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Abstract: 
 
Serial Analysis of Gene Expression (SAGE) is a technique that allows genome-wide expression studies 
based on the sequencing of unique gene tags. This method produces a comprehensive and quantitative 
picture of an RNA transcript population. The principle that a short nucleotide sequence, or tag, can 
effectively identify the original gene transcript from whence it came, allows these tags to be linked together 
for rapid sequencing. The tags are extracted from the raw sequence and the frequency of a particular tag 
provides a quantitative measure of its corresponding gene expression. Recent improvements to the 
conventional SAGE method have allowed the generation of longer 21bp tags to enable more effective 
transcript identification (Saha et al. 2002). An improvement to the efficiency of concatemer cloning, through 
partial digestion of concatemers, has the potential to further reduce sequencing costs (Gowda et al. 2004). 
Previously, SAGE libraries were constructed with no quantitative measure of PCR product. By producing 
SAGE libraries using different starting quantities of PCR product we have identified an optimal 
concentration for the successful formation of linear high molecular weight concatemers. The latest 
advancements mean that SAGE may be the most useful high-throughput approach for gene profiling in terms 
of scale, economy and sensitivity. We have produced SAGE libraries from developing wheat and 
germinating barley grains. The resulting gene expression profiles will provide an insight into the biological 
and physiological activity of cereal grains. 
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Introduction: 
 
The SAGE method developed by Velculescu et al. (1995) enables the analysis of gene expression of a large 
number of transcripts in a quantitative and unbiased manner. Serial Analysis of Gene Expression (SAGE) is 
based on the notion that a short nucleotide sequence tag, isolated from a defined position within a transcript, 
contains enough information to uniquely identify it (Velculescu et al. 1995). Efficient analysis of the 
transcripts is achieved by concatenation of the short sequence tags into longer clones for sequencing. SAGE 
has an advantage over EST based methods, in being able to detect low-abundance transcripts (Sun et al. 
2004) as it overcomes the obstacle of redundancy present in EST based methods, making it more likely to 
uncover novel transcripts (Chen et al. 2002). 
 
Since it was first described, several modifications to the SAGE method (Figure 1.) have been suggested to 
improve the yield and transcript identification of SAGE libraries (Powell 1998; Velculescu et al. 2000; 
Zhang and Gilles 2003). A major theme among these modifications has been to improve the accuracy of tag 
identification. An alternative type IIS restriction endonuclease has been used to produce longer transcript 
tags in the LongSAGE (Saha et al. 2002; Zhang and Gilles 2003) and SuperSAGE methods (Matsumura et 
al. 2003). The most recent and comprehensive review of the SAGE method describes Robust-LongSAGE 
(RL-SAGE), in which improvements to the protocol overcome the significant technical difficulties of low 
cloning efficiency and small insert sizes (Gowda et al. 2004).  
 
Modifications present in the RL-SAGE protocol allow efficient libraries to be constructed with limited 
starting material by extending the incubation times for cDNA digestion, cDNA adapter ligation and ditag 
ligation (Gowda et al. 2004). Improvements in ditag amplification and gel purification have increased the 
cloning efficiency of subsequent steps (Gowda et al. 2004). The partial digestion of concatemers, which are 
suspected of being circularised during ligation, significantly improves the efficiency of cloning and increases 



the average insert size of the clones (Gowda et al. 2004). By critically improving the SAGE method (Figure 
1.) Gowda et al. (2004) have also reduced the time required for library construction by avoiding colony PCR 
screening to remove empty clones.  
 
While partial digestion of concatemers resulted in dramatic improvements to cloning efficiency generally, 
we found that low molecular weight contaminants continued to decrease the average insert sizes to varying 
degrees in the 1000+ bp fraction.  This led us to believe that ditag concentration during the 
concatemerisation and partial digestion process may be having an effect on the formation of linear high 
molecular weight concatemers. To determine an optimal quantity of PCR product for efficient library 
construction we produced three SAGE libraries simultaneously using different starting quantities of ditag 
PCR product (27, 40 and 80 µg). We constructed a total of nineteen LongSAGE libraries from wheat and 
barley grains to analyse the biological processes responsible for development and germination. 
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Figure 1 Overview of the LongSAGETM method 
 



Results and Discussion 
 
Optimising the quantity of ditag PCR product  
 
Existing protocols and commercial SAGE library kits do not require quantification of ditag PCR products 
prior to library construction. We found that ignoring this step resulted in libraries with inconsistent formation 
of high molecular weight concatemers. The initial ditag quantity affects the presence of low molecular 
weight contaminants in fractions of high molecular weight concatemers, significantly reducing the average 
size of cloned inserts. We produced three SAGE libraries with differing quantities of ditag PCR product to 
determine the optimal amount for efficient and consistent formation of long concatemers. Experimental 
LongSAGE ditags were developed from a germinating barley seed sample and quantified following PCR 
with agarose gel electrophoresis using a low range quantitative DNA ladder. The ditags were divided into 
three differing amounts, 27, 40 and 80 µg, and three SAGE libraries were produced simultaneously. The 
average size of cloned concatemer inserts eluted from the 1000+bp fraction were estimated via PCR and 
agarose gel electrophoresis. In the 40 µg library fewer low molecular weight inserts were observed than in 
both the 27 and 80 µg libraries (Figure 2). The average insert size of concatemers in the 40 µg library was 
~700bp, which was significantly higher than the other libraries. Ditag concentration may affect the 
successful creation of high molecular weight inserts by obstructing the ligation and restriction digest 
reactions associated with concatemer formation. Optimal ditag concentration may vary depending on the 
number of ensuing purification steps used in other protocols. 
 

 
Figure 2 
Colony screening PCR of concatemers (1000+ bp) derived from SAGE libraries produced with 27, 40 and 80 
µg of amplified ditag. Bands include concatemer fragments flanked by approximately 220 bp of vector 
sequence. Band size estimated through comparison with a 100 bp DNA ladder (Invitrogen, USA). Bands 
estimated at less than 400 bp indicate the presence of low molecular weight inserts (<180 bp). 
 
 
Analysis of SAGE data 
 
In our study, we constructed nineteen LongSAGE libraries from wheat and barley grains. SAGE library 
construction was performed using the I-SAGETM Long Kit from Invitrogen with the following modifications. 
Ditag PCR product was quantified and an optimal quantity for efficient concatemer production, as 
investigated above, was used for subsequent steps. We also included a partial digestion step as recommended 
by Gowda et al. (2004). The wheat and barley LongSAGE libraries may provide an insight into the 
biological processes of grain development and germination. Barley libraries were constructed from two 
contrasting varieties and eight different time points. One library was constructed from mature unsteeped seed 
and seed from malted grain at specific time points (0, 12, 24, 48, 72, 96 and 120 hours) after imbibition from 
the Barley variety Tallon. Two libraries were constructed from two corresponding time points in the variety 
Gairdner, 0 hours post steeping and 24 hours post steeping. LongSAGE libraries were also constructed from 
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two contrasting wheat varieties, Kite and Banks. Six Banks libraries were constructed; five libraries from 
whole seed at 8, 14, 20, 30 and 40 days post anthesis (dpa). The sixth library was made from pericarp 
separated from the seeds of 14 dpa grains. The seed from 40 days post anthesis is fully developed and dried 
and can be compared to the unsteeped grain library from barley. Libraries from three of the time points 8, 14 
and 30 dpa were also constructed from Kite grains. 
 
 
Conclusion: 
 
This study provides a very large profile of global gene expression in the grains of cereal crops. The increased 
efficiency of library construction enabled by ditag PCR quantification has allowed the successful production 
of nineteen wheat and barley libraries. The quantification of gene transcripts will facilitate the analysis of the 
biological processes responsible for development and germination.  
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