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Large-scale production of SAGE libraries from
microdissected tissues, flow-sorted cells, and cell lines
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V5Z 4S6, Canada; 2Genome British Columbia, Vancouver, British Columbia V5Z 1C6, Canada; 3Terry Fox Laboratory, BC Cancer
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We describe the details of a serial analysis of gene expression (SAGE) library construction and analysis platform that
has enabled the generation of >298 high-quality SAGE libraries and >30 million SAGE tags primarily from
sub-microgram amounts of total RNA purified from samples acquired by microdissection. Several RNA isolation
methods were used to handle the diversity of samples processed, and various measures were applied to minimize
ditag PCR carryover contamination. Modifications in the SAGE protocol resulted in improved cloning and DNA
sequencing efficiencies. Bioinformatic measures to automatically assess DNA sequencing results were implemented to
analyze the integrity of ditag structure, linker or cross-species ditag contamination, and yield of high-quality tags per
sequence read. Our analysis of singleton tag errors resulted in a method for correcting such errors to statistically
determine tag accuracy. From the libraries generated, we produced an essentially complete mapping of reliable
21-base-pair tags to the mouse reference genome sequence for a meta-library of ∼5 million tags. Our analyses led us
to reject the commonly held notion that duplicate ditags are artifacts. Rather than the usual practice of discarding
such tags, we conclude that they should be retained to avoid introducing bias into the results and thereby maintain
the quantitative nature of the data, which is a major theoretical advantage of SAGE as a tool for global
transcriptional profiling.

[Supplemental material is available online at www.genome.org.]

Serial analysis of gene expression (SAGE) offers a particularly at-
tractive technology for profiling eukaryotic transcriptomes (Vel-
culescu et al. 1995) because of the digital and quantitative nature
of the data, its efficient sampling of short sequence tags from
known and novel mRNA transcripts, and its theoretically unlim-
ited dynamic range. Numerous improvements to the original
technology have been described (Peters et al. 1999; Saha et al.
2002; Gowda et al. 2004; Heidenblut et al. 2004; Wei et al. 2004;
Kodzius et al. 2006). These include the production of longer tags,
which have improved the specificity of tag-to-gene mapping
(Saha et al. 2002; Matsumura et al. 2003), and modifications de-
signed to facilitate library construction from nanogram quanti-
ties of total RNA (Peters et al. 1999; Neilson et al. 2000). Recently,
the use of SAGE-like procedures to identify regions of the genome
interacting with DNA-binding proteins has been described (Im-
pey et al. 2004; Chen and Sadowski 2005; Kim et al. 2005; Loh et

al. 2006; Wei et al. 2006). Such approaches represent viable al-
ternatives to ChIP-on-chip (Ren et al. 2000).

SAGE is among the few relatively accessible digital gene ex-
pression profiling technologies capable of generating compre-
hensive transcriptome profiles. Nevertheless, challenges associ-
ated with laborious library construction and generally limited
access to inexpensive automated DNA sequencing have restricted
its application to large-scale initiatives. Experiments at our Ge-
nome Center (Smailus et al. 2005) and elsewhere have resulted in
a steady decrease in DNA sequencing costs using conventional
capillary electrophoresis instruments. New instrumentation
(Shendure et al. 2004; Bennett et al. 2005; Margulies et al. 2005),
only now just becoming available, is expected to further reduce
operating costs dramatically. However, the requirement for large-
scale production of SAGE libraries remains a challenge. To create
a platform that could produce 100 or more libraries per year, we
sought to refine the protocols to be used so that they would be
sufficiently robust for execution by entry-level technical staff and
to design and implement bioinformatics approaches that would
measure the accuracy of the tags generated. These efforts resulted
in a quality-controlled, production-scale SAGE library construc-
tion platform in an academic setting, in which six technicians
could generate >100 libraries per year from microdissected
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samples. We have now used this pipeline to construct 298 librar-
ies. Further increases in scale can be accommodated as required.
We describe the details of our approach here, and provide in the
Supplemental materials a standard operating procedure to allow
implementation of the pipeline at other genome centers.

Methods

Laboratory design

Laboratory space and workflow were designed to limit the po-
tential of PCR cross-contamination. In particular, we segregated
pre-ditag work from ditag and post-ditag work. We adopted a
policy of single-use aliquots for reagents, exclusive reliance on
disposable plasticware and protective apparel, daily decontami-
nation routines, and species-specific work areas. An effective bio-
chemical measure for limiting cross-species contamination was
the design and implementation of species-specific LongSAGE
adapters. PCR primers corresponding to each adapter pair were
designed to be incapable of amplifying ditags from any other
adapter pair. We relied on the I-SAGE Long kit (Invitrogen) as the
primary source of quality-tested and modularized reagents. These
were supplemented as required with materials from suppliers of
standard molecular biology equipment and reagents.

Tissue collection and RNA extraction

The diversity of tissue sources used for library construction re-
quired several cell and tissue collection approaches. When pos-
sible, we used snap-freezing in liquid nitrogen to preserve tissues
prior to RNA extraction. Minute samples harvested using micro-
dissection techniques from the earliest stages of mouse develop-
ment were successfully processed with TRIzol reagent (Invitro-
gen). Alternatively, for convenient storage and transport of
samples at ambient temperature, we routinely used the RNA sta-
bilization reagent RNAlater (Ambion). RNAs from tissues known
to harbor high levels of endogenous nucleases, for example
spleen and pancreas, were purified successfully by rapid homog-
enization in RNA extraction buffer immediately following tissue
dissection. A PowerGen 125 rotor-stator homogenizer (Fisher Sci-
entific) with a 5-mm disposable generator was routinely utilized
for mechanical shearing of solid tissue samples, using working
volumes as little as 50 µL. Total RNA was most often isolated with
TRIzol reagent in conjunction with Eppendorf brand phase lock
gel tubes (Fisher Scientific). RNAs from lipid-rich and fibrous tis-
sues were successfully purified using spin-column-based RNeasy
kits developed specifically for such tissues (Qiagen). Processing of
samples consisting of only a few thousand cells, such as those
typically harvested using laser capture microdissection (LCM),
was achieved using spin-column-based RNA isolation methods
along with on-column DNase treatment.

Removal of contaminating genomic DNA was performed
with Ambion’s DNA-free reagent and protocol, a method that
does not require subsequent organic extraction, alcohol precipi-
tation, heating, or the addition of EDTA to the DNase-treated
RNA sample. Protocols requiring the latter conditions sometimes
yielded degraded RNA following DNase treatment, possibly due
to the activation of residual ribonucleases still present after RNA
extraction.

Assessment of RNA quality

All RNA samples were analyzed with an Agilent 2100 Bioanalyzer

prior to entering the SAGE library construction pipeline. We rou-
tinely performed total RNA quality assessments using as little as
a few hundred picograms of RNA in sample volumes of 1 µL.
Also, the RNA integrity number (RIN; Schroeder et al. 2006) was
used to help establish an RNA quality standard. We coupled this
RIN metric with a biochemical RNase assay (RNaseALERT, Am-
bion) to generate comprehensive assessments of RNA quality
prior to global gene expression profiling. Despite some variability
with RNA Pico LabChip performance, possibly due to extreme
sensitivity of the assay to experimental conditions and sample
contaminants, the method allowed evaluation of RNA quality at
the picogram level with minimal sacrifice of sample material.
Quantitation was also performed with a Victor2 fluorometer (Per-
kin Elmer) coupled with RiboGreen dye (Invitrogen).

LongSAGE library construction

Our library construction pipeline is presented schematically in
Supplemental Figure 1. Its design is based on several previously
published protocols, including those of Velculescu et al. (1995),
Saha et al. (2002), and Gowda et al. (2004), with modifications
that we found improved pipeline performance.

Construction of “standard” libraries initially required 2–50
µg of DNase-treated total RNA. mRNA was captured using oli-
go(dT) magnetic beads followed by synthesis of double-stranded
cDNA using SuperScript II reverse transcriptase (Invitrogen),
RNAseH, and Escherichia coli DNA polymerase (Invitrogen). The
resulting bead-bound cDNA was digested with the tagging en-
zyme NlaIII (Invitrogen), and the product was divided into two
fractions for separate ligation of two adapters with 4-bp over-
hangs complementary to NlaIII digestion products. The adapter–
cDNA ligation products were digested with the type IIS tagging
enzyme MmeI (NEB), releasing adapter-tag products with
2-nucleotide (nt) overhangs. The two adapter–tag fractions were
then ligated to form ∼131-bp adapter–ditag–adapter products
that served as template for scale-up PCR. Scale-up PCR used 23–
39 amplification cycles with 1/20 to 1/80 dilutions of template
material and 48 50-µL reactions. Gel-purified scale-up PCR prod-
ucts were digested with the anchoring enzyme NlaIII, yielding
tail-to-tail ligated ∼36-bp cDNA ditags with CATG overhangs.
These were gel-purified and ligated to form concatemers, which
were then size fractionated by PAGE and subjected to a partial
NlaIII digestion step prior to cloning. Concatemers were cloned
into SphI-digested pZErO-1 vector (Invitrogen), and transforma-
tions were done using One Shot TOP10 electrocompetent E. coli
(Invitrogen). Following screening of transformants by colony
PCR, the best concatemer size fraction, defined as that fraction
with the most favorable combination of insert-containing clones
and insert length, was chosen for sequencing. DNA visualization
and band recovery from preparative polyacrylamide gels were
performed using a non-UV Dark Reader transilluminator (Clare
Chemical Research), along with SYBR Green I dye (Invitrogen).

Colony picking was performed using a Q-Pix robot (Ge-
netix), and inoculations were made into 2� YT media with 50
µg/mL Zeocin and 7.5% glycerol. Following overnight culture,
glycerol stocks were used to inoculate larger-volume cultures for
plasmid preparation using a standard alkaline lysis procedure
adapted for high-throughput processing with microtiter plates
(Yang et al. 2005). DNA sequencing was performed with BigDye
v3.1 dye terminator cycle sequencing reactions (Applied Biosys-
tems) run on Tetrad thermal-cyclers (Bio-Rad). Sequencing reac-
tion products were purified by ethanol precipitation and then

Large-scale SAGE library production

Genome Research 109
www.genome.org

 Cold Spring Harbor Laboratory Press on June 16, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


analyzed on model 3730xl capillary DNA sequencers (Applied
Biosystems). DNA sequence data were collected and stored auto-
matically using a custom DNA sequencing database, processed by
trimming of low-quality bases from the sequence and removal of
sequences from non-recombinant clones, vector DNA, and
linker-derived tags. Following analysis of data quality from a first
384-well sequencing plate, each library was sequenced to
completion, with an average sampling depth of 100,000 raw tags
for most libraries.

Incorporation of published SAGE protocol modifications

We incorporated into our Standard Operating Procedure a num-
ber of protocol modifications, including published technical im-
provements. These included a concatemer heating step prior to
gel electrophoresis (Kenzelmann and Muhlemann 1999), strict
adherence to incubation of ditags on ice to avoid GC content bias
(Margulies et al. 2001), and a partial NlaIII digest of SAGE con-
catemers (Gowda et al. 2004). Blue-white selection (Kirschman
and Cramer 1988) of SAGE clones using the pZErO-1 vector im-
proved tag yields by up to 20%. We did not find it necessary to
use biotinylated PCR primers as an additional step to remove
contaminating linker molecules following the NlaIII digestion
step (Powell 1998). Instead, a 15% PAGE gel run at 200 volts (14.2
volts/cm) for 6 h in 1� TAE buffer was satisfactory for separation
of the cDNA ditags, and linker-derived tag contamination was
generally �0.01%. Digestion of the scale-up PCR products with
the NlaIII anchoring enzyme also worked efficiently, avoiding
the need for an additional post-PAGE purification step before
digestion (Angelastro et al. 2000).

Sub-microgram LongSAGE

Over the period that our pipeline has operated, we have been
able to consistently reduce the minimum amount of starting to-
tal RNA from which LongSAGE libraries can be constructed. For
example, we recently constructed three LongSAGE libraries using
only 50 ng of total RNA, without the need for an initial RNA or
cDNA amplification step. This became feasible following the in-
corporation of a partial NlaIII digest of the SAGE concatemers
prior to cloning, as described by Gowda et al. (2004), and resulted
in a dramatic improvement in cloning efficiencies, likely due to
linearization of unclonable circularized concatemers, a presumed
common product of ditag concatenation.

Construction of SAGE-Lite libraries

Until the development described above, samples yielding <100
ng of total RNA were subjected to a cDNA amplification step
according to the SAGE-Lite method (Peters et al. 1999). SAGE-Lite
biochemistry is based upon the SMART (Switching Mechanism
At the 5� end of RNA Transcripts) cDNA synthesis strategy (Clon-
tech) for the generation of full-length cDNA libraries. In SMART
cDNA synthesis, only polyadenylated RNA molecules that have
been full-length reverse transcribed are extended with a polyC
tail by a terminal transferase property inherent to the reverse
transcriptase. A synthetic oligonucleotide with a 3� polyG stretch
is hybridized to the first-strand cDNA and serves as a primer for
synthesis of the second cDNA strand. Thus, each full-length first-
strand cDNA molecule incorporated a synthetic 5� priming site
and a 3� site (a pool of oligo dT primers with degenerate 3� ends;
i.e., 5�-T(30)VN-3�), which allowed the cDNA to be amplified using a
subsequent PCR step. Following PCR amplification, the cDNA was
processed according to the standard LongSAGE protocol.

Detection of cross-species ditag contamination

For every species analyzed using our SAGE pipeline, a list of vir-
tual tags was generated computationally from available tran-
script DNA sequence resources and from genome sequences if
they were available. Alternatively, in the case of species where
transcript sequence resources were limited and a genome se-
quence was not available, the list of tags from a meta-library of all
available SAGE libraries for the species under study was as-
sembled. For each species, all tag sequences also found in any
other species were subtracted, leaving a list of tag sequences ex-
clusive to each species. To assess SAGE libraries for cross-species
contamination, the proportion of tags from a library that
matched sequences in the species-specific lists from other species
was measured. We counted individual sequences only, not the
total number of tags. This provided a sensitive assay for low levels
of contamination.

Measuring duplicate ditag frequency

A diagnostic test was performed on every library to determine if
the frequency of observed duplicate ditags was similar to
that predicted from the frequencies of the individual tags. For
ShortSAGE libraries a simulation was performed in which each
tag from a library was assigned a random number. The tag list was
then sorted by the random number, ditags were formed by com-
bining tags adjacent in the list, and then the frequency of dupli-
cate ditags was measured by sorting and counting the simulation
results. To account for the specificity of tag-to-tag ligation in
LongSAGE resulting from the two-base overhangs produced by
digestion with MmeI, the process was the same except that ditags
were formed only when the two-base overhangs at the 3� ends
matched to form a complementary pair. The simulated ditag fre-
quencies were then compared with the observed frequencies. To
determine the statistical significance of duplicate ditag frequen-
cies, the distribution of log ratios of observed versus simulated
frequencies was determined. Outliers, defined as libraries further
than four standard deviations from the mean, were removed and
the mean and standard deviation again computed. A library was
deemed to be significantly different if significance was P < 0.01.

Error analysis and correction

DNA sequencing yielded tag sequences and a quality estimate for
each sequenced base in the form of PHRED scores (Ewing and
Green 1998; Ewing et al. 1998). These PHRED scores were com-
bined to generate a probability of sequence error, a “quality fac-
tor (QF)”, for each tag (Siddiqui et al. 2005). We used methods
similar to those of others (Colinge and Feger 2001; Beissbarth et
al. 2004; Akmaev and Wang 2004) to determine the rate of
single-base errors in each library and then cluster error tags. A
detailed description of the approach can be found in the Supple-
mental methods.

The error rate was equivalent to the frequency at which
off-by-one tag sequences of highly abundant tags occurred in a
library (where off-by-one tag sequences are defined as containing
a single base pair permutation, insertion, or deletion relative to a
highly abundant tag sequence). Using the QF, we were able to
identify tag sequences likely to originate from a sequencing error.
By removing those tag sequences and measuring the frequency of
single-base errors in the remaining tag sequences, we were able to
determine the frequency of single-base errors introduced prior to
sequencing (the “library construction” error rate).
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Tag-to-gene mapping

SAGE tag-to-gene mapping was performed using publicly avail-
able sequence resources. The reference sequence database
(RefSeq), the reference sequence pre-annotation database
(RefSeqX), and the reference sequence predicted gene database
(RefSeqGS) were obtained from the NCBI (ftp://ftp.ncbi.nih.gov/
refseq). Ensembl transcripts and Ensembl genomic transcription
units were obtained from www.ensembl.org. The Mammalian
Gene Collection transcripts were obtained from ftp://
ftp.ncbi.nih.gov/repository/MGC, and genome sequence data
were obtained from ftp://ftp.ncbi.nih.gov/genomes. To maintain
current versions of these databases on our local server, we estab-
lished a process in which we matched our database update sched-
ule to the release cycle of these host sites. RefSeq and MGC data
were updated daily, while RefSeqX, RefSeqGS, and genome se-
quence data were updated at the time of NCBI updates, varying
from 2 to 12 mo. With each update, a set of virtual tags was
computed from each resource by searching for all NlaIII anchor-
ing enzyme sites. Tables of tag sequence, accession number, ge-
nomic coordinate, and sense/antisense orientation were used to
link observed tags to their potential positions in the genome or
transcriptome.

Results and Discussion

Figure 1 provides an overview of the libraries constructed using
the approaches described here. As of January 2006, our platform
had generated 298 libraries from four species (Supplemental
Table 1), achieving a throughput of up to 12 libraries constructed
per month. More than 30 million SAGE tags have been se-
quenced from these libraries. Fifty-eight libraries were con-
structed from human embryonic stem cell lines (www.
transcriptomES.org) and cancer-related cell lines; 206 libraries
were constructed from developing mouse tissues and cells
(www.mouseatlas.org; Siddiqui et al. 2005), 32 libraries were con-
structed from Caenorhabditis elegans RNA samples (http://
elegans.bcgsc.bc.ca; McKay et al. 2003; Halaschek-Weiner et al.
2005), and two libraries were constructed from zebrafish RNA
samples.

Among the more significant adjustments to our pipeline
was the incorporation of a brief NlaIII digestion prior to size
fractionation and concatemer cloning (Supplemental Fig. 1). This
step, suggested by Gowda et al. (2004), substantially improved
cloning efficiency, which in turn yielded a cascade of improve-
ments impacting many of the steps indicated in Supplemental
Figure 1. These included a reduction in the number of ditag scale-
up PCR reactions from 192 to 48, consequently reducing down-
stream labor and reagent costs approximately threefold. Scale-up
PCR cycle numbers were likewise reduced from 30 to 25 on av-
erage, reducing the occurrence of extraneous amplicons and
other PCR-derived artifacts. Library clone insert lengths im-
proved from ∼20 ShortSAGE (14-bp) tags per clone initially
to the routine generation of an average of 35–40 LongSAGE
(21-bp) tags per clone, or ∼15,000 tags per 384-well plate se-
quenced (Supplemental Fig. 2). Higher colony titers can thus
routinely yield tens of millions of tags per library. Library
construction timelines have also been improved such that most
libraries can now be constructed within 11 d. Most signifi-
cant from the perspective of future application of LongSAGE
to characterize the transcriptomes of rare cell populations (e.g.,
cancer stem cells, fine-needle aspirate samples, etc.) was the re-

duction in the requirements of total RNA to 50 ng for the con-
struction of regular LongSAGE libraries from non-amplified
starting material. For experiments involving tissue samples
where accumulation of even this small amount of RNA is not
possible, we have relied primarily on SAGE-Lite (Peters et al.
1999) for LongSAGE library construction. This approach, which
involves an additional PCR amplification, allowed us to use our
pipeline to construct 56 libraries from laser capture microdissec-
tion (LCM)-derived mouse brain regions and libraries from tis-
sues harvested early in mouse embryogenesis (Supplemental
Table 1).

RNA isolation and analysis for LongSAGE library construc-
tion was successfully performed with a variety of cell and tissue
types from multiple species (Supplemental Table 1), including
mouse spleen and pancreas for which purification of high-
quality RNA was problematic, presumably because of the pres-
ence of elevated RNAse levels in these tissues. For degraded
samples, subsequent repurification of RNA from tissues and the
addition of broad-spectrum ribonuclease inhibitors such as
SUPERaseIn (Ambion) were effective in producing RNA of suffi-
cient quality. The quality of all purified RNAs was assessed using
an Agilent Bioanalyzer 2100. Even so, electropherograms indica-
tive of a high proportion of intact RNA were insufficient to guar-
antee that the RNA could successfully be used to generate a SAGE

Figure 1. Overview of library construction, broken down by organism
(A) and by library construction method (B). Numbers of libraries are
indicated.
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library. On occasion (for example, in the case of mouse spleen
tissue), the RNA appeared intact, but analysis of the sample using
a biochemical RNase assay (RNaseALERT) yielded a ribonuclease-
positive score. Such samples usually degraded when subjected to
incubation with DNase, indicating the need for an RNA re-
extraction step and the use of ribonuclease inhibitors.

Continuous optimization of our SAGE library construction
pipeline resulted in numerous incremental improvements affect-
ing the rate of library construction. During the project, nearly a
fourfold increase in libraries constructed per quarter was
achieved during the peak library construction period (Supple-
mental Fig. 2), but not at the expense of library quality. For ex-
ample, early efforts only rarely produced libraries yielding
�15,000 tags per 384 clones sequenced. In contrast, such perfor-
mance is typical of recently constructed libraries despite the in-
crease in the proportion of technically challenging libraries con-
structed from small amounts of RNA (Supplemental Fig. 2).

We constructed LongSAGE libraries using RNA purified from
human, mouse, zebrafish, and nematode worm cells. The diver-
sity of species analyzed using our pipeline and the PCR-intensive
nature of SAGE library construction resulted in the potential for
undesirable interlibrary cross-species contamination. Unless
such contamination was detected, it could yield tag sequences
that would fail to match sequence resources from the species
under study, leading to the erroneous conclusion that previously
undiscovered “novel” transcripts had been detected in the
LongSAGE analysis. To address this potential problem, we sought
to design a computational screen (see Methods) that could be
used to analyze an initial “quality control” 384-well plate of
LongSAGE sequences prior to more extensive library sequencing.
In the event that the screen detected cross-species contamina-
tion, library sequencing could be aborted at an early stage. A

distribution of contamination levels for all libraries analyzed is
shown in Figure 2.

An analysis of ditags was undertaken to confirm the source
and nature of cross-species tag contamination. The most preva-
lent contaminants were ditags from previous library prepara-
tions. In such cases, the majority of ditags in a library exhibited
the property that both tags in the ditag could be mapped to the
correct species, while a few ditags contained tags that could both
be mapped to the “contaminating” species. We were able to dis-
tinguish such cases from those in which the contamination
event occurred at an early stage prior to ditag generation and PCR
amplification. In these cases, ditags should be a mixture of the
three possible combinations of tags (species A/A, species B/B, and
species A/B). We detected only one instance in which the major-
ity of ditags were a mixture of two species. This was subsequently
traced back to a tube mix-up in the laboratory in which two
different species’ tag-adapter solutions were accidentally com-
bined.

Many published SAGE analyses report that duplicate ditags
are discarded prior to analysis under the assumption that they
represent experimental (e.g., PCR) artifacts (Dinel et al. 2005).
We observed that in libraries from cells and tissues known to
express high levels of a few mRNA species (such as pancreatic islet
cells, which express very large amounts of insulin mRNAs), the
proportion of duplicate ditags was greater than in libraries with
more uniform mRNA frequencies. In such libraries, we sought to
assess the proportion of duplicate ditags that were due to random
assortment of tags versus the proportion due to experimental
artifacts. If duplicate ditags are the result of a process of random
tag joining, one might expect that deeper sequence sampling
from libraries would yield higher proportions of such ditags than
libraries sequenced to shallower depths. A simulation based on

random assortment of tags was applied
to the data from all available libraries,
and this was compared with the ob-
served frequency of ditags in the librar-
ies. In 250 out of 256 libraries analyzed
in this way, the observed duplicate ditag
frequency was not significantly different
from the value computed in the simula-
tion (P < 0.01; see Methods). In three li-
braries, the overall frequency of dupli-
cate ditags was significantly lower than
expected. These libraries each contained
one or two tags that occupied 8%–17%
of the total number of tag counts. In the
other three out of 256 libraries, the ob-
served ditag frequencies were signifi-
cantly higher than the value produced
by our simulation. These libraries were
prepared with additional cycles of ditag
amplification (i.e., 27, 35, and 37 cycles,
instead of the 25–29 cycles normally
used).

Inspection of the cloned ditag con-
catemer sequences revealed that in all
six cases duplicate cloned concatemers,
arising from process errors in the lab or
in the computational pipeline, had re-
sulted in either the resequencing or the
computational re-counting of the same
cloned ditag concatemer multiple times.

Figure 2. Distribution of potential cross-species inter-library contamination. The bars indicate the
number of libraries (y-axis) contained within bins composed of libraries with contamination frequen-
cies that fall within the ranges shown for each bin (x-axis). Percentages indicate the proportion of
sequences within a library that match tag sequences we deduced to be exclusive to other species. This
is a sensitive and probably maximal estimate of cross-species contamination. Five percent of the
libraries assayed have contamination frequencies of �1%. These are the libraries we classified as
potentially contaminated (red bars).

Khattra et al.

112 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on June 16, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


Such multiple concatemer sequences, in which the complete se-
quences of the cloned ditag inserts are identical, are now removed
computationally. Given our findings, we recommend that a ditag fre-
quency diagnostic be performed as a key QC step, but we do not
recommend the routine elimination or subtraction of duplicate ditags
as suggested by Dinel et al. (2005).

With increasing depth of SAGE library sequencing, we ob-
served a monotonic increase in the number of tag sequences
observed only once (singletons). The majority of these singletons
are likely the result of errors arising from library construction
(e.g., RT and PCR errors) and DNA sequencing. However, we an-
ticipated that the singleton class would be enriched in rare
and novel transcripts as well as artifacts, and hence sought
to devise a method to distinguish between these classes of
singletons. We reasoned that a high-quality singleton was
more likely to represent a rare transcript than to represent an
artifact. We clustered our tags in a manner similar to that of
Akmaev and Wang (2004) to select tags that were likely to be
errors. Tags that could not be mapped to another sequence re-
source and which were one-off errors (a single base pair change,
insertion, or deletion) of an abundant tag were counted, clus-
tered with the more frequent parent tag, and classified as error
tags. The tags in each library were analyzed in descending order
of their frequency. The total error frequency in a library was
estimated as the proportion of clustered one-off tags to the total
number of tags.

The DNA sequencing process yields phred (Ewing and Green

1998; Ewing et al. 1998) quality scores indicating the probability
of error for each base. The phred scores may be combined to give
a probability that a SAGE tag has a sequencing error. The total
errors determined by clustering were repeated for a library at
successively higher phred score cutoffs, and the asymptotic error
level represented the library construction (RT, PCR) error for the
library. Cumulative library construction error for all libraries is
shown in Figure 3. Error rates of 3%–10% were typical, with three
libraries found to contain >20% erroneous tags. SAGE-Lite
LongSAGE libraries were generally found to have a higher error
rate than regular LongSAGE libraries, likely due to the additional
PCR-based cDNA amplification step in the former approach.
Since an error probability (P-value) is computed for each tag, tag
sequences may be assigned a P-value by combining the P-values
of all the tags corresponding to each sequence in a library. Fur-
thermore, tag sequences that occur in more than one library can
be assigned a meta-library P-value corresponding to all the avail-
able data for a species. Note that singletons in the meta-library
cannot have a very low P-value, even if the sequencing error is
low, since the library construction error effectively makes the
lower limit 0.03–0.06. This process reduced the number of tags
with sequence errors almost completely in tag types with a fre-
quency greater than two and substantially in tag sequences ob-
served once or twice.

Tag-to-genome mapping

A key aspect of SAGE-based gene expression analysis is the reli-

Figure 3. Box-and-whisker plots indicating the proportion of error tags observed in libraries constructed using LongSAGE, SAGELite, and PCR-SAGE.
Error categories, on the x-axis, refer to the error attributed only to sequencing (for example, “LongSAGE Sequencing”) or to all contributing sources of
error, including sequencing (for example, “LongSAGE Total”). Boxes encompass the lower and upper quartiles. (Horizontal line drawn through each
box) Median error value for each category, (red crosses and circles) possible outliers. Comparing the three “Total” categories to one another and the
three “Sequencing” categories to one another indicates that LongSAGE data exhibit lower proportions of error tags than the other methods. PCR-SAGE
and SAGE-Lite were the methods of choice when RNA quantities were limiting. Both approaches involve additional amplification steps, compared with
the LongSAGE method. It is possible that this additional amplification contributes to the observed increased proportion of error tags in these libraries.
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able mapping of tag sequences. If a tag
maps to a transcript resource or to the
genome, there is increased confidence
that the tag is not an artifact. The P-
value of a tag type in our mouse meta-
library was observed to be improved if
the tag mapped to a sequence resource.
We found that >96% of error-corrected
tag sequences observed more frequently
than doubletons mapped to a known re-
source. Analysis of a sample of the re-
maining 4% that did not map showed
that these generally corresponded to un-
annotated transcripts, tag sequences in-
terrupted by splice junctions, and errors
related to the evolving state of the ge-
nome sequence assembly. We noted that
the probability of a tag mapping in-
creases for highly expressed genes, per-
haps reflecting a more complete state of
annotation for such genes.

In a previous study (Siddiqui et al.
2005), we used a gene-specific RT-PCR
approach to validate 192 high-quality
mouse singleton tags selected from a
meta-library of 8.55 million tags. This
experiment showed that 78% of library
singletons (P < 1.0 � 105) and 72% of
meta-library singletons (P < 0.05) were
derived from transcripts present in the
RNA samples from which the tags were
derived, and were not artifacts. Whether
genes with such low levels of expression
encode biological functions or simply
represent background level transcription
is unknown. The validation results
above argue that consideration of P-
values associated with rare transcripts
may be a useful way to discriminate be-
tween experimental artifacts and rare
transcripts prior to undertaking more
detailed functional characterization of
such transcripts.

Sequencing depth

It seems intuitive that as sequences ac-
cumulate for a SAGE library, all high-
quality mRNA-derived tags will eventu-
ally be accounted for and the class of
high-quality singleton tags corresponding
to rare transcripts will decrease in size. At
current depths of library sampling, this
phenomenon was not observed.

To explore the relationship between sampling depth and
gene discovery, we examined the extent to which sequences in
the mouse Reference Sequence database (http://www.ncbi.nlm.
nih gov/RefSeq/), a well characterized transcript database, were
represented by LongSAGE tags in a 12-million-tag meta-library
and in a kidney library as a function of increasing tag numbers
(Fig. 4). In both libraries, we observed an initial rapid increase in
RefSeq coverage with increasing tag numbers. The rate of cover-
age then decreased. However, for all sampling depths we ana-

lyzed (Fig. 4), the kidney LongSAGE data provided less coverage
of RefSeq than the meta-library. This result was consistent with
intuition and the notion that the repertoire of transcripts repre-
sented in the kidney LongSAGE data was reduced compared with
the diversity of transcripts represented in the meta-library. In the
case of the kidney library, Figure 4B shows that the most rapid
increase in the rate of RefSeq coverage occurred in the first
100,000 tags sampled. The first 400,000 tags sampled from the
kidney library represented 40% of RefSeq. The next 400,000 tags

Figure 4. Coverage of the mouse Reference Sequence (RefSeq) data set. The proportion of entries in
the mouse RefSeq database represented by a LongSAGE tag in a deeply sampled LongSAGE library
(sm104 kidney, >800,000 tags; blue diamonds) and in a meta-library of Mouse Atlas tags
(>11,000,000 tags; red squares) is shown. Plotted on the y-axis is the proportion of RefSeq covered.
The number of tags is plotted on the x-axis. (A) With sequential sampling, performed computationally,
both data sets exhibit rapid coverage of a subset of RefSeq as tag count increases. As expected, the
meta-library exhibits superior coverage. (B) The same data, but with an expanded scale along the x-axis
to better display the kidney library data.
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sampled provided only ∼7% of additional RefSeq coverage. Al-
though the rate of RefSeq coverage declined, coverage of RefSeq
continued to increase, indicating that even though more than
800,000 tags were generated, the kidney library was not sampled to
exhaustion.

Conclusions

We describe a SAGE library construction pipeline that has been
devised and implemented to generate high-quality digital gene
expression profiling data. The pipeline incorporates many previ-
ously published improvements and synthesizes these into a stan-
dard operating procedure (SOP) suitable for use by entry-level
technical staff, following a 2-wk training period. We developed
and validated our SOP by using it to generate 298 libraries yield-
ing >30 million tags over a 4-yr period with a small group of
library construction technicians (five to eight people) and vari-
able adjustments in the scale of activity to match changing de-
mands for libraries during that period. All data and software tools
for data analysis are available at www.transcriptomES.org (em-
bryonic stem cell data), www.mouseatlas.org (mouse data), or
http://elegans.bcgsc.bc.ca (C. elegans data). These protocols
should be applicable to other academic centers and facilitate the
exploitation of SAGE for additional gene expression analyses and
gene discovery.
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