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Abstract

In this application note, Bioo Scienti� c Corporation and Cellular Research introduce a new kit for high precision gene expression analy-
sis by RNA-Seq.  We demonstrate that the NEXT� ex™ qRNA-Seq™ Kit can be directly substituted into paired-end library preparation 
without a� ecting conventional RNA-Seq analysis methods.  � is new kit e�  ciently generates libraries equivalent to standard RNA-Seq 
libraries with sample barcodes, but with the added feature of molecular indexing.  � e value of using the added molecular indexing feature 
depends upon experimental design, data objectives, and sequencing depth for a given library complexity.

Introduction

Most modern methods for nucleic acid analysis require the use of enzyme processing, such as DNA polymerase reactions, in the sample 
preparation or measurement steps.  For example, in microarray experiments for gene expression, the RNA samples must � rst be converted 
to cDNA and ampli� ed to a su�  cient concentration for hybridization.  Likewise, for RNA-Seq experiments, a highly ampli� ed library 
of DNA fragments adapted with priming sites needs to be generated1.  Although necessary, these enzymatic steps introduce errors in the 
form of incorrect sequence and misrepresented copy number. 

Cellular Research has developed a Molecular Indexing™ technology that labels individual DNA molecules.  Individual DNA molecules 
of identical sequence become distinct through labeling, and can be tracked in subsequent analysis.  Counting of indexed molecules in 
lieu of counting sequencing reads provides an absolute, digital measurement of gene expression levels, irrespective of any ampli� cation 
distortions.  Details of the principle of stochastic labeling and applications to identify and count individual DNA molecules have been 
described previously2,3.  

Conventional RNA sequencing library construction involves the ligation of a population of cDNA molecules with adaptors prior to 
ampli� cation and sequencing.  Any two molecules of identical sequence are indistinguishable throughout the assay.  With Bioo Scien-
ti� c’s new NEXT� ex™ qRNA-Seq™ Kit, each molecule is tagged with a molecular index randomly chosen from ~10,000 combinations 
so that any two identical molecules become distinguishable (with odds of 10,000/1), and can be independently evaluated in later data 
analysis. � e kit adds no additional steps to the work� ow, costs no more than a conventional library preparation kit and increases the 
precision of downstream analysis.  

At low sequencing depths, analysis using the NEXT� ex qRNA-Seq Kit is identical to conventional analysis and generates equivalent 
RPKM values in all applications.  As sequencing depth increases, individual molecular resolution also increases.  In quantitative RNA-
Seq experiments, the molecular indices distinguish re-sampling of the same molecule from sampling of a di� erent molecule2-6.  At high 
sequencing depths, each molecule can be distinguished and the entire library can be analyzed to provide absolute numbers of each 
molecule.  Resolving individual clones of molecules can also be especially useful for increasing sequencing accuracy or when identifying 
mutations in complex mixtures7-9.

Molecular indexing is also particularly well suited for the analysis of small samples of limited quantity, such as in gene expression mea-
surements within single cells.  Very often, precious samples are irreplaceable and current techniques (eg. NGS, qPCR or digital PCR) 
are often destructive in that they consume the sample, prohibiting multiple measurements.  In contrast, once molecules are labeled, the 
molecular indexing information is hard-coded within the population of molecules.  � e sample is e� ectively immortalized and can be 
re-used by ampli� cation.  
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Materials and Method: 

RNA Samples

Total RNA was isolated from 293F cells using the BiooPure™ RNA Isolation Reagent (Bioo Scienti� c).  � e quality of the total RNA 
was measured on the Agilent 2100 Bioanalyzer.  Polyadenylated mRNA was puri� ed from total RNA using the PolyA Pure Kit (Am-
bion) and quantitated by spectrophotometry.

Molecular indexing and qRNA-seq Library Construction

20 ng of puri� ed mRNA was used for the construction of each paired-end library using the NEXT� ex qRNA-Seq Kit (Bioo Scienti� c).  
External RNA Controls Consortium (ERCC) synthetic RNAs (Life Technologies) were spiked into the input RNA sample to serve 
as an internal control10, 11.  Library preparation was performed following instructions provided in the user manual.  � e cDNA ligation 
adaptors included in the kit consist of an equimolar pool of 96 molecular indices12.  Also included for multiplexing up to 96 libraries are 
sample-speci� c reverse PCR primers, each containing an 8 nucleotide sample barcode13. 

Library Quantitation, Quality Assessment and Sequencing

Quantitation of each library was determined by triplicate measurements with qPCR using a library quanti� cation kit for Illumina 
platforms.  Library quality was assessed using high sensitivity DNA chips on the Agilent 2100 Bioanalyzer.  � e average insert size of 
qRNA-Seq libraries were between 170 bp and 190 bp.  Sample multiplexing was achieved by normalizing all 96 libraries to 7 nM before 
pooling and paired-end 2 x 150 bp sequencing on the Illumina MiSeq instrument. � e molecular indexing technique is independent of 
sequencing platforms and may be adapted to other sequencing instruments like the Ion Torrent PGM or Proton instruments.

Sequence analysis

Adapter sequences were removed and reads were mapped using BWA to the hg19 Refseq RNA sequences downloaded from the UCSC 
Genome Browser (http://genome.ucsc.edu). � e 92 ERCC arti� cial RNA sequences were obtained from the manufacturer.  A bash 
script was used to � lter reads to require a minimum mapping quality of 30. For each transcript, the number of reads, label pairs and the 
mapped genome start and stop coordinates were determined.  Plotting and summarization was performed in R.

Results and Discussion

A summary of the library construction steps is depicted in Figure 1.  � e method is identical to typical RNA-Seq library preparation 
protocols except for the inclusion of a set of 96 distinct molecular indices on the sequencing adaptors.  Use of randomized bases as mo-
lecular barcodes has been reported4, 5, 7-9, but some sequences can be problematic in PCR, and sequencing errors in the random barcodes 
can cause ambiguity in data analysis.  We apply labels consisting of a distinct set of error-correcting 8-nucleotide barcode tags12.  In the 
ligation reaction, these 96 adaptors are present in vast molar excess over the concentration of the cDNA fragments, and therefore serve as 
a non-depleting reservoir of molecular labels.  Each end of a cDNA is ligated to a single label from this pool of 96 adaptors at random.  
� e paired-end molecular indexing strategy greatly reduces the number of distinct adaptors required, yet allows for as many as 9,216 
possible combinations (96 x 96) across both ends.  Paired-end reads reveal the chosen label on each end along with adjoining cDNA 
sequence, and reads from PCR duplicated clones are readily distinguished (Figure 2).  In addition to indexing DNA fragments at the 
molecular level, we also applied sample-speci� c barcodes during the library preparation PCR step.  
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Figure 1. Outline of the library construction work� ow.  Isolated mRNAs (purple bars) are fragmented and cDNA (blue bars) is gener-
ated by reverse transcription with random primers followed by second strand synthesis.  After puri� cation, the cDNA ends are repaired, 
and an A overhang is added to enable adaptor ligation. On each end of a cDNA fragment, one of 96 possible adaptors (black bars) is 
ligated. Unreacted excess adaptors are puri� ed away and the resulting cDNAs are enriched by PCR using common primer sequences 
present on the sequencing adaptors (yellow bars).  If desired, sample barcodes can be added to the PCR primers (red bars).

Figure 2. An illustration with 8 mapped reads to an mRNA transcript either with or without molecular indexing.   Individual molecu-
lar indices at fragment ends are represented by di� erent colors.  � e number of cDNA fragments represented by the reads is unknown 
without molecular indexing, but can be determined with molecular indexing.
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To evaluate the sequenced libraries for their ability to measure RNA abundance accurately, we determined the RPKM values for the 
set of ERCC spike-in RNAs. � ese control RNAs consist of 92 poly-adenylated arti� cial transcripts spanning a 106-fold concentration 
range.  Observed RPKMs correlate well with spike-in concentration in general.  However, sampling errors increase at very low RNA 
concentrations as expected (Figure 3).

Figure 3. A plot of RPKM values (Y-axis) for 85 detected ERCC spike-in Control RNAs.  Relative concentrations supplied by the 
manufacturer are shown on the X-axis.

In conventional RNA-seq analysis, RPKM values are used to determine the relative concentrations of each gene transcript in the 
sample1.  An inherent weakness of RPKM analysis is that cDNA fragments that amplify more e�  ciently will unavoidably result in a 
higher number of reads than cDNAs that do not amplify as well during the library construction PCR step.  � erefore, when multiple 
reads mapping to the same transcript are encountered, it is not possible to determine whether sequenced reads originate from the same 
or di� erent cDNA molecule.  As a remedy to this re-sampling problem, many researchers evaluate whether or not each read has the same 
start and stop mapping coordinates.  Reads with identical start and stop positions are usually assumed to be clonal duplicates derived 
from the same parent molecule.  However, this assumption is not always true because start and stop analysis does not reveal the extent 
of bias in the RNA fragmentation, random priming or reverse transcription processes that may lead to similar cDNA ends for di� erent 
copies of RNA molecules.  Furthermore, theoretically available start and stop combinations decrease with smaller RNA size and larger 
(or more narrowly selected) cDNA fragment lengths.  For example, start and stop analysis has limited utility for microRNA sequencing 
as the short transcripts predominantly result in identical read ends.  cDNA libraries prepared from small input sample amounts requiring 
greater levels of PCR ampli� cation are more prone to re-sampling biases, and the number of apparently duplicated reads also increase 
for a more abundant gene or with deeper sequencing.
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As a solution for measuring errors that arise from re-sampling, the NEXT� ex qRNA-Seq Kit labels each cDNA fragment end with a 
randomly chosen molecular index before any ampli� cation steps.  An archive of Digitally Encoded DNA™ molecules is created, and 
can be ampli� ed as desired.  � e molecular indices used in the NEXT� ex qRNA-Seq consist of a set of 96 sequence-labeled ligation 
adaptors (Figure 1). For a random stochastic labeling process, the number of label pairs chosen (k) can be calculated from the number of 
cDNA molecules labeled (n) using the equation k = m(1- e –(n/m) ).  A plot of k versus n is shown in Figure 4 for a set of 9,216 total labels 
(m).  � is set of labels provides su�  cient molecular indexing capacity for a majority of RNA-Seq experiments where the number of reads 
belonging to any given gene fragment is very unlikely to exceed a few thousand.  When a library with molecular indexing is sampled 
deeply, absolute numbers of molecules are revealed.  A more comprehensive report of the use of molecular indexing for RNA-Seq is in 
preparation14.  However, even in lightly sampled libraries (as shown here,) valuable new data insights are obtained.

Figure 4.  Average number of distinct paired-end labels (k) expected for a given number of target cDNA molecules (n) calculated using 
a total of 9,216 possible label pairs (m). Error bars represent one standard deviation away from the calculated mean values.

At low sequence sampling depths, reads are mostly derived from distinct molecules and counting reads or counting molecules is largely 
equivalent.  As the sampling depth increases, so does the likelihood of observing multiple reads ampli� ed from the same molecule (clonal 
duplicates).  Although it is common practice to group reads with the same start and stop sites and assume they are identical molecules, 
one is unable to verify that they are indeed clonal duplicates.  Here, we show the di� erences in counts using either conventional analysis 
or molecular indexing (� gure 5).  As expected, with higher read depth, start and stop analysis becomes increasingly limited in the abil-
ity to count di� erent molecules.  On the other hand, molecular indexing enables a signi� cantly more reliable level of informed analysis, 
clearly identifying the true extent of re-sampling.  
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Figure 5. � e number of unique fragments as determined by reads with unique start and stop sites (red line) or by molecular indexing 
(blue line).  Data shown is for a set of24 ERCC controls (A), or 24 mRNAs (B).

� e NEXT� ex qRNA-Seq Kit generates a library equivalent to a conventional paired-end RNA-Seq library – in terms of cost and 
work� ow - yet provides additional molecular information allowing for the determination of the degree of re-sampling, the ability to 
detect and distinguish sequencing errors, the identi� cation of mutations in mixtures, and with su�  cient depth, absolute counting of each 
molecule in the library.
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