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Abstract

Background: The multiplexing becomes the major limitation of the next-generation sequencing (NGS) in
application to low complexity samples. Physical space segregation allows limited multiplexing, while the existing
barcode approach only permits simultaneously analysis of up to several dozen samples.

Results: Here we introduce pair-barcode sequencing (PBS), an economic and flexible barcoding technique that
permits parallel analysis of large-scale multiplexed samples. In two pilot runs using SOLiD sequencer (Applied
Biosystems Inc.), 32 independent pair-barcoded miRNA libraries were simultaneously discovered by the
combination of 4 unique forward barcodes and 8 unique reverse barcodes. Over 174,000,000 reads were generated
and about 64% of them are assigned to both of the barcodes. After mapping all reads to pre-miRNAs in miRBase,
different miRNA expression patterns are captured from the two clinical groups. The strong correlation using
different barcode pairs and the high consistency of miRNA expression in two independent runs demonstrates that
PBS approach is valid.

Conclusions: By employing PBS approach in NGS, large-scale multiplexed pooled samples could be practically
analyzed in parallel so that high-throughput sequencing economically meets the requirements of samples which
are low sequencing throughput demand.
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Background
Next-generation sequencing (NGS) technologies which
are widely employed in life science research, are trans-
forming the biology[1]. In one slide, NGS technologies
can generate over one billion DNA sequences now, 1.4
billion by SOLiD 5500 × l (Applied Biosystems Inc.) and
1 billion by Hiseq 2000 (Illumina Inc.). This capacity
has increased by dozens of times in the past several
years and continuously increases in a rapid speed. The
ever increasing reads throughput permits to analyze
high complex samples [2,3]. However, for the studies of
lower complex samples, such as miRNA discovery, NGS
technologies turn to be inefficient and uneconomic.
This situation will be aggravated in the future by the
ever increasing reads throughput.

In order to relieve the mismatch between the high
throughput of NGS technologies and the low through-
put requirement of the low complex samples, most NGS
technologies provide physically segregated sequencing
mediums. But the physical segregation allows accommo-
dation of limited independent samples, and obscures
available sequencing space in some NGS technologies
[4]. Barcodes, the unique DNA sequence identifiers, his-
torically used in several experimental contexts, are first
introduced to the NGS technologies by Meyer et al and
Parameswaran et al[4,5] in the pyrosequencing platform.
This approach is widely employed to analyze pooled
lower complex samples [5-12]. The barcode approach
allows the simultaneous analysis of infinite number of
samples in theory, but in applications, the researchers
analyze at most dozens of samples in parallel[6]. Along
with the increasing sample number, the variety of sam-
ple-specific primers or adaptors increases at the same
speed and this approach becomes less practicable when
the sample number becomes large. We have developed
a method called pair-barcode sequencing (PBS) for the
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practical parallel analysis of large-scale multiplexed sam-
ples. Although a pair of barcodes was designed to
enhance the reliability of experiment[4] or to allow the
sequencing starting from both ends of the libraries[10],
we have not found any study which assign a pair of bar-
codes in NGS to improve the practicability and paralle-
lism in analyzing large-scale multiplexed samples.
MicroRNAs (miRNAs) are an evolutionarily conserved

class of small, approximately 22-nucleotide (nt) non-
coding RNAs that regulate global gene expression pat-
terns[13,14] and play an important role in the develop-
ment and progression of cancer[15]. Breast cancer, the
second-leading cause of cancer related deaths in
women, is expected to account for 26% of new cancer
diagnoses in 2008[16]. Aberrant expression of miRNAs
in human breast cancers were first reported by Iorio et
al in 2005[17]. A large number of miRNAs were demon-
strated to be associated with breast cancer in the recent
years [17-29].
In our method, a pair of molecular barcodes of 6nt in

length is designed at the two sides of the target
sequences and is introduced to the libraries by adaptor
ligation and PCR. We demonstrate the power of PBS by
sequencing a pool of 32 human miRNA libraries on the
SOLiD V2 platform (Applied Biosystems Inc.). 26 of
these libraries were derived from human breast cancer
cancerous tissues (BC) and 6 were derived from human
breast noncancerous tissues (BO). Four unique forward
barcodes (F-barcode) and eight unique reverse barcodes
(R-barcode) were used to code the 32 samples. Addi-
tionally, we evaluate the correlation of different barcode
pairs by performing technical replicates of the same
sample with 16 different barcode pairs, and verified the
reproducibility of the method by operating two indepen-
dent sequencing run of the same pool of samples. After
decoding and mapping, about 64% of the reads mapped
to both of the two barcodes uniquely and 15.3% of
decoded reads were identified to non coding RNAs on
average. The peak read length of the reads recognized
as miRNAs located at 21-22nt, indicating that the
mature miRNAs were enriched in the samples and well
sequenced. A total of 22 miRNAs were differentially
expressed between the BC libraries and BO libraries. To
the best of our knowledge, this is the first study to dis-
cover miRNAs from large-scale multiplexed samples
using a pair of barcodes in NGS.

Results
Outline of PBS and design of barcodes
In order to substantially enhance the scope and capacity
of multiplexed high-throughput sequencing, a pair of
barcodes for 6nt each was designed in two sides of miR-
NAs. The F-barcodes were devised at the 5’ end of the
F-adaptors, and were introduced to the libraries by

ligating the F-adaptors to miRNAs (Figure 1A). The R-
barcodes were designed in the overhangs of the R-pri-
mers, and were led to the libraries by PCR reactions
(Figure 1C). Each sample was coded by the combination
of a unique F-barcode and a unique R-barcode. In order
to carry out ePCR reactions, the left and right ePCR pri-
mers were designed in the pair-barcoded library. The
left ePCR primers (reverse complementary sequence)
were located at the 3’ end of F-adaptors and the right
ePCR primers were designed in the overhangs of the R-
primers, at the 5’ end the R-barcodes. Two sequencing
primers, sequencing primer A and sequencing primer B,
were used to execute the sequencing reactions. The
sequencing primer A is in charge of sequencing the F-
barcodes and miRNAs while the sequencing primer B is
responsible for sequencing R-barcodes. The sequence of
each reads was obtained after sequencing runs and is
made up of 3 parts, the F-barcode, the R-barcode and
the target sequence. By decoding the F-barcodes and R-
barcodes consequently, the target sequences were
ascribed to the different samples.
As one mismatch is tolerated in barcode mapping, it is

impossible to get uniquely mapped reads if all permuta-
tions of 6 nucleotides are allowed to be barcodes. In
order to get uniquely mapped reads, each barcode
should be different with each other in at least three
positions. Moreover, because the mapping of SOLiD
reads is operated in the color space, the barcodes are
designed to be different with each other in at least two
positions in the color space, not in the nucleotide space.

Pair-barcode decoding
After the sequencing reactions, 89175789 barcoded
sequences were obtained in the sequencing run I, while
85344522 barcoded sequences were obtained in the
sequencing run II. 71.3% and 70.4% of the obtained bar-
coded sequences were mapped to the 4 F-barcodes used
in the libraries generation, respectively. And 89.7% and
91.4% of the F-barcode mappable sequences were
mapped to the 8 R-barcodes introduced in the PCR
reactions, separately. In total, 64.0% and 64.4% of the
obtained sequences were mapped to a used F-barcodes
and a used R-barcodes at the same time. The reads
mapped to each combination of F-barcodes and R-bar-
codes are counted and exhibited in Table 1.

Mapping results
Composition of each library was determined by filtering
all decoded reads to human genome. MiRNAs were
identified by mapping reads to pre-miRNAs in miRBase
and quantified by mapping reads to mature miRNA in
miRBase. About 46% of the decoded sequences were
mappable using SOLiD system small RNA analysis pipe-
line tool (RNA2MAP, version 0.5.0) (Additional file 1).
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Unmappable sequences were neither other non-coding
human RNAs, nor fragment of human genome, as they
passed the filtering of other non-coding human RNAs
and did not map to the human genome.
After adaptor and barcode sequence removal, read

length distribution of the reads mapping to the miRBase
revealed a peak at 21-22nt (Figure 2B, Additional file 2),
indicating that mature miRNAs were enriched in the
sequenced samples. In order to evaluate the consistency
of the miRNA expression values of the two independent
runs, the raw expression values of miRNA were com-
pared in on logarithmic coordinate. Scatter plots of each
sample revealed a well reproduction quality in miRNA
expression, especially in the miRNAs whose expression
values (read counts) over 5 (Additional file 3). The
expression values were calculated by counting the reads
which mapped to the mature miRNAs in miRBase. On
average, about 15.3% (range 6.1%-38.6%) of all decoded
reads were identified as non-coding RNA. MiRNA was
the major constituent among the non-coding RNA, ran-
ged from 10% to 85%, and tRNA was the other major
non-coding RNA species (Figure 2C, Additional file 1).
The proportion of decoded reads mapped to other non-
coding RNA, miRNA, and genome was different across
the datasets (Additional file 1). No significant variation

of miRNA proportion between breast cancerous tissue
datasets and breast noncancerous tissue datasets was
detected.

Correlation of miRNA read counts without barcode to
miRNA read counts with different barcode pairs
To validate sequencing data with pair-barcode sequen-
cing approach, we examined the correlation of raw read
counts between dataset without barcode and datasets
with 16 different barcode pairs. The miRNAs whose raw
read counts were > 5 in both datasets for comparison
were selected to calculate the Pearson’s correlation coef-
ficient. Expression of most miRNAs was highly corre-
lated between the technical replicates. Comparing with
the results without barcode, the Pearson’s correlation
coefficients ranged from 0.76 to 0.92 for each barcode
pair (Figure 2A, Additional file 4). We conclude that
raw read counts obtained from pair-barcode sequencing
are valid and strong correlation to results obtained with-
out barcode.

High expressed miRNAs
We first analyzed the high expressed miRNAs both in
BC datasets and BO datasets. The miRNAs whose nor-
malized expression value over 100 in at least 20 datasets

Figure 1 Outline of PBS. A. Ligations. F-adaptors with F-barcodes at 5’ end and R-adaptors are ligated to the miRNAs consequently. B.
Reverse transcription. Reverse transcription is carried out by RT-primer to form DNA stand. C. Library amplification. The libraries were
amplified by F-primers and R-primers. The R-barcodes are located in the overhangs at 5’ end of R-primers, and the right ePCR primers are
devised at the 5’ end of R-primers. D. ePCR. The ePCR reactions are operated to transfer the libraries to magnetic beads. E. Sequencing. The
libraries are sequenced by sequencing primer A and sequencing primer B. The sequencing primer A is in charge of sequencing miRNAs and the
F-barcodes while the sequencing primer B is responsible for sequencing R-barcodes.
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of the all 25 datasets (19 BC datasets and 6 BO datasets)
were shown in Additional file 5 Table S5 (Additional file
6 Additional file 5). These criteria were met by 85 miR-
NAs, including 5 miRNA-3p sequences and 6 miRNA-
5p sequences. But no miRNA* met these criteria. The
10 most abundantly expressed miRNAs in both kinds of
datasets are exhibited in Table 2. The average of BC
was divided by the average of BO and the quotient was
taken the logarithm to calculate the ratio, based on 2.
Three of these 10 miRNAs, miR-21, let-7b, and miR-
19b, expressed differently between BC datasets and BO
datasets (ratio<-1 or ratio > 1).

Analysis of known breast cancer related miRNAs
We also analyzed miRNAs previously reported to be
differentially expressed in BC, including oncogenic
miRNAs, miR-155[17], miR-21[18,19], miR-25[30], and

miR-27a[24], and tumor suppressor miRNAs, miR-125a/
b[17], miR-17[26], miR-205[25], miR-27b[24], miR-31
[27], and miR-34a[28,29]. The expression values of these
miRNAs between BC datasets and BO datasets were
compared in logarithmic coordinates (Figure 3A). NGS
using pair-barcode revealed that the oncogenic miRNA
of miR-155 which were previously shown to be upregu-
lated in tumors [17-19], were also upregulated in BC
datasets comparing to the BO datasets. The tumor sup-
pressor miRNA of miR-31 were downregulated in BC
datasets comparing to the BO datasets [27]. The other
breast cancer associated miRNAs did not exhibit signifi-
cant difference between BC datasets and BO datasets in
our study.

MiRNAs differentially expressed between two clinical
groups
We aimed to identify other miRNAs differentially
expressed in BC datasets versus BO datasets using pair-
barcode NGS. Only mature miRNAs represented by
more than 5 raw counts in at least 20 datasets of all 25
datasets were considered. 200 miRNAs met these cri-
teria, including 18 star miRNA, 20 miRNA-3p and 20
miRNA-5p sequences. A total of 22 miRNAs were dif-
ferentially expressed based on a t-test (Additional file 7),
including 1 miRNA*, 3 miRNA-3p and 1 miRNA-5p
sequences. Figure 2B exhibits the top 10 differentially
expressed miRNAs, including miRNAs previously asso-
ciated with BC, miR-31.

Discussion
PBS allows for sequencing large-scale multiplexed sam-
ples using SOLiD system and any other NGS platforms.
Comparing to the physical segregation of the sequencing
plate, PBS permits to parallel sequencing much larger
amount of samples. In some NGS platforms, physical
segregation lessens the available throughput by obscur-
ing available sequencing space. The lessening of
throughput is also found in PBS approach because the
barcodes shortens the available read length. But for
some studies, such as miRNA expression studies, the
read count is more significant than the read length
when the read length scarified the requirements of these
studies. The read length after removing 6nt F-barcodes
is 29nt in our study, which is longer than most mature
miRNAs. Furthermore, the available read length of the
latest NGS platforms are longer than the SOLiD V2 sys-
tem, 75nt of SOLiD 5500 × l and 100nt of Hiseq 2000.
PBS is more economic and efficient than the physical
segregation in these applications. In the existing single
barcode method which allows parallel analysis infinite
samples in theory like PBS, the number of tagged oligos
required is equal to the number of the samples pooled
together. If the number of pooled samples is large, the

Table 1 Decoded read counts and raw miRNA expression
values

Barcode pair/dataset Pilot run I Pilot run II

A1 1350957 1248344

A2 839729 812507

A3 654378 632717

A4 1558780 1516755

A5 1106683 1059838

A6 1083017 1086001

A7 2413058 2464352

A8 3449159 3397171

B1 743743 679503

B2 236758 225889

B3 172964 163368

B4 236646 231825

B5 585148 555769

B6 1315460 1276797

B7 710279 711801

B8 1633113 1565130

C1 12646912 11782099

C2 2708545 2635196

C3 1623237 1556327

C4 1537402 1521985

C5 928983 879860

C6 721715 742206

C7 2326266 2372511

C8 2721671 2651552

D1 1536539 1381501

D2 432199 403448

D3 2670887 2529404

D4 2770368 2662417

D5 482720 453340

D6 1750057 1707542

D7 1193768 1201293

D8 2552421 2464702
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same number of tagged oligos is required and the single
barcode method lost its practicability. PBS approach is
considered to be an ideal method to overcome this pro-
blem. The latest sequencers generate up to 1 billion
reads, which is adequate to parallel analysis up to 100
miRNA samples. To parallel analyze 100 miRNA sam-
ples, single barcode method requires 100 barcoded oli-
gos (Table 3). By combining with physical segregation,
at least 13 barcoded oligos are remaining required.
However, totally 20 barcoded oligos are necessary by
PBS without the help of physical segregation. The
throughput of NGS has increased for dozens of times in
the past several years and continuously increases in a
rapid speed. The superior of PBS will be more signifi-
cant when the throughput becomes larger. For example,
if the researchers want to parallel analyze 10,000 sam-
ples in the future, 10,000 kinds of sample-specific pri-
mers or adaptors are needed by the existing single

Figure 2 NGS of the small RNA transcriptome. A1. Scatter plots of raw miRNA expression values of the same sample with the worst
correlation. The x-axis was determined without barcode and the y-axis determined with barcode pair A4. A2. Scatter plots of raw miRNA
expression values of the same sample with the best correlation. The x-axis was determined without barcode and the y-axis determined with
barcode pair C3. Raw expression values of miRNAs determined with 16 kinds of barcode pairs were compared with raw expression values of
miRNAs without barcode one by one, and the scatter plots are exhibited in Additional file 4. B. Read length distribution (nt) of known miRNAs
by removing adaptors and barcodes. The y-axis depicts the percentage of read lengths relative to the total number of reads in all datasets. Read
length distributions of each patient are shown in Additional file 2. C. Distribution of non-coding RNA species in the all 32 samples.

Table 2 Highly expressed miRNAs in all datasets.

Average read counts Ratio

BC BO

miR-23a 37,714 39,969 -0.08

miR-21 20,007 6,091 1.72

miR-19b 16,705 7,368 1.18

let-7b 7,871 33,016 -2.07

miR-27a 12,514 16,534 -0.40

miR-1308 11,871 12,091 -0.03

miR-181a 10,825 8,456 0.36

miR-29a 10,558 9,074 0.22

miR-205 10,346 7,839 0.40

miR-1975 7,876 6,044 0.38

The average of BC was divided by the average of BO and the quotient was
taken the logarithm to calculate the ratio, based on 2.
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barcode method. Combining with physical segregation,
1250 kinds of barcoded oligos are still indispensible.
However, only 100 varieties F-adaptors and 100 sample-
specific R-primers are required using the PBS approach
(Table 3). Moreover, F-adaptors and R-primers are
employed in two different steps of library construction,
reducing the probability of potential mistakes made
within the library construction. Comparing to the exist-
ing single barcode method, PBS approach requires sig-
nificantly less kinds of tagged oligos, about square root
of the single barcode method. Therefore, the studies
become uncomplicated and efficient.

About 71% of the reads mapped to the sequence of
the 4 F-barcodes and about 90% of the F-barcode
decoded reads mapped to the sequence of the 8 R-bar-
codes. In each of the two decoding steps, 20% of the
reads are off-target on average (Figure 2C). The ratios
are logical comparing to other SOLiD works [14]. The
vast majority of these off-target reads did not mapped
to both of the two barcodes, indicating that they were
not caused by using a pair of barcodes instead of a sin-
gle barcode. The counts of reads mapped to the barcode
pairs are tens of times difference between each other.
The existing DNA spectrophotometers, such as Nano-
drop ND-1000 are not fit for determining samples
whose concentration smaller than 2 ng/μl directly. The
final concentration of pooled libraries used for ePCR is
50 pg/μl. The libraries were determined at high concen-
tration and were diluted to 50 pg/μl. The dilution may
be one of the reasons of read counts difference cross
datasets. Although the read counts difference induced
the difference in miRNA expression, this difference can
be resolved by read counts normalization.
The percentage of mappable reads using SOLiD system

small RNA analysis pipeline tool (RNA2MAP, version
0.5.0) is at the same level of other work [14]. The read
length distribution after mapping to the miRBase is iden-
tical with the other studies [14,31], indicating that mature
miRNAs were enriched in the sequenced samples and
were well sequenced by the PBS. Hundreds of miRNAs
discovered in the pooled samples is another support. We
found an average correlation of r = 0.999 between
miRNA expression counts in replicate experiments, indi-
cating the sequencing assay is highly reproducible.
Quantile-quantile normalization was used to normal-

ize raw read counts to remove potential bias in miRNA
expression across the datasets. The quantile-quantile
normalization has been used to normalize the raw read
counts of NGS and shown to be superior to scaling to a
given constant [14]. We first analyze the high expressed
miRNAs (Table 2). Three of these 10 miRNAs expressed
differently between BC datasets and BO datasets (ratio<-

Figure 3 Differential miRNA expression between BC and BO.
The expression value zero was set as one to be visible on
logarithmic coordinates. The normalized expression values were
used to evaluate the difference between two kinds of datasets.
Black spots refer to breast cancer cancerous tissue datasets and
black circles depict breast noncancerous tissue datasets. A.
Expression data for known breast cancer associated miRNAs. B.
Expression data for the 10 best class-separating miRNAs. Rows are
sorted according to raw p-values. These data including a previously
breast cancer associate miRNA (shown in Figure 3A) as well as
newly identified differentially expressed miRNAs.

Table 3 Comparison of the current methods versus PBS.

Samples
number

PSS 1 SBS 2 Combination of PSS 1 and SBS 2 PBS

10 Allowing up to 8
samples

10 barcoded oligos 4 segments with 3 barcoded oligos 7 barcoded oligos
(4 F-barcodes and 3 R-barcodes)

100 N/A 100 barcoded oligos 8 segments with 13 barcoded oligos 20 barcoded oligos
(10 F-barcodes and 10 R-barcodes)

1000 N/A 1000 barcoded oligos 8 segments with 125 barcoded oligos 67 barcoded oligos
(34 F-barcodes and 33 R-barcodes)

10000 N/A 10000 barcoded
oligos

8 segments with 1250 barcoded
oligos

200 barcoded oligos
(100 F-barcodes and 100 R-

barcodes)
1 PSS, Physical Space segregation
2 SBS, Single barcode sequencing
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1 or ratio > 1). miR-21, one of the two upregulated miR-
NAs, is a well known oncogene that expected to be
abundant in breast tumor [18,19]. miR-19b, the other
upregulated miRNA, is reported to be high expressed in
invasive breast cell lines versus less invasive breast cell
lines[23]. The downregulated miRNA, let-7b, is a mem-
ber of let-7 family which considered to be tumor sup-
pressor miRNAs [20].
We then analyzed miRNAs that previously associate to

breast cancer. MiR-155, which was discovered to be
upregulated in breast cancer [17-19], is also significant
upregulation in BC datasets, suggesting that it may play
as an oncogene in breast cancer. MiR-31, which is
expressed in normal breast cells and was recently shown
to prevent metastasis at multiple steps by inhibiting the
expression of prometastatic genes [27], was observed to
be downregulated in BC datasets. No significant differ-
ence between BC and BO datasets was observed in the
other 9 breast cancer associate miRNAs.
We also analyzed other miRNAs differentially

expressed between BC and BO datasets in this work. Of
all the 200 miRNAs considered, 22 miRNAs were differ-
entially expressed according to the p-values. We com-
pared the expression patterns of the 10 differentially
expressed miRNAs with published results (Figure 3B).
MiR-31, downregulated in BC datasets, was reported to
be a suppressor of breast cancer. MiR-21* was upregu-
lated in BC datasets and the non star form of miR-21*
was recognized as a breast cancer oncogenic miRNAs
[18,19]. As a member of let-7 family, a well known
breast cancer suppressor, let-7b was observed to be
downregulated in BC datasets in our study. Several miR-
NAs among the 10 most differentially expressed miR-
NAs were associated other malignancies in published
studies, including miR-15b[32,33], miR-101[34], miR-
374a[35], and miR-218[36]. The expression patterns of
these 4 miRNAs in our study are all in accord with the
work of profession. This accordance strengthens that
these 4 miRNAs are breast cancer concerning miRNAs.
We here report that miR-15b, miR-101, miR-374a and
miR-218 are breast cancer associated miRNAs by the
sequencing results of our PBS approach. For the rest 3
miRNAs, miR-487b, miR-744 and miR-2110, no paper
was found to report any relationship with malignancies.
We notice that all these 3 miRNAs have low read
counts in the two divergent clinical groups, indicating
low expression values in tissues. It may be the reason
why the different expression patterns of these miRNAs
were not reported in previous works.

Conclusions
In summary, we have developed an ideal system that
allows for high-throughput sequencing of large-scale
multiplexed samples using SOLiD system. Substantially,

comparing to the existing barcode sequencing, the sup-
posed technique improves the practicability when the
amount of samples is large. The application demon-
strates that PBS is a valid tool to discover miRNAs in
large-scale multiplexed samples. PBS approach can be
readily adapted to any existing NGS platform and will
be more widely applied along with the increasing of
NGS throughput in the next several years.

Methods
Sample preparation and RNA isolation
All participants provided written informed consent, and
the study received ethical approval from the ethics com-
mittee of the State Key Laboratory of Bioelectronics. 32
samples were derived from 26 human breast cancer can-
cerous tissues (M1-M26) and 6 human breast noncan-
cerous tissues (C1-C6) and kept in TRIzol (Qiagen Inc.,
Shanghai, China) before RNA isolation. MiRNAs were
extracted from each sample using mirVana miRNA iso-
lation kit (Ambion Inc., Austin, TX, USA). MiRNA
quantity and quality were checked by spectrophot-
ometer, Nanodrop ND-1000 (Thermo Fisher Scientific
Inc., Waltham, MA, USA). The clinical data of patients
are shown in Additional file 8.

Small RNA library generation and sequencing
F-adaptors and R-adaptors were ligated to miRNA sam-
ples consequently with a size-selection by polyacryla-
mide gel electrophoresis to purify the library after each
ligation. Each F-adaptor contains a unique F-barcode for
6-nt in length. The RT-primers were added to carry out
reverse transcription. The libraries were then amplified
by PCR reactions, in which the R-barcodes for 6-nt in
length were introduced by the R-primers. One more
size-selection by polyacrylamide gel electrophoresis was
done after the PCR reactions. The 32 samples were
mixed in a pool at the same concentration to operate
emulsion PCR (ePCR). Template bead preparation,
ePCR and deposition were performed according to the
standard protocol, and slides were analyzed on a SOLiD
system V2 (Applied Biosystems Inc., Foster City, CA,
USA) according to the multiplexing protocol. The
sequences of oligos used in this paper are shown in
Additional file 9. Sample M-14 was selected to perform
technical replicates with different barcodes. This sample
was sequenced directly without barcode, and with 16
barcode pairs.

Decoding, mapping and data analysis
SOLiD reads were decoded by the F-barcodes and R-
barcodes consequently allowing one mismatch in each
6nt coding region. The reads which match an F-barcode
and an R-barcode uniquely and simultaneously were
used for mapping (Additional file 9). Mapping of SOLiD
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reads was performed using SOLiD system small RNA
analysis pipeline tool (RNA2MAP, version 0.5.0). After
filtering the other human non-coding RNAs, raw
expression values (read counts) were obtained by sum-
ming the number of reads that mapped uniquely to the
reference database, miRBase release 14.0 and Human
Genome RefSeq Hg19. We allowed two mismatches for
the first 18nt and three mismatches for the remaining
11nt of each decoded reads (Additional file 6).

Normalization of read counts
In order to quantify and compare miRNA expression
across datasets, raw read counts were normalized using
quantile-quantile normalization to remove a potential
bias. Dataset M1 was chosen as a reference, and the
scaling factors were obtained by computing the median
of differences of corresponding quantile values of a data-
set and the reference dataset. The distribution of abso-
lute count values > 5 both in the dataset and the
reference dataset were compared in logarithmic space.
All datasets were normalized by linear transformations
using the scaling factors (Additional file 6) [14].

Additional material

Additional file 1: Statistics after mapping. Statistics after mapping
decoded NGS reads to the other non coding RNAs, Human Genome
(RefSeq Hg19) and miRBase (Release 14.0).

Additional file 2: MiRNA read length distribution. Exhibit the miRNA
read length distribution of each patient.

Additional file 3: MiRNA read counts of two independent runs.
Scatter plots of miRNA expressions of all 32 barcode pairs of two
independent runs.

Additional file 4: MiRNA read counts of different barcode pairs.
Scatter plots of miRNA read counts of the same sample without barcode
to with different barcode pairs.

Additional file 5: Highly expressed miRNAs. Highly expressed miRNAs
in all 25 datasets.

Additional file 6: Mapping and normalization. The detailed
progression of mapping and normalization.

Additional file 7: Different expressed miRNAs. The 22 miRNAs which
were differentially expressed between breast malignant and breast
carcinoid based on a t-test.

Additional file 8: Clinical data. Clinical data of the patients included in
this study.

Additional file 9: Encoding and decoding. Details of the encoding and
decoding progress.

Abbreviations
BC: breast cancer cancerous tissues; BO: breast noncancerous tissues; F-
adaptor: forward adaptor; F-barcode: forward barcode; MiRNA: microRNA;
NGS: next generation sequencing; nt: nucleotide; PBS: pair barcode
sequencing; ePCR: emulsion PCR; PSS: Physical Space segregation; R-adaptor:
reverse adaptor; R-barcode: reverse barcode; SBS: Single barcode
sequencing; TNList: Tsinghua National Laboratory for Information Science
and Technology.

Acknowledgements
This work was supported by project 2012CB316501 the National Basic
Research Program of China, project 60701008 and 60971021 of National
Natural Science Foundation of China and Tsinghua National Laboratory for
Information Science and Technology (TNList) Cross-discipline Foundation.

Author details
1State Key Laboratory of Bioelectronics, Southeast University, Nanjing,
210096, China. 2Key laboratory of Child Development and Learning Science,
Ministry of Education, Southeast University, Nanjing, 210096, China.

Authors’ contributions
JT conceived of the study, participated in its design, coordination and data
analysis and drafted the manuscript. QG conceived of the study, participated
in its design, coordination and drafted the manuscript. SW and LW
performed the data analysis. BS participated in the design and participated
in data analysis. QY participated in the sequencing experiment design. YB
conceived of the study, participated in its design. ZL conceived of the study
participated in its design and coordination, and helped to draft the
manuscript. All authors read and approved the final manuscript.

Received: 26 April 2011 Accepted: 25 January 2012
Published: 25 January 2012

References
1. Schuster SC: Next-generation sequencing transforms today’s biology. Nat

Methods 2008, 5(1):16-18.
2. Smith DR, Quinlan AR, Peckham HE, Makowsky K, Tao W, Woolf B, Shen L,

Donahue WF, Tusneem N, Stromberg MP, Stewart DA, Zhang L, Ranade SS,
Warner JB, Lee CC, Coleman BE, Zhang Z, McLaughlin SF, Malek JA,
Sorenson JM, Blanchard AP, Chapman J, Hillman D, Chen F, Rokhsar DS,
McKernan KJ, Jeffries TW, Marth GT, Richardson PM: Rapid whole-genome
mutational profiling using next-generation sequencing technologies.
Genome Res 2008, 18(10):1638-1642.

3. Ley TJ, Mardis ER, Ding L, Fulton B, McLellan MD, Chen K, Dooling D,
Dunford-Shore BH, McGrath S, Hickenbotham M, Cook L, Abbott R,
Larson DE, Koboldt DC, Pohl C, Smith S, Hawkins A, Abbott S, Locke D,
Hillier LW, Miner T, Fulton L, Magrini V, Wylie T, Glasscock J, Conyers J,
Sander N, Shi X, Osborne JR, Minx P, et al: DNA sequencing of a
cytogenetically normal acute myeloid leukaemia genome. Nature 2008,
456(7218):66-72.

4. Parameswaran P, Jalili R, Tao L, Shokralla S, Gharizadeh B, Ronaghi M,
Fire AZ: A pyrosequencing-tailored nucleotide barcode design unveils
opportunities for large-scale sample multiplexing. Nucleic Acids Res 2007,
35(19):e130.

5. Meyer M, Stenzel U, Myles S, Prufer K, Hofreiter M: Targeted high-
throughput sequencing of tagged nucleic acid samples. Nucleic Acids Res
2007, 35(15):e97.

6. Smith AM, Heisler LE, St Onge RP, Farias-Hesson E, Wallace IM, Bodeau J,
Harris AN, Perry KM, Giaever G, Pourmand N, Nislow C: Highly-multiplexed
barcode sequencing: an efficient method for parallel analysis of pooled
samples. Nucleic Acids Res 2010, 38(13):e142.

7. Varley KE, Mutch DG, Edmonston TB, Goodfellow PJ, Mitra RD: Intra-tumor
heterogeneity of MLH1 promoter methylation revealed by deep single
molecule bisulfite sequencing. Nucleic Acids Res 2009, 37(14):4603-4612.

8. Cronn R, Liston A, Parks M, Gernandt DS, Shen R, Mockler T: Multiplex
sequencing of plant chloroplast genomes using Solexa sequencing-by-
synthesis technology. Nucleic Acids Res 2008, 36(19):e122.

9. Jolma A, Kivioja T, Toivonen J, Cheng L, Wei G, Enge M, Taipale M,
Vaquerizas JM, Yan J, Sillanpaa MJ, Bonke M, Palin K, Talukder S, Hughes TR,
Luscombe NM, Ukkonen E, Taipale J: Multiplexed massively parallel SELEX
for characterization of human transcription factor binding specificities.
Genome Res 20(6):861-873.

10. Varley KE, Mitra RD: Nested Patch PCR enables highly multiplexed
mutation discovery in candidate genes. Genome Res 2008,
18(11):1844-1850.

11. Smith AM, Heisler LE, Mellor J, Kaper F, Thompson MJ, Chee M, Roth FP,
Giaever G, Nislow C: Quantitative phenotyping via deep barcode
sequencing. Genome Res 2009, 19(10):1836-1842.

Tu et al. BMC Genomics 2012, 13:43
http://www.biomedcentral.com/1471-2164/13/43

Page 8 of 9

http://www.biomedcentral.com/content/supplementary/1471-2164-13-43-S1.PDF
http://www.biomedcentral.com/content/supplementary/1471-2164-13-43-S2.PDF
http://www.biomedcentral.com/content/supplementary/1471-2164-13-43-S3.PDF
http://www.biomedcentral.com/content/supplementary/1471-2164-13-43-S4.PDF
http://www.biomedcentral.com/content/supplementary/1471-2164-13-43-S5.PDF
http://www.biomedcentral.com/content/supplementary/1471-2164-13-43-S6.PDF
http://www.biomedcentral.com/content/supplementary/1471-2164-13-43-S7.PDF
http://www.biomedcentral.com/content/supplementary/1471-2164-13-43-S8.PDF
http://www.biomedcentral.com/content/supplementary/1471-2164-13-43-S9.PDF
http://www.ncbi.nlm.nih.gov/pubmed/18165802?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18775913?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18775913?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18987736?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18987736?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17932070?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17932070?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17670798?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17670798?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20460461?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20460461?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20460461?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19494183?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19494183?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19494183?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18753151?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18753151?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18753151?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18849522?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18849522?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19622793?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19622793?dopt=Abstract


12. Timmermans MJ, Dodsworth S, Culverwell CL, Bocak L, Ahrens D,
Littlewood DT, Pons J, Vogler AP: Why barcode? High-throughput
multiplex sequencing of mitochondrial genomes for molecular
systematics. Nucleic Acids Res 38(21):e197.

13. O’Day E, Lal A: MicroRNAs and their target gene networks in breast
cancer. Breast Cancer Res 12(2):201.

14. Schulte JH, Marschall T, Martin M, Rosenstiel P, Mestdagh P, Schlierf S,
Thor T, Vandesompele J, Eggert A, Schreiber S, Rahmann S, Schramm A:
Deep sequencing reveals differential expression of microRNAs in
favorable versus unfavorable neuroblastoma. Nucleic Acids Res
38(17):5919-5928.

15. Croce CM: Causes and consequences of microRNA dysregulation in
cancer. Nat Rev Genet 2009, 10(10):704-714.

16. Jemal A, Siegel R, Ward E, Hao Y, Xu J, Murray T, Thun MJ: Cancer statistics,
2008. CA Cancer J Clin 2008, 58(2):71-96.

17. Iorio MV, Ferracin M, Liu CG, Veronese A, Spizzo R, Sabbioni S, Magri E,
Pedriali M, Fabbri M, Campiglio M, Menard S, Palazzo JP, Rosenberg A,
Musiani P, Volinia S, Nenci I, Calin GA, Querzoli P, Negrini M, Croce CM:
MicroRNA gene expression deregulation in human breast cancer. Cancer
Res 2005, 65(16):7065-7070.

18. Qi L, Bart J, Tan LP, Platteel I, Sluis T, Huitema S, Harms G, Fu L, Hollema H,
Berg A: Expression of miR-21 and its targets (PTEN, PDCD4, TM1) in flat
epithelial atypia of the breast in relation to ductal carcinoma in situ and
invasive carcinoma. BMC Cancer 2009, 9:163.

19. Si ML, Zhu S, Wu H, Lu Z, Wu F, Mo YY: miR-21-mediated tumor growth.
Oncogene 2007, 26(19):2799-2803.

20. Johnson SM, Grosshans H, Shingara J, Byrom M, Jarvis R, Cheng A,
Labourier E, Reinert KL, Brown D, Slack FJ: RAS is regulated by the let-7
microRNA family. Cell 2005, 120(5):635-647.

21. Hackl M, Brunner S, Fortschegger K, Schreiner C, Micutkova L, Muck C,
Laschober GT, Lepperdinger G, Sampson N, Berger P, Herndler-
Brandstetter D, Wieser M, Kuhnel H, Strasser A, Rinnerthaler M,
Breitenbach M, Mildner M, Eckhart L, Tschachler E, Trost A, Bauer JW,
Papak C, Trajanoski Z, Scheideler M, Grillari-Voglauer R, Grubeck-
Loebenstein B, Jansen-Durr P, Grillari J: miR-17, miR-19b, miR-20a, and
miR-106a are down-regulated in human aging. Aging Cell 9(2):291-296.

22. Todoerti K, Barbui V, Pedrini O, Lionetti M, Fossati G, Mascagni P,
Rambaldi A, Neri A, Introna M, Lombardi L, Golay J: Pleiotropic anti-
myeloma activity of ITF2357: inhibition of interleukin-6 receptor
signaling and repression of miR-19a and miR-19b. Haematologica
95(2):260-269.

23. Zhang X, Yu H, Lou JR, Zheng J, Zhu H, Popescu NI, Lupu F, Lind SE,
Ding WQ: MicroRNA-19 (miR-19) regulates tissue factor expression in
breast cancer cells. J Biol Chem 286(2):1429-1435.

24. Mertens-Talcott SU, Chintharlapalli S, Li X, Safe S: The oncogenic
microRNA-27a targets genes that regulate specificity protein
transcription factors and the G2-M checkpoint in MDA-MB-231 breast
cancer cells. Cancer Res 2007, 67(22):11001-11011.

25. Iorio MV, Casalini P, Piovan C, Di Leva G, Merlo A, Triulzi T, Menard S,
Croce CM, Tagliabue E: microRNA-205 regulates HER3 in human breast
cancer. Cancer Res 2009, 69(6):2195-2200.

26. Yu Z, Wang C, Wang M, Li Z, Casimiro MC, Liu M, Wu K, Whittle J, Ju X,
Hyslop T, McCue P, Pestell RG: A cyclin D1/microRNA 17/20 regulatory
feedback loop in control of breast cancer cell proliferation. J Cell Biol
2008, 182(3):509-517.

27. Valastyan S, Reinhardt F, Benaich N, Calogrias D, Szasz AM, Wang ZC,
Brock JE, Richardson AL, Weinberg RA: A pleiotropically acting microRNA,
miR-31, inhibits breast cancer metastasis. Cell 2009, 137(6):1032-1046.

28. Christoffersen NR, Shalgi R, Frankel LB, Leucci E, Lees M, Klausen M, Pilpel Y,
Nielsen FC, Oren M, Lund AH: p53-independent upregulation of miR-34a
during oncogene-induced senescence represses MYC. Cell Death Differ
17(2):236-245.

29. Welch C, Chen Y, Stallings RL: MicroRNA-34a functions as a potential
tumor suppressor by inducing apoptosis in neuroblastoma cells.
Oncogene 2007, 26(34):5017-5022.

30. Blenkiron C, Goldstein LD, Thorne NP, Spiteri I, Chin SF, Dunning MJ,
Barbosa-Morais NL, Teschendorff AE, Green AR, Ellis IO, Tavare S, Caldas C,
Miska EA: MicroRNA expression profiling of human breast cancer
identifies new markers of tumor subtype. Genome Biol 2007, 8(10):R214.

31. Mishima T, Takizawa T, Luo SS, Ishibashi O, Kawahigashi Y, Mizuguchi Y,
Ishikawa T, Mori M, Kanda T, Goto T: MicroRNA (miRNA) cloning analysis

reveals sex differences in miRNA expression profiles between adult
mouse testis and ovary. Reproduction 2008, 136(6):811-822.

32. Satzger I, Mattern A, Kuettler U, Weinspach D, Voelker B, Kapp A, Gutzmer R:
MicroRNA-15b represents an independent prognostic parameter and is
correlated with tumor cell proliferation and apoptosis in malignant
melanoma. Int J Cancer 126(11):2553-2562.

33. Wang X, Tang S, Le SY, Lu R, Rader JS, Meyers C, Zheng ZM: Aberrant
expression of oncogenic and tumor-suppressive microRNAs in cervical
cancer is required for cancer cell growth. PLoS One 2008, 3(7):e2557.

34. Smits M, Nilsson J, Mir SE, van der Stoop PM, Hulleman E, Niers JM, de Witt
Hamer PC, Marquez VE, Cloos J, Krichevsky AM, Noske DP, Tannous BA,
Wurdinger T: miR-101 is down-regulated in glioblastoma resulting in
EZH2-induced proliferation, migration, and angiogenesis. Oncotarget
1(8):710-720.

35. Huang Y, Chuang A, Hao H, Talbot C, Sen T, Trink B, Sidransky D,
Ratovitski E: Phospho-DeltaNp63alpha is a key regulator of the cisplatin-
induced microRNAome in cancer cells. Cell Death Differ 2011,
18(7):1220-1230.

36. Alajez NM, Lenarduzzi M, Ito E, Hui AB, Shi W, Bruce J, Yue S, Huang SH,
Xu W, Waldron J, O’Sullivan B, Liu FF: miR-218 Suppresses Nasopharyngeal
Cancer Progression through Downregulation of Survivin and the SLIT2-
ROBO1 Pathway. Cancer Res 71(6):2381-2391.

doi:10.1186/1471-2164-13-43
Cite this article as: Tu et al.: Pair-barcode high-throughput sequencing
for large-scale multiplexed sample analysis. BMC Genomics 2012 13:43.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Tu et al. BMC Genomics 2012, 13:43
http://www.biomedcentral.com/1471-2164/13/43

Page 9 of 9

http://www.ncbi.nlm.nih.gov/pubmed/19763153?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19763153?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18287387?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18287387?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16103053?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19473551?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19473551?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19473551?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17072344?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15766527?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15766527?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18006846?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18006846?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18006846?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18006846?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19276373?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19276373?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18695042?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18695042?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19524507?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19524507?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17297439?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17297439?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17922911?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17922911?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18772262?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18772262?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18772262?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18596939?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18596939?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18596939?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21274007?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21274007?dopt=Abstract

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Outline of PBS and design of barcodes
	Pair-barcode decoding
	Mapping results
	Correlation of miRNA read counts without barcode to miRNA read counts with different barcode pairs
	High expressed miRNAs
	Analysis of known breast cancer related miRNAs
	MiRNAs differentially expressed between two clinical groups

	Discussion
	Conclusions
	Methods
	Sample preparation and RNA isolation
	Small RNA library generation and sequencing
	Decoding, mapping and data analysis
	Normalization of read counts

	Acknowledgements
	Author details
	Authors' contributions
	References

