA-Seq data: a comparative study.

BMC bioinformatics 12: S2.

14. Francis WR, Christianson LM, Kiko R, Powers ML, Shaner NC, et al. (2013) A

comparison across non-model animals suggests an optimal sequencing depth for

de novo transcriptome assembly. BMC genomics 14: 167.

15. MacManes MD, Eisen MB (2013) Improving transcriptome assembly through

error correction of high-throughput sequence reads. arXiv preprint ar-
Xiv:13040817.

16. Chaisson MJ, Brinza D, Pevzner PA (2009) De novo fragment assembly with

short mate-paired reads: Does the read length matter? Genome research 19:
336–346.

17. Zerbino DR, Birney E (2008) Velvet: algorithms for de novo short read assembly
using de Bruijn graphs. Genome research 18: 821–829.

18. Grant GR, Farkas MH, Pizarro AD, Lahens NF, Schug J, et al. (2011)

Comparative analysis of RNA-Seq alignment algorithms and the RNA-Seq
unified mapper (RUM). Bioinformatics 27: 2518–2528.

19. Pan Q, Shai O, Lee LJ, Frey BJ, Blencowe BJ (2008) Deep surveying of
alternative splicing complexity in the human transcriptome by high-throughput

sequencing. Nature genetics 40: 1413–1415.
20. Wang ET, Sandberg R, Luo S, Khrebtukova I, Zhang L, et al. (2008)

Alternative isoform regulation in human tissue transcriptomes. Nature 456: 470–

476.
21. Kent WJ (2002) BLAT—the BLAST-like alignment tool. Genome research 12:

656–664.
22. Martin JA, Wang Z (2011) Next-generation transcriptome assembly. Nature

Reviews Genetics 12: 671–682.

Impacts of Read Length and Transcriptome Complexity for Assembly

PLOS ONE | www.plosone.org 8 April 2014 | Volume 9 | Issue 4 | e94825


