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Abstract—The conventional non-strand-specific RNA-seq 

method is widely used for many studies, but it cannot 

characterize which strand was the transcript originally came 

from. Strand-specific RNA library construction methods have 

been developed to overcome this drawback. Here, we compared 

transcriptomics data from two mainstream RNA enrichment 

methods (polyA RNAs selection and ribosomal RNAs deletion) by 

strand-specific RNA sequencing. Using paired-end strategy, we 

obtained 175 and 149 million high quality reads without 

ribosomal RNA reads by ribosomal RNAs deletion and poly(A)+ 

RNAs selection protocol, respectively. From these reads, 

rmRNA-seq had lower (53.28%) unique mapping rate than the 

mRNA-seq (73.89%). But, the ribosomal RNAs deletion protocol 

detected more known non-coding RNAs, particularly lncRNAs, 

pseudogenes and snoRNAs. Larger proportion (66.7%) of reads 

mapping to intronic and intergenic regions in ribosomal RNAs 

deletion method and fewer percentages (33.3%) of reads aligning 

to exonic regions compared with poly(A)+ RNAs selection 

method (35.8% and 64.2%). The ribosomal RNAs deletion 

protocol provides advantages over the poly(A)+ RNAs selection 

method in sense-antisense pairs detection. In conclusion, the 

comparison of these two rRNA enrichment methods provides us 

insight for utility of each protocol. Moreover, we believe that 

ribosomal RNAs deletion based strand-specific RNA sequencing 

show us a more comprehensive view of eukaryotic 

transcriptomes. 

Keywords—rmRNA-seq; mRNA-seq; transcriptomes; strand-

specific RNA-seq 

I. INTRODUCTION  

Due to the rapid development of high throughput next 

generation sequencing, RNA-seq technology has been widely 
used in transcriptome analysis [1-5]. With identified all the 
expressed transcripts, we can understand the transcriptional 
structure of genes, gain different kinds of RNAs, and quantify 
expressions of transcripts with different conditions [6]. 
Conventional non-strand-specific RNA sequencing method 
cannot tell which strand was the transcript originally came 
from. Because both strands of cDNA are synthesized by 
random hexamer primers in library construction process, the 
calculation of transcripts expression level will occur deviations 
without knowing the strand information. Recently, this 
drawback has been overcome by strand-specific RNA library 
construction protocols [7-12].  

There are two mainstream RNA purification methods, one 
is polyadeylated (poly(A)+) RNAs selection, and the other one 
is ribosomal RNAs deletion. Numerous researches have been 
focused on studying the function of poly(A)+ transcripts and 
enriched RNAs by oligo(dT) selection for transcriptome 
analysis. However, more and more investigation have indicated 
that non-polyadeylated (poly(A)-) RNAs also performed 
important functions [13, 14], and always contain ribosomal 
RNAs [15], histone mRNAs [16], transfer RNAs and non-
coding RNAs (ncRNAs) [17]. If we used ribosomal RNAs 
deletion method in RNAs extraction for RNA sequencing, it 
would give us a more comprehensive view of eukaryotic 
transcriptomes. To address this proposition, we compared 
transcriptomics data from these two mainstream RNA 
purification methods by means of strand specific RNA-seq 
technology. 
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II. MATERIALS AND METHODS 

A. Sample and total RNA isolation  

Ovarian cancer sample was collected from Shengjing 
hospital of china medical university patient at the time of 
surgery. Total RNA was extracted by means of Trizol method. 

The total RNA integrity number was greater than 8, which was 
analyzed by an Agilent 2100 Bioanalyzer. 

B. mRNA Enrichment 

Starting from 7ug total RNA of a single human ovarian 
cancer sample, we purified mRNA with poly(A)+ RNAs 

selection method and ribosomal RNAs deletion method, 
respectively. For poly(A)+ RNAs selection, the Illumina 
TruSeqTM RNA sample preparation kit was used according to 
the manufacturer’s instructions. For ribosomal RNAs deletion, 
the Life Technologies’s RiboMinusTM Eukaryote kit was used 
following the manufacturer’s instructions. 

C. Libraries construction and sequencing 

For either TruSeqTM or RiboMinusTM based mRNA 
enrichment, we constructed two strand-specific cDNA libraries 
with NEXTflexTM Directional RNA-Seq Kit (dUTP Based) 
according to the manufacturer’s instructions. We sequenced the 

libraries with Illumina HiSeq2000 for 2×101bp pair-end.  

D. Reads filtering and alignment 

Raw reads were filtered before mapping to the reference 
genome. Adaptor reads, reads with more than 2% ‘N’ bases, 
and reads with low quality (below 15) over half of their lengths 
were filtered out, respectively. All filtered reads were mapped 
to 5S, 5.8S, 12S, 16S, 18S and 28S ribosomal RNA sequences 
by Bowtie[18] (version 0.12.7) with default parameters. The 
mapped reads were discarded. All the left reads were high 
quality and mapped to the reference human genome using 
Tophat[19] (version 2.0.9) with –G option offering the 
Ensembl GRCh37 release of human gene annotation and other 
default values. The unmapped reads were remapped with the 
same methodology by trimming the last 20bp of 101bp reads. 
We merged these two groups of mapping results using 
SAMtools [20] (version 0.1.17), and all unique mapped reads 
were extracted for the following analysis. 

E. Libraries assessment 

Several criteria are created for assessing RNA-seq 

libraries ， including the percentage of exonic, intronic or 

intergenic reads, coverage at 5’ and 3’ ends, evenness of 
transcript coverage [21]. Here, we used RNA-SeQC [22] 
(version 1.1.7) to get these metrics. The unique mapped reads 
were sorted by reference position and marked with duplicated 
records by picard-tools (version 1.90) before running at RNA-
SeQC.  

F. Transcripts Identification 

We assembled unique mapped reads by Cufflinks [23] 
(version 2.1.1). The –g option were used for supplying 
reference annotation to guide RABT assembly [24]. Accoding 
to Ensembl GRCh37 release of human gene annotation and 
NONCODE database[25], the known non-coding transcripts 

were divided into several groups such as long non-coding RNA 
(lncRNA), microRNA (miRNA), miscellaneous RNA 
(miscRNA), small nucleolar RNAs (snoRNA), small nuclear 
RNA (snRNA), pseudogene, and so on. We also identified the 
sense and antisense transcripts snoRNA or miRNA. Transcripts 
without certain transcriptional orientation were excluded. Then 
we identified sense and antisense transcripts coming from 
opposite strand and overlapped more than 25nt from the same 
gene locus. 

G. Detection of alternative splicing 

We used Tophat to detect alternative splicing (AS) [19] and 
excluded splice junctions mapped less than two reads. The 
mapping result were also used to detected five basic AS events, 
including skipped exon (SE), retained intron (RA), alternative 
5’ splice site (A5SS), alternative 3’ splice site (A3SS) and 
mutually exclusive exon (MXE) [26] by ASTALAVISTA[27]. 

 

III. RESULTS 

A. Sequencing and mapping summary of two RNA-seq 

libraries 

To compare ribosomal RNAs deletion based RNA-seq 
(rmRNA-seq) with poly(A)+ RNAs selection based RNA-seq 
(mRNA-seq), we constructed two strand specific libraries. 
Using paired-end strategy, we generated 329.5 million high 
quality reads by ribosomal RNAs deletion and 149.9 million 
high quality reads by poly(A)+ RNAs selection. After filtering 
ribosomal RNA reads, 175 and 149 millions reads were 
obtained, respectively. The total clean mRNA-seq reads are 
much higher than the other method. From these reads, 99 
million (56.28%) and 126 million (85.16%) reads were mapped 
to human genome, which referred to rmRNA-seq and mRNA-
seq total reads, severally. As to rmRNA-seq, 93 million 
(53.28%) reads were unique mapped, while 110 million 
(73.89%) reads were mapped to unique loci in mRNA-seq total 
reads. In rmRNA-seq unique mapped reads, 33.3% of them 
were mapped to exonic region, 47.2% to intronic region and 
19.5% to intergenic region. Meanwhile, 64.2%, 31% and 4.8% 
of mRNA-seq unique mapped reads were mapped to exonic, 
intronic and intergenic regions, respectively (Table.1). It is 
obvious that poly(A)+ RNAs selection method has greater 
proportions of reads aligning to exonic region, while reads 
mapping to intronic and intergenic regions in ribosomal RNAs 
deletion method are much more.  
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Table 1 Summary of sequencing and mapping for two RNA-seq libraries. 

 rmRNA-seq mRNA-seq 

Total reads 329,478,592  149,921,508  

rRNA reads (%) 49.08  6.17  

Total clean reads 175,931,452 149,009,166 

Mapped reads (%) 56.28  85.16  

Unique mapped 

reads (%) 

53.28  73.59  

Exonic Rate (%) 33.30  64.20  

Intronic Rate (%) 47.20  31.00  

Intergenic Rate (%) 19.50  4.80  

 

 

 
Figure 1 Evenness of transcript coverage. Average relative coverage for 

1000 most highly expressed transcripts (a), for 1000 mid-range 

expressed transcripts (b) and for bottom 1000 expressed transcripts (c) 
in each library. 

 

 
Figure 2 Ratio of reads covered genes on 5’ and 3’ ends in each library. 

 

Table 2 Classification of known non-coding transcripts in rmRNA-seq and 
mRNA-seq data. 

Classification rmRNA-seq mRNA-seq 

lncRNA 23441 (7323)* 22516 (6398) 

pseudogene 3639 (1399) 3480 (1240) 

misc_RNA 270 (107) 367 (204) 

snoRNA 115 (82) 76 (43) 

snRNA 33 (21) 62 (50) 

miRNA 15 (11) 24 (20) 

*the numbers in brackets refer to specific transcripts in each classification. 

 

B. Evenness of transcript coverage  

Evenness of transcript coverage is important for 
polymorphism detection and transcriptome annotation [28]. To 
estimate this, we computed the mean coverage for 1000 most 
highly expressed, 1000 mid-range expressed and bottom 1000 
expressed transcripts from 5’ to 3’ end, respectively, with the 
lengths of transcripts normalized to 1-100 (Fig. 1a, 1b and 1c). 

The coverage of rmRNA-seq data is very even. And there is a 
significant bias at 3’ end in mRNA-seq data.              

C. Coverage at 5’ and 3’ ends   

To identify full-length transcripts correctly [21], we 
calculated the ratio of reads covered genes on 5’ and 3’ ends in 
each library to estimate the coverage at two ends (Fig. 2). 

For rmRNA-seq library, the coverage between 5’ and 3’ 
end are very close (83.9% at 5’ end and 86.1% at 3’ end). On 

the other hand, we got a significantly increased coverage at 3’ 
end from the mRNA-seq data. This result is consistent with the 
analysis of transcript coverage evenness as just mentioned 
above.                    

D. Landscape of transcripts 

Using the software Cufflinks, we assembled rmRNA-seq 
data and mRNA-seq data into 16,897 and 17,247 known 
protein coding genes, respectively. Of all these genes, 16,362 
were expressed in both rmRNA-seq library and mRNA-seq 
library. Each library also has its own special protein coding 
genes, 534 for rmRNA-seq and 884 for mRNA-seq (Fig.3A). 
According to Ensembl GRCh37 release of human gene 

annotation and NONCODE database, we identified 27,513 
known non-coding transcripts in rmRNA-seq library, which 
were composed of 23,441 lncRNA, 3,639 pseudogene, 270 
misc_RNA, 115 snoRNA, 33 snRNA and 15 miRNA (Table2). 
In mRNA-seq library, we obtained 26,525 known non-coding 

transcripts and also divided them into 6 categories (Table2). 
Seen from Table 2, there are more lncRNAs, pseudogenes and 
snoRNAs detected in rmRNA-seq library. Comparing non-
coding transcripts in two libraries, 18,570 transcripts were both 
detected, 8,943 transcripts were uniquely found in rmRNA-seq 
data and 7,955 transcripts were only obtained in mRNA-seq 
data (Fig 3B). In rmRNA-seq, a total of 59,172 transcripts were 
identified. Of these, 8,641 putatitive novel transcripts (14.6%) 
were found. The number of transcripts identified in mRNA-seq 
came to 57,162 and 5,649 trancripts (9.9%) of these were 
putatitive novel. To further investigate the association between 
rmRNA-seq and mRNA-seq, we analyzed the correlation 
coefficient R among all expressed genes by the Spearman 
method[29]. FPKM, Fragments Per Kilobase per Million 
mapped reads [30], was used here to detect the expression level 
of protein coding genes and non-coding RNAs in each library. 
Figure 4 showed the scatter plots with expression values, 
which are normalized to log2 scaled tag counts by R script. As 
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Figure 3 Comparison of annotated genes and non-coding transcripts in 

each library 
 

 
Figure 4 Scatter plots comparing (a) protein coding genes and non-

coding transcripts and (b) non-coding transcripts between rmRNA-seq 

data and mRNA-seq data. Scatter plots comparing protein coding genes 
in our rmRNA-seq data (c) or our mRNA-seq data (d) with other lab 

non-strand-specific mRNA-seq data.  

 

 
Figure 5 Statistics of alternative splicing events between rmRNA-

seq data and mRNA-seq data. 

 

we anticipated, the correlation between rmRNA-seq and 
mRNA-seq protein coding genes was moderately high (R=0.71) 
(Fig 4a). While there was nearly no correlation (R=0.09) 
between rmRNAseq and mRNA-seq non-coding transcripts 
(Fig 4b). The correlation of log2 FPKM of our two libraries 
and data from other lab (SRA: srr926256, Homo sapiens, ES2 
cell line, Ovarian cancer) was also calculated. The spearman 
correlation R is 0.698 (Fig 4c) and 0.591 (Fig 4d), respectively. 
As these two libraries were constructed by a strand-specific 
RNA-seq approach, it is convenience to identify the polarity of 
transcripts. We obtained 6,473 and 6,188 sense-antisense pairs 
in rmRNA-seq data and mRNA-seq data, respectively, 4,876 of 
those sense-antisense pairs were shared in these two libraries, 

1,597 pairs were unique in rmRNA-seq library, and 1,312 pairs 
were only in mRNA-seq library. Obviously, we had more 
sense-antisense pairs in rmRNA-seq data. 

E. Landscape of alternative splicing 

In rmRNA-seq library, 11,440,782 reads were mapped onto 
175,817 splice junctions, which belong to 28,257 genes 
(contains both protein coding and non-coding transcripts). In 
mRNA-seq library, we identified 152,018 splice junctions for 
26,283 genes and 41,416,788 reads were mapped onto these 
junctions. Comparing with the number of five basic AS events, 

no significant difference were observed between rmRNA-
seq and mRNA-seq (Fig 5).  

IV. DISCUSSION 

In this investigation, we evaluated ribosomal RNAs 
deletion based RNA-seq and poly(A)+ RNAs selection based 
RNA-seq with a single human ovarian cancer sample by some 

metrics. Ribosomal RNAs deletion method had lower 
alignment rate than poly(A)+ RNAs selection method. The 
reasons for this situation are manifold and complex, such as 
sequencing erroneous, low quality reads contained, and so on, 
which was also consistent with some previous reports [31, 32]. 
According to previous studies [33-36], there are only ~20,000 
protein-coding genes in human genome, representing <2% of 
the total genomic sequence (International Human Genome 
Sequencing Consortium 2004). The major part of the genome 
is made up of non-coding RNAs [37], which has mostly not 
been understood their functions yet. We suspected that may 
cause the difficulty of the reads mapping back. We also found 
that in ribosomal RNAs deletion method larger proportion of 
reads mapping to intronic and intergenic regions and fewer 
percentages of reads aligning to exonic regions compared with 
poly(A)+ RNAs selection method. For ribosomal RNAs 
deletion method, we suggest that the greater ratio of reads 
mapping to intronic and intergenic regions may arise from 
numerous non-coding RNAs [31, 38, 39]. As to poly(A)+ 
RNAs selection method, more reads aligning to exonic regions 
may make the assembly of transcripts simpler [28].  

Although enriched mRNAs by oligo(dT) affinity in 
poly(A)+ RNAs selection procedure, mRNA-seq data still 
resulted in a obvious coverage bias at 3’ end. We presumed 
that attribute to truncation or degradation of poly(A)+ 
transcripts 5’ end during sample preparation, and the truncated 
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and degraded 5’ ends of poly(A)+ transcripts would have not 
been selected. As a result, missing partial 5’ ends of poly(A)+ 
may influence the assembly of complete transcripts and the 
accuracy of gene expression profiling. On the other hand, the 
rmRNA-seq data represented nearly uniform coverage from 5’ 
ends to 3’ ends of all transcripts. 

We observed that rmRNA-seq had an advantage to detect 
more known non-coding RNAs, particularly lncRNAs, 
pseudogenes and snoRNAs. Numerous functional long 
transcripts are known to lack poly(A) tails. For instance, 

ribosomal RNAs generated by RNA polymeraseⅠand Ⅲ , 

certain small RNAs generated by RNA polymerase Ⅲ, and 

replication-dependent histone mRNAs and some lncRNAs 

synthesized by RNA polymeraseⅡ [13]. However, mRNAs 

enriched by oligo(dT) selection approach will miss certain 
transcripts, which do not have a poly(A) tail. This limitation 

can be overcome by ribosomal RNAs deletion method. The 
advantage of ribosomal RNAs deletion method was also 
reflected in detecting sense antisense transcript pairs. It has 
been reported that the most prominent form of sense antisense 
pairs is a non-coding transcript partner of a coding transcript in 
mammalian genome [40-42]. More non-coding RNAs were 
detected by ribosomal RNAs deletion method than oligo(dT) 
selection method, so more sense antisense pairs were found in 
rmRNA-seq data. 

In conclusion, if we just focus on poly(A)+ transcripts, the 
poly(A)+ RNAs selection based RNA-seq is quite good enough 
and will require a lower sequencing cost. However, if we want 
to capture both poly(A)+ and poly(A)- transcripts, ribosomal 
RNAs deletion based RNA-seq will show us a more 
comprehensive view of eukaryotic transcriptomes. 
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