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only in limited quantities, PCR-based methods that allow construction of SAGE libraries from small amounts of total RNA
have been developed (10, 14, 19, 22). In particular, preamplification of full-length reverse-transcribed cDNA (19, 22) or
restricted, linker-ligated cDNA 3⬘-end fragments (14) has been
shown to provide a suitable substrate for SAGE and results in
representative libraries of transcripts.
Here, we describe a modification of the SAGE method that
facilitates construction of SAGE libraries from small quantities
(1 g or less) of total RNA, making it directly applicable to the
study of gene expression in environmentally relevant microbial
species. This protocol differs from previously described SAGE
methods in that removal of excess linkers or other (non-3⬘end) cDNA fragments is not required for specific amplification
of cDNA 3⬘-end fragments by PCR, thereby reducing the loss
of rare transcripts. At the same time, a modification in linker
design significantly reduces the formation and amplification of
contaminating linker-linker by-products, resulting in an increase in the size and comprehensiveness of the library. Construction of SAGE libraries by use of the modified protocol
also provides a pool of linker-ligated cDNA 3⬘-end fragments
that may be stored for amplification by PCR under stringent
conditions. Using this method, we have demonstrated that
even rare tags can be extended to provide cDNA sequence
information for gene identification or development of probes.
We validated this method by preparing SAGE libraries of
the toxic life stage of the marine dinoflagellate Pfiesteria shumwayae. Current methods for establishing the presence of toxic
Pfiesteria strains in environmental samples require both examination of the plate structures of isolated cells by scanning

Serial analysis of gene expression (SAGE) is a powerful and
efficient method for compiling quantitative gene expression
profiles of specific tissue or cell types (26–28). In contrast to
conventional cDNA libraries, this technique allows the simultaneous analysis of gene expression for thousands of transcripts by cataloging short (10-base) diagnostic sequence tags
located at a specific site near the 3⬘ end of each gene transcript.
The SAGE method has several advantages over other methods
for analysis of differential gene expression (see, for example,
references 6, 12, and 13). No prior knowledge of a gene sequence is required, and the sequence data generated can be
archived for comparison to future libraries. In addition, the
serial and parallel analysis of sequence tags increases data
output by several orders of magnitude, generating libraries that
are both quantitative and comprehensive. Although SAGE was
developed initially for medical research, it has been successfully extended to the analysis of gene expression in a diverse
number of species, such as the yeast Saccharomyces cerevisiae
(28), rice seedlings (17), and the malarial parasite Plasmodium
falciparum (18).
In spite of the value of SAGE libraries, their construction
and analysis can be challenging. A major drawback to the
original SAGE protocol is the initial requirement for microgram quantities of mRNA. For biological materials available
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Serial analysis of gene expression (SAGE) is a powerful approach for the identification of differentially
expressed genes, providing comprehensive and quantitative gene expression profiles in the form of short tag
sequences. Each tag represents a unique transcript, and the relative frequencies of tags in the SAGE library
are equal to the relative proportions of the transcripts they represent. One of the major obstacles in the
preparation of SAGE libraries from microorganisms is the requirement for large amounts of starting material
(i.e., mRNA). Here, we present a novel approach for the construction of SAGE libraries from small quantities
of total RNA by using Y linkers to selectively amplify 3ⴕ cDNA fragments. To validate this method, we
constructed comprehensive gene expression profiles of the toxic dinoflagellate Pfiesteria shumwayae. SAGE
libraries were constructed from an actively toxic fish-fed culture of P. shumwayae and from a recently toxic
alga-fed culture. P. shumwayae-specific gene transcripts were identified by comparison of tag sequences in the
two libraries. Representative tags with frequencies ranging from 0.026 to 3.3% of the total number of tags in
the libraries were chosen for further analysis. Expression of each transcript was confirmed in separate control
cultures of toxic P. shumwayae. The modified SAGE method described here produces gene expression profiles
that appear to be both comprehensive and quantitative, and it is directly applicable to the study of gene
expression in other environmentally relevant microbial species.
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MATERIALS AND METHODS
P. shumwayae culture. P. shumwayae (isolate CAAE 416T) was maintained in
a 9-liter culture vessel filled with 0.2-m-filtered synthetic seawater (deionized
water with Coralife scientific-grade marine salts [Energy Savers, Carson, Calif.];
salinity, 15) at 23°C with a 12 h:12 h light:dark cycle. The culture designated ToxF
was fed two or three juvenile tilapia (Oreochromis mossambicus; 5 to 7 cm long)
daily. Isolate CAAE 416 is highly toxic, causing fish death in from ⬍1 to 2 h in
standardized fish bioassays (5). For the culture designated ToxA, zoospores from
the toxic culture (ToxF) were gently cleaned by flow cytometry (11), to prevent
carryover of contaminating species from the fish culture, and then supplemented
with Rhodomonas (CCMP 757; Provasoli-Guillard Culture Center, Booth Bay
Harbor, Maine) as prey for 48 h prior to extraction. At the time of extraction, the
Pfiesteria/prey ratio in the ToxA culture was about 10:1. Pfiesteria dinoflagellates
from each culture were gravity filtered through a 20-m-pore-size polycarbonate
filter to remove debris and then harvested by filtration onto an 8-m-pore-size
polycarbonate membrane under a vacuum with a maximum pressure of 3 ⫻ 104
Pa. The filters were immediately immersed in 0.6 ml of solution D [4 M guanidine thiocyanate, 0.5% N-lauryl sarcosine, 25 mM sodium citrate (pH 7)] (8) and
stored at ⫺80°C until RNA extraction was performed.
RNA extraction. Filtered P. shumwayae dinoflagellates in solution D were
incubated at 60°C for 5 min and then transferred to a new tube; 0.1 volume of 2
M sodium acetate (pH 4.3) was added, and the mixture was extracted with 1
volume of water-saturated phenol and 0.75 volume of chloroform-isoamyl alcohol (24:1). The supernatant was then extracted with 1 volume of chloroform.
Total RNA was precipitated from the supernatant by addition of 0.1 volume of
3 M sodium acetate (pH 7.2) and 1 volume of isopropanol. Total RNA was
resuspended in RNase-free water and evaluated by gel electrophoresis.
Y linker preparation. Oligomers L1AY (5⬘-TCCCTATTAAGCCTAGTGAG
CTGATCTTCA-3⬘) and L2AY (5⬘-TCCCCGTACATCGTTCTCCTAGGTCC
GGAA-3⬘) were treated with kinase in separate 20-l reaction mixtures as
described in the SAGE protocol (Genzyme [Cambridge, Mass.] Molecular Oncology SAGE protocol 010300). L1AY and L2AY were annealed to oligomers
L1A (5⬘-TTTGGATTTGCTGGTGCAGTACAACTAGGCTTAATAGGGAC
ATG-3⬘) and L2A (5⬘-TTTCTGCTCGAATTCAAGCTTCTAACGATGTACG

GGGACATG-3⬘), respectively, also as described in the SAGE protocol, to form
two Y linkers, L1Y and L2Y.
cDNA synthesis. One microgram of total RNA was reverse transcribed in a
20-l reaction mixture containing 0.5 M oligo(dT)-Heel primer (5⬘-CCAGTG
TCTTGAGCAGTGACT18VN-3⬘, where V is A, C, or G and N is any nucleotide), 1⫻ SuperScript buffer (Invitrogen, Carlsbad, Calif.), 10 mM dithiothreitol,
0.5 mM each deoxynucleoside triphosphate (dNTP), and 200 U of SuperScript II
reverse transcriptase (Invitrogen). The reaction was allowed to proceed for 50
min at 42°C. Second-strand synthesis was carried out in the same tube by addition of 40 l of 2.5⫻ second-strand buffer (Promega, Madison, Wis.) 9 U of DNA
polymerase I (Promega), 0.8 U of RNase H (Promega), and enough water to
bring the total volume to 100 l. The mixture was incubated at 14°C for 2 h. The
reaction was stopped by extraction with 1 volume of PC8 (phenol [pH 8.0]chloroform, 1:1 [vol/vol]), and the cDNA was precipitated at ⫺80°C overnight
after addition of 3 l of glycogen, 100 l of 10 M ammonium acetate, and 700 l
of ethanol.
Modified SAGE protocol. cDNA was resuspended in 43 l of LoTE (3 mM
Tris-HCl [pH 7.5], 0.2 mM EDTA) and restricted with 10 U of NlaIII restriction
enzyme (New England Biolabs [NEB], Beverly, Mass.) in 1⫻ NEB Buffer 4 for
1 h at 37°C. The mixture was diluted to 200 l with LoTE and extracted with an
equal volume of PC8. The restricted cDNA was precipitated as described above,
resuspended in 15 l of LoTE, and divided into three 5-l pools.
Two pools of cDNA were ligated to Y linkers L1Y and L2Y in separate 10-l
reaction mixtures containing 1⫻ ligase buffer (Invitrogen), 400 ng of annealed Y
linker, and 5 U of ligase (Invitrogen) for 2 h at 16°C. A no-ligase control reaction
was carried out using the third pool of cDNA containing 1⫻ ligase buffer and 400
ng of L1Y. The ligated products were diluted to 20 l with LoTE, and a 1:50
dilution was made for PCR amplification. The remaining linker-ligated cDNA
was stored at ⫺80°C for future analysis.
The 3⬘ ends of the linker-cDNA constructs and no-ligase control were then
amplified in four 50-l reaction volumes with 1 l of diluted template, 1⫻ Taq
polymerase buffer (Promega), 0.2 mM each dNTP, 1.25 mM MgCl2, 0.5 M
biot-Heel primer (5⬘-biotin-CCAGTGTCTTGAGCAGTGAC-3⬘), and 0.5 M
P1-N (5⬘-amino-GGATTTGCTGGTGCAGTACA-3⬘) or P2-N (5⬘-amino-CTGCTCGAATTCAAGCTTCT-3⬘). The reaction mixture was incubated at 94°C
for 2 min before addition of 2.5 U of Taq polymerase (Promega) followed by 22
cycles of PCR consisting of 30 s at 94°C, 30 s at 56°C, and 1.5 min at 72°C. The
four replicate reaction mixtures were pooled and the cDNA was extracted with
an equal volume of PC8, precipitated as described above, and resuspended in
LoTE.
The precipitated amplification products were digested with the tagging enzyme
BsmFI in a 50-l reaction mixture containing 0.2 mM each dNTP, 1⫻ NEB
Buffer 4, 1⫻ bovine serum albumin (BSA), and 2 U of BsmFI (NEB) for 1 h at
65°C. Restriction products were filled in by the addition of 3 U of T4 polymerase
(NEB) to the reaction mixture and incubated for 20 min at 12°C. The reaction
mixture was diluted to a volume of 200 l with LoTE, and the products were
extracted with PC8 and precipitated as described above.
The restricted and filled-in DNA fragments of linker-plus-tag sequence were
isolated from a 3% NuSieve agarose gel (FMC Bioproducts, Rockland, Maine)
and eluted from the gel by using Gel Elute agarose spin columns (Supelco Inc.,
Rockford, Ill.). An equal volume of 2⫻ B⫹W solution (10 mM Tris-HCl [pH
7.5], 1 mM EDTA, 2 M NaCl) was added to the recovered tags, and the mixture
was incubated with streptavidin-coated Dyna Beads (M280; Dynal, Oslo, Norway) to remove contaminating biot-Heel primers. The DNA was diluted to a
volume of 200 l with LoTE, ethanol precipitated, and resuspended in 6 l of
LoTE.
L1Y- and L2Y-cDNA restriction fragments were ligated and amplified, as
described in the original SAGE protocol, using biotinylated primers P1 (5⬘biotinGGATTTGCTGGTGCAGTACA-3⬘) and P2 (5⬘biotin-CTGCTCGAATTCA
AGCTTCT-3⬘). The PCR products were precipitated and digested with NlaIII
for 1 h at 37°C in a 150-l reaction mixture containing 1⫻ NEB Buffer 4, 1⫻
BSA, and 120 U of NlaIII. The restriction products were extracted with PC8 and
ethanol precipitated.
The 26-bp ditag product of the NlaIII restriction was isolated as described in
the original SAGE protocol. An equal volume of 2⫻ B⫹W solution was added
to the recovered ditags, and the mixture was incubated with streptavidin-coated
Dyna Beads M280 to remove contaminating linkers and primers (23). The ditags
were ethanol precipitated and resuspended in 7 l of LoTE.
Concatemers were formed by ligation of ditags in a 10-l reaction volume
containing 1⫻ ligase buffer and 5 U of ligase (Invitrogen). The concatemers were
size fractionated using Sephacryl-S400 spin columns (Promega), ethanol precipitated, and resuspended in 10 l of LoTE. Six microliters (about 50 ng) of a 1:5
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electron microscopy and the performance of fish bioassays,
which must be carried out in biohazard facilities (4). These
assays may take days to several weeks to complete. A more
timely and economical prescreening approach is necessary for
implementation of rapid-response measures following a fish
kill. Recently, unique sites in 18S rRNA gene sequences have
been targeted for identification of Pfiesteria spp. in environmental samples by PCR (3, 9, 20). Although these techniques
are both accurate and sensitive, they cannot be used to distinguish between toxic and nontoxic stages of the Pfiesteria life
cycle.
Our intent was to develop a method to identify genes that
are expressed by P. shumwayae during toxic zoospore stages
(4). These genes may then be used to design life stage-specific
molecular probes for detection of toxic Pfiesteria dinoflagellates in environmental samples. Because of the hazards of and
inherent difficulties in maintaining large cultures of toxic P.
shumwayae, we were limited to methods that do not require
large amounts of starting material. It was also essential that the
results of our analysis provide data that could be archived for
future comparisons to other life stages of P. shumwayae. We
concluded that open-platform, PCR-based methods such as
SAGE would be ideal for analysis of gene expression by P.
shumwayae during toxic life stages. To validate the modifications to the SAGE method, we constructed gene expression
profiles of toxic fish-fed and alga-fed cultures of P. shumwayae
(designated ToxF and ToxA, respectively). Representative
transcripts were chosen for further analysis, and their expression was confirmed in separate control cultures of toxic P.
shumwayae.
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TABLE 1. PCR primers used in this study
Tag primer

Sequencea

343Fwd ......................................GAATGCTTCTTGGAAGATTAG
343Rev.......................................TAGATGAAGATGATAACCGTCT
277Fwd ......................................AATAGGGACATGCATTGAGTCC
277Rev.......................................ACGCCTGGTCTGGATAACA
033Fwd ......................................ATGGAGGTGCCGTCAGAAT
033Rev.......................................GGATAACAGGTTCTTGAATCCTA
012Fwdb .....................................AGCTCGTGTTCCGTACG
016Fwd ......................................CATGGTCGCAGCCGTAG
016Rev.......................................ATCACACGGAGGATACGTCG

009Fwd ......................................CATGCATTCCGTCTGAGCTT
009Rev.......................................CGTTCGAGATCGACGGA
004Fwdb .....................................GGACATGATGGTTGGCG
a
b

Linker-specific sequences are underlined.
The Heel primer was used with 012Fwd and 004Fwd.

FIG. 1. Schematic diagram of the modified SAGE protocol. P1, P2,
and Heel represent PCR primer sites (see text). NlaIII recognition site,
CATG.
dilution of the concatemer solution was ligated into SphI-cut pZero plasmid
(Invitrogen) and cloned into Top 10 competent cells (Invitrogen).
Glycerol stocks of individual clones were sequenced at the Amersham Biosciences (Sunnyvale, Calif.) production sequencing laboratory. By use of the
TempliPhi protocol (Amersham Biosciences), the clones were prepared for
DNA sequencing. The TempliPhi method uses bacteriophage 29 DNA polymerase to exponentially amplify circular DNA templates by rolling-circle amplification (16). The products of the TempliPhi reaction were sequenced in both
directions with the M13 forward (5⬘-GTTTTCCCAGTCACGACGTTGTA-3⬘)
and M13 reverse (5⬘-TGAGCGGATAACAATTTCACAGGA-3⬘) primers, using DYEnamic ET Terminator Cycle Sequencing kits (Amersham Biosciences).
Reaction products were resuspended in formamide and sequenced using a
MegaBACE 1000 (Amersham Biosciences) capillary array DNA sequencing
instrument. Data were collected and analyzed with the Molecular Dynamics (La
Jolla, Calif.) Basecaller version 3.12 software.
SAGE library evaluation. Eight tags, ranging in frequency from 3 tags (0.026%
of total tags) to 366 tags (3.3% of total tags) in the libraries, were chosen for
further analysis. Six to 10 bases of the L1Y linker sequence were combined with
the 10-base tag sequence to produce 16- to 20-base PCR primers. L1Y-ligated
cDNA fragments (prepared as described above) were diluted 1:50 and used as
templates in PCR. The 3⬘ ends of the cDNAs of interest were each amplified in
50-l reaction volumes containing 1 l of diluted template, 1⫻ polymerase buffer
(Sigma Chemical Co., Inc., St. Louis, Mo.), 0.2 mM each dNTP, 1.25 mM MgCl2,
0.5 M Heel primer (5⬘-CCAGTGTCTTGAGCAGTGAC-3⬘), a 0.5 M concentration of the appropriate linker-tag primer, and 2.5 U of Jump Start Taq
polymerase (Sigma Chemical Co.). The reaction mixture was incubated at 94°C
for 2 min and then subjected to 20 touchdown cycles of 30 s at 94°C, 30 s at 65°C
(decreasing by 0.5°C each cycle), and 1.5 min at 72°C. The amplification reaction
continued for an additional 15 cycles of 30 s at 94°C, 30 s at 56°C, and 1.5 min
at 72°C.
PCR products were cloned into the pCR4-TOPO plasmid (Invitrogen). Several clones from each reaction were sequenced using a Big Dye Terminator Cycle
Sequencing Ready Reaction kit (Applied Biosystems, La Jolla, Calif.) and an
ABI PRISM 310 genetic analyzer (Applied Biosystems). Gene-specific primers
were designed for each of the eight transcripts and are listed in Table 1. These
gene-specific primers were then used to verify expression in ToxF and ToxA P.
shumwayae strains by amplification of L1Y-ligated cDNA 3⬘-end fragments,
using the PCR protocol described above.
Verification of gene transcripts in toxic cultures. Three control cultures of
toxic fish-fed P. shumwayae, designated CAAE 103046, 102988, and 102994, were
used to verify transcription. P. shumwayae cells were isolated from each of the
three cultures by differential filtration as described above. RNA was extracted
and reverse transcribed using the oligo(dT)-Heel primer as described above.

Transcription of each of the eight genes of interest was verified for the toxic
cultures by performing PCR with gene-specific primers as described above.
Nucleotide sequence accession numbers. Nucleotide sequences have been
deposited in GenBank under accession numbers CN498777 to CN498784.

RESULTS
Modified SAGE protocol. A schematic diagram of the modified SAGE method is presented in Fig. 1. The first-strand
cDNA was primed using a 2-base-anchored oligo(dT) with a
20-base extension at the 5⬘ end (Heel) that served as a priming
site in subsequent PCRs. Second-strand synthesis by DNA
polymerase I incorporated a sequence complementary to the
20-base Heel at the newly synthesized 3⬘ end of each cDNA.
The major modification of the SAGE protocol was the use of
Y linkers for selective amplification of the 3⬘-end fragments of
the cDNA library. Linkers were prepared from oligonucleotides with noncomplementary 5⬘ ends. The two linkers were
ligated to separate pools of the NlaIII-restricted cDNA. The
cDNA 3⬘-end fragments were then amplified using primer
P1-N or P2-N and the biotinylated Heel primer. Linker-linker
ligation products as well as linker-cDNA-linker ligation products were not amplified because they lack sequences complementary to the P1-N and P2-N primers. These complementary
sequences were present only after extension of the Heelprimed templates during the first round of PCR. Since the
priming site for the Heel primer is located only at the 3⬘ ends
of the cDNAs, only the 3⬘-most restriction fragments were
amplified (24). The appropriate number of cycles for PCR
amplification of the cDNA ends was determined empirically by
comparing products on a 3% agarose gel. Because PCR bias
becomes more pronounced with increased numbers of cycles
(25), the smallest number of cycles that generated a visible
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017Fwd ......................................CATGTATAGCCGCGTTTG
017ARev....................................CACAAGGCGCCACTCTA
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FIG. 2. PCR amplification of random clones of SAGE ditag concatemers. Clones were amplified with (vector-specific) M13 forward
and M13 reverse primers.

DISCUSSION
Our objective was to develop a method to identify life stagespecific gene transcripts of P. shumwayae. Analysis of Pfiesteria

TABLE 2. SAGE library statistics
Library

ToxA
ToxF

No. of tags
Total

Unique

9,140
11,168

5,272
6,597

% Diversity

No. of linkers
(% of total)

57
59

35 (0.38)
139 (1.2)

FIG. 3. Tag sequences, frequencies, and PCR amplification products from ToxA (A) and ToxF (F) cDNA. PCR products for lanes A
and F were amplified from linker-ligated cDNA 3⬘-end fragments by
using gene-specific primers. Lanes 1 to 3 are PCR products of amplification of cDNA from fish-fed toxic P. shumwayae (P. shum) control
cultures 103046 (lane 1), 102988 (lane 2), and 102994 (lane 3), obtained using gene-specific primers.

gene expression is not a straightforward process. Pfiesteria cultures do not grow to high densities under laboratory conditions, and hazards of exposure to toxic life stages prohibit mass
production of large cultures. In addition, Pfiesteria cannot be
grown in monoculture but rather must be maintained on fish or
algal prey, so that cDNA libraries are likely to include transcripts of other contaminating eukaryotes. Our approach was
to construct SAGE libraries from both fish-fed and alga-fed
toxic cultures. By comparing the two libraries, we could eliminate tags that are not shared and might be attributed to contaminating species and could focus on tags that appear in both
libraries.
In addition to difficulties in working with toxic Pfiesteria
cultures, the preparation of SAGE libraries presents a separate
set of challenges. Evaluation of the original SAGE protocol
revealed three problem areas: (i) large amounts (2 g) of
mRNA are required, (ii) the presence of contaminating linkers
in the SAGE libraries results in increased sequencing costs and
decreases the comprehensiveness of the library, and (iii) identification of gene transcripts from 14-bp tags is technically
challenging. Although each of these obstacles has been addressed in separate publications (6, 7, 10, 14, 22), we found that
the major problems in preparation of a high-quality SAGE
library from small amounts of material could be resolved with
a change in linker design. Use of Y linkers along with the PCR
preamplification step described here produced SAGE libraries
that appeared to be both comprehensive and quantitative while
reducing the number of manipulations and significantly reducing the presence of contaminating linker sequences in the
library.
Using the modified SAGE method presented here, we were
able to generate a library from as little as 1 g of total RNA.
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PCR product after electrophoresis of 5 l of a 50-l reaction
volume was chosen for amplification of the cDNA library.
Pooled PCR products from four PCRs produced about 1.5
to 2.0 g of DNA. The PCR products were then cut with the
tagging enzyme BsmFI in the presence of a 0.2 mM concentration of each dNTP, and the 3⬘ recessed ends were extended
by addition of T4 polymerase to produce blunt ends. The 51-bp
linker-tag constructs were isolated from a 3% agarose gel and
ligated together to produce linker-ditag-linker products. Removal of contaminating biotinylated Heel primers from
BsmFI-restricted cDNA 3⬘-end fragments was found to be
essential to the preparation of a high-quality SAGE library.
Incorporation of amino linkers at the 5⬘ ends of P1 and P2
primers ensures proper orientation during ligation of the
blunt-end fragments.
Ditag amplification, digestion, ligation, and cloning were
carried out as described in the original SAGE protocol, with
two modifications. Amplification of the ditags was carried out
with biotinylated P1 and P2 primers to facilitate removal of
linkers, as described by Powell (23). Concatemers were size
selected for fragments larger than 400 bp, using Sephacryl
S-400 Size Select columns. Several clones were picked and
amplified to determine insert size (Fig. 2). Approximately
10,000 tags from each of the SAGE libraries were sequenced.
Library statistics are presented in Table 2.
Evaluation of SAGE library. Reverse transcription (RT)PCR amplification of gene transcripts represented by the eight
randomly selected tags is shown in Fig. 3. Expression of each of
the eight genes was also verified by RT-PCR using total RNA
extracted from three control cultures of toxic fish-fed P. shumwayae (Fig. 3). Relative expression levels of the eight genes
were not determined for these cultures.
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Successful preparation of SAGE libraries from a limited
amount of material has previously been achieved by preamplification of full-length cDNA (19, 22) or isolated cDNA 3⬘-end
fragments after ligation to the linkers (14). Although there is
some concern about loss of representation because of PCR
bias, especially for transcripts of low abundance, it was demonstrated that preamplification at low cycle numbers does not
result in significant distortion of transcript levels (14, 19). A
scatter plot (Fig. 4) of frequencies for tags that appear in both
ToxF and ToxA libraries suggests that SAGE libraries produced using our modified protocol are also quantitative (R2 ⫽
0.89, slope ⫽ 1.0) and that these results would be comparable
to those of other preamplification strategies. The amount of
scatter, especially at low frequencies, may be in response to
different food sources or physiological status and may be problematic in identification of rare tags that are specific to toxic
stages of P. shumwayae. The increased scatter for low-frequency tags, however, would most likely be reduced by increasing the size of the SAGE library (i.e., sequencing more tags).
The comprehensiveness or depth of SAGE libraries may

also be compromised by preamplification. This quality can be
judged by the proportion of unique tags in the library. For the
library generated using our modified SAGE approach, 57 and
59% (ToxA and ToxF, respectively) of the tags were unique
(Table 2). These values are comparable to tag diversities reported for profiles generated using other SAGE protocols (23
to 68% diversity; see ftp://ftp.ncbi.nlm.nih.gov/pub/sage/OLD
/extr/stats.txt), suggesting that preamplification of the cDNA
did not decrease the comprehensiveness of the libraries.
In the original SAGE protocol, cDNA 3⬘-end fragments
must be isolated from excess linkers and other cDNA fragments by performance of several successive washing steps prior
to amplification. For libraries constructed from limited
amounts of material, one would assume that each manipulation results in some loss of cDNA, especially for transcripts
that occur in low abundance. A major advantage to the modified SAGE method is the ability to amplify cDNA 3⬘-end
fragments without separating them from either excess linkers
or 5⬘ cDNA fragments. This modification reduces the number
of manipulations early in the protocol, increasing the probability of detecting rare transcripts. The specificity of the preamplification reaction is illustrated in Fig. 5A. No products
were visible after 35 cycles of PCR amplification for reactions
in which no primer (Fig. 5A, lane 7) or only a single primer
(Fig. 5A, lanes 1, 2, 4, and 5) was added.
We also considered the possibility that several cDNA fragments may have ligated to the 3⬘ end before ligation of the Y
linker. This would result in amplification of chimeric cDNA
made up of fragments from several unrelated reverse-transcribed mRNA transcripts. If this were the case, restriction of
the preamplification products with NlaIII would produce a
shift in product size that would be visible after gel electrophoresis. Figure 5B illustrates that restriction with BsmFI followed by NlaIII resulted in an expected decrease in size of the
linker-tag product but with no visible reduction in size or
intensity of the higher-molecular-weight 3⬘-end fragments.
In the original SAGE protocol, amplified contaminating
linker-linker ligation products must be separated from ditag
PCR products by isolating the appropriate 102-bp band from

FIG. 5. (A) PCR amplification of linker-ligated cDNA, performed with one, two, or no primers. Lanes 1 to 3, PCR amplification of L1Y-ligated
cDNA 3⬘-end fragments with P1-N primer only, Heel primer only, or both P1-N and Heel primers, respectively; lanes 4 to 6, PCR amplification
of L2Y-ligated cDNA fragments with P2-N primer only, Heel primer only, or both P2-N and Heel primers, respectively; lane 7, PCR amplification
of L1Y-ligated cDNA fragments with no primers added; lane 8, no-template negative control reaction. (B) PCR amplification and restriction of
linker-ligated cDNA 3⬘-fragments. Lane 1, cDNA amplified with P1-N and Heel primers and restricted with BsmFI to yield a 55-bp linker-tag
product (arrow); lane 2, same PCR product restricted first with BsmFI and then with NlaIII to yield a 41-bp linker product (arrow). M, molecular
size markers.
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FIG. 4. Dot plot of tag frequencies for tags represented in both
ToxA and ToxF SAGE libraries. Tag frequencies for each library were
normalized to 10,000 tags to reduce bias attributable to library size
differences. Several tags had the same frequencies; hence, each point
in the plot may represent more than one tag sequence. Points above
the line bisecting the libraries represent tags of greater frequency in
the ToxF library. Points below the line represent tags of greater frequency in the ToxA library.
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lated regions (UTRs). The variability in dinoflagellate 3⬘ UTR
sequence and polyadenylation cleavage site selection may have
important implications for the study of transcript regulation in
other protists.
Putative identities of the eight cDNA 3⬘-end fragments were
obtained through BLAST (1) comparison to sequences deposited in GenBank. Tag 343 matches a sequence located upstream from and in the direction opposite of the P. piscicida
mitochondrial gene encoding cytochrome b (accession no.
AF357520) (15, 31). The SAGE tag for this gene was present
in nearly equal frequencies in both libraries (3.00 and 3.75%
for ToxF and ToxA, respectively), suggestive of constitutive
expression in toxic P. shumwayae. A search of expressed sequence tag (EST) libraries revealed similarities to two other
sequences: the sequence for tag 33 is similar to an EST library
sequence for the dinoflagellate Lingulodinium polyedrum
(GenBank accession no. CD810329), and tag 277 is similar to
sequences in EST libraries prepared from the dinoflagellate
species L. polyedrum (GenBank accession no. CD809649) and
Alexandrium tamarense (GenBank accession no. CF751911).
The presence of these transcripts in libraries from two orders
of dinoflagellate taxa suggests that they may be conserved
among dinoflagellate species. Although the frequencies of tags
277 and 33 in the P. shumwayae SAGE library indicate that
they are highly expressed, the functions of these two genes are
not known, and BLAST analysis of sequences similar to tags
277 and 33 in L. polyedrum and A. tamarense suggests that
these sequences may be unique to dinoflagellates.
Application of the SAGE method to microbial eukaryotes
can generate an enormous wealth of information. In our hands,
the changes to the SAGE method described here greatly facilitated the process and resulted in gene expression profiles for
P. shumwayae that appear to be both quantitative and comprehensive. The use of this technique for other microbial eukaryotic species is certain to enhance our understanding of cellular
response to environmental stimuli and, ultimately, provide a
means to assess ecosystem health.
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