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Abstract: The architecture of the Brassica napus genome is marked by its evolutionary origins. The genome of B. napus
was formed from the hybridization of two closely related diploid Brassica species, both of which evolved from an hexa-
ploid ancestor. The extensive whole genome duplication events in its near and distant past result in the allotetraploid ge-
nome of B. napus maintaining multiple copies of most genes, which predicts a highly complex and redundant transcriptome
that can confound any expression analyses. A stringent assembly of 142 399 B. napus expressed sequence tags allowed the
development of a well-differentiated set of reference transcripts, which were used as a foundation to assess the efficacy of
available tools for identifying and distinguishing transcripts in B. napus; including microarray hybridization and 3’ anchored
sequence tag capture. Microarray platforms cannot distinguish transcripts derived from the two progenitors or close homo-
logues, although observed differential expression appeared to be biased towards unique transcripts. The use of 3’ capture
enhanced the ability to unambiguously identify homologues within the B. napus transcriptome but was limited by tag
length. The ability to comprehensively catalogue gene expression in polyploid species could be transformed by the applica-
tion of cost-efficient next generation sequencing technologies that will capture millions of long sequence tags.

Key words: polyploid, homologues, next generation sequencing, expressed sequence tags, single nucleotide polymorphism,
Brassica.

Résumé : La structure du génome chez le Brassica napus est marquée par ses origines évolutives. Le génome du B. napus
a été formé suite à l’hybridation de deux espèces diploı̈des de Brassica très apparentées, toutes deux dérivées d’ancêtres
hexaploı̈des. Ces importants événements de duplication survenus à l’échelle du génome entier, tant dans un passé récent
que plus ancien, font en sorte que le génome allotétraploı̈de du B. napus a conservé de multiples copies de la plupart des
gènes. Cette situation permet de penser que le transcriptome de cette espèce est à la fois complexe et redondant, ce qui
peut entraı̂ner de la confusion dans les analyses d’expression. Un assemblage rigoureux de 142 399 étiquettes de séquences
exprimées chez le B. napus a permis de développer un jeu de transcrits de référence bien différenciés, lesquels ont permis
de mesurer l’efficacité des outils disponibles pour l’identification et la discrimination entre transcrits chez le B. napus. Les
outils examinés étaient l’hybridation sur puces à ADN et la capture d’étiquettes de séquences ancrées à l’extrémité 3’. Les
puces à ADN n’arrivent pas à distinguer les transcrits provenant des deux espèces progénitrices ou d’homologues proches,
bien que les cas d’expression différentielle observés semblaient biaisés en faveur de transcrits uniques. L’emploi d’éti-
quettes capturées en 3’ a permis d’améliorer la capacité à identifier sans ambiguı̈té les homologues au sein du transcrip-
tome du B. napus, mais était limité par la taille des étiquettes. Les nouvelles technologies de séquençage à faible coût
permettant de générer des millions d’étiquettes plus longues pourraient révolutionner notre capacité à cataloguer de ma-
nière exhaustive l’expression génique chez des espèces polyploı̈des.

Mots-clés : polyploı̈die, homologues, séquençage de seconde génération, étiquettes de séquences exprimées, variation SNP,
Brassica.
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Introduction
The study of global gene expression analysis is a power-

ful tool for understanding complex biological phenomena,
deciphering interacting pathways, and uncovering novel
genes controlling traits of interest. The application of gene
expression tools in the study of segregating genetic popula-
tions has given rise to the term ‘‘genetical genomics’’, which
describes the use of expression data to uncover genetic
mechanisms governing complex phenotypic variation
(Jansen and Nap 2001). There is now an opportunity to ap-
ply these types of analyses to nonstructured collections of
diverse germplasm, combining the strength of association
mapping with the sensitivity of transcript analysis to eluci-
date complex quantitative phenotypes. Such strategies are
proving to be highly informative in studying the genetic ar-
chitecture of transcript variation in humans (Zhang et al.
2008).

Gene expression analysis is limited by the available data
for a species of interest, which dictates the form of the of-
fered tools for performing such experiments. For many spe-
cies, there are now sufficient published sequence data to
allow the development of gene-specific microarray plat-
forms that permit the presence and abundance of thousands
of genes to be queried at once (Galbraith 2006). The range
of suitable applications for such platforms is determined by
the available resources. For example a 60-mer oligonucleo-
tide array has recently been developed to allow approxi-
mately 90 000 Brassica transcripts to be assessed (Trick et
al. 2009a), which is expected to represent roughly 71% of
the gene content based on comparison with the annotated
Arabidopsis thaliana gene sequences (TAIR version 8:
www.arabidopsis.org). Serial analysis of gene expression
(SAGE) is an accurate qualitative transcript profiling
method that is not reliant upon existing sequence data, al-
lowing all expressed transcripts to be captured and counted
but not necessarily annotated (Robinson et al. 2004). Short
sequence tags (14–26 bp) are acquired from the 3’ end of
transcripts providing an accurate representation of transcript
abundance and type. However, to match the tags to their ge-
nomic region of origin and extract the maximum value from
the SAGE data requires a fully sequenced genome. The use
of SAGE analysis to determine the B. napus seed transcrip-
tome was recently assessed; almost 16 000 transcripts could
be identified, although it was apparent that the length of the
tag was insufficient to unambiguously identify all homolo-
gous copies of each gene (Obermeier et al. 2009). Interest-
ingly, this study also highlighted significant anti-sense
activity with almost 30% of the genes matched by tags orig-
inating from both genomic strands. The prevalence of such
alternative transcript processing could be a function of the
polyploid genome and will further complicate any tag-based
profiling.

The difficulty in matching sequence tags to Brassica tran-
scripts, although not unique to this species, is exacerbated
by the evolutionary history of the Brassiceae. Brassica na-
pus is a relatively young allotetraploid formed from the
union of the closely related A and C Brassica genomes (U
1935; Parkin et al. 1995). More recent molecular genetic
analyses of B. napus and the modern relatives of the progen-
itor genomes, B. rapa and B. oleracea, respectively, indicate

that the genus Brassica has evolved from a hexaploid ances-
tor (O’Neill and Bancroft 2000; Rana et al. 2004; Parkin et
al. 2005; Town et al. 2006; Lysak et al. 2007). Comparative
mapping of Brassica species with the related crucifer model
A. thaliana confirmed these studies; in most instances for
each region of A. thaliana three genomic segments are iden-
tified in the Brassica genome (Parkin et al. 2005; Town et
al. 2006; Lysak et al. 2007). Since the triplication event
dated 14–24 million years ago, random gene loss and ge-
netic drift has differentiated both the composition of the seg-
ments and the orthologous gene copies within the A and C
genome (Town et al. 2006; Yang et al. 2006; Cheung et al.
2009). The resultant genome structure dictates that for any
gene within B. napus there could be from two to six homo-
logues present (Fig. 1).

Notwithstanding possible alternative transcript processing
events, the multiple related gene copies confuse accurate
transcript differentiation, which can confound any gene ex-
pression study and limit the ability to elucidate the genetic
mechanisms controlling a trait. The available Brassica mi-
croarray platforms cannot resolve transcripts derived from
the homoeologous gene copies within the A and C genomes
of B. napus (Trick et al. 2009a), and the limits of tag-based
expression profiling in Brassica species have yet to deter-
mined. In the present study, initial data sets generated for
the purposes of expression quantitative trait loci (eQTL)
and single nucleotide polymorphism (SNP) analysis, respec-
tively, were studied to determine if the added expense of
sequence-based expression analysis is warranted by the gain
in resolution of transcript determination offered compared to
microarray studies. Insights into the efficacy of different
gene expression techniques in Brassica species are discussed
at the theoretical and practical level comparing three proto-
cols, microarray analysis, and long versus short 3’ anchored
tag sequencing.

Materials and methods

Plant material
The B. napus lines used in this study included the parental

lines for a reference doubled haploid mapping population:
DH12075, a Canadian annual canola line (generated by G.
Rakow and G. Séguin-Swartz, Agriculture and Agri-Food
Canada), and PSA12, a resynthesized B. napus line (gener-
ated by M. Beschorner and D. Lydiate, Agriculture and
Agri-Food Canada). Tissue for RNA extraction was col-
lected from: developing seeds 21 d postanthesis grown
under field conditions; etiolated seedlings (5–7 d postgermi-
nation under sterile conditions in the dark); and juvenile
leaves (1st–4th true leaves). Total RNA was extracted from
developing seeds using a method modified from that of
Oñate-Sánchez and Vicente-Carbajosa (2008). In summary,
seed embryo tissue (fresh mass approximately 20 mg) was
ground with liquid nitrogen and mixed with 700 mL extrac-
tion buffer (0.4 mmol/L LiCl, 0.2 mol/L Tris–Cl (pH 8.0),
25 mmol/L EDTA, 1% SDS and 2% polyvinylpyrrolidone,
2% b-mercaptoethanol), followed by treatment with an equal
volume of chloroform, an equal volume of phenol, and fi-
nally an equal volume of phenol – chloroform – isoamyl
alcohol (25:24:1). The final supernatant was precipitated
with 1/3 volume of 8 mol/L LiCl for 1 h at –20 8C. After
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centrifuging at 13 000 r/min for 30 min, the pellet was
washed with 1 mL of 75% ethanol and dissolved in 40 mL
of diethylpyrocarbanate–water. DNA was removed from to-
tal RNA using DNase I (Invitrogen Canada Inc., Burlington,
Ontario) according to the manufacturer’s instructions. RNA
was extracted from etiolated seedlings and juvenile leaves
using the Qiagen RNeasy mini kit according to the manufac-
turer’s protocol (QIAGEN Inc., Mississauga, Ontario).

Microarray hybridization and data analysis
Gene expression analysis for DH12075 and PSA12 was

carried out using Agilent Brassica gene expression microar-
rays (Agilent Technologies, Mississauga, Ontario). Four bio-
logical replications were performed with dye swaps applied
to the biological replicates to minimize dye incorporation
bias from the two-colour system (Lee et al. 2004). cRNA
was amplified and labeled with either cy3 or cy5 from total
RNA (2 mg) using the Quick Amp labeling kit, Two Color
(Agilent Technologies) according to the manufacturer’s in-
structions. Amplified and labeled cRNA was purified with
Qiagen RNeasy mini kit (QIAGEN) and quantified with the
NanoDrop ND-1000. Labeled cRNA (2 mg) was fragmented
and subsequently hybridized in dual labeled reactions to the
Agilent 4 � 44 K Brassica array using the gene expression
hybridization kit (Agilent Technologies) according to the
manufacturer’s protocol. Hybridization was performed in an

Agilent microarray hybridization chamber (Agilent Technol-
ogies) for 17 h at 65 8C with a rotation of 10 r/min. Slides
were washed with the Agilent gene expression washing buf-
fers I and II (Agilent Technologies) according to the manu-
facturer’s protocol.

Arrays were scanned at 5 mm resolution with the GenePix
4000B scanner, the fluorescence data were extracted from
the resulting image files using Gene Pix Pro 6.0 and normal-
ized with the LOWESS method using BASE 1.2 (Dudoit et
al. 2002). Normalized data were exported from BASE and
imported to GeneSpring GX 10.0 (Agilent Technologies)
for further analysis. The parental lines were analyzed for
differential gene expression using the Student’s t test with a
P value significance threshold of 0.05, a false discovery rate
(FDR) of 0.05 and a minimum twofold cutoff.

Differentiating homologous Brassica transcripts
Single nucleotide differences were determined between Bras-

sica homologous transcripts based on a protocol described in
Eveland et al. (2008). 3’-Anchored cDNA libraries were gener-
ated from the parental line DH12075 as in Eveland et al.
(2008), except AciI was used to generate 3’ cDNA fragments
of the optimal size range for amplification during the Roche
454 Titanium sequencing protocol, as determined by in silico
digestion of the Brassica reference transcripts. Additionally, pri-
mer and (or) adapters modified for the Titanium chemistry were

Fig. 1. The duplication events that have shaped the Brassica napus genome and their impact on gene copy number. The alignment of 11
isolated and sequenced regions of B. napus to their collinear segments in the genome of Arabidopsis thaliana is shown; the data presented
are taken from Cheung et al. (2009). Vertical boxes represent the Brassica or the Arabidopsis genomic sequence, filled triangles indicate the
presence of a gene copy, horizontal lines indicate the homologous relationships between gene copies.
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implemented in the protocol: A-adapter-top 5’-CCATCT-
CATCCCTGCGTGTCTCCGACTCAGCAT-3’; A-adapter-bot-
tom 5’-CGATGCTGAGTCGGAGACACGCAGGGATGA-3’;
B-adaptor 5’biotin-CCTATCCCCTGTGTGCCTTGGCAGTCT-
CAGTTTTTTTTTTTTVN-3’. Roche 454 Titanium sequencing
was carried out at the National Research Council Plant Biotech-
nology Institute, Saskatoon, Saskatchewan following the proce-
dure described by Margulies et al. (2005) with modifications for
the Titanium chemistry as described in protocols supplied by
the manufacturer (Roche, Laval, Quebec).

The 454 data were assembled against a Brassica reference
of 46 648 transcripts (described below in Results) using
NGen (DNAStar Inc, Madison, Wisconsin) with the follow-
ing parameters: match size, 19; match spacing, 10; minimum
match percentage, 90; match score, 10; mismatch penalty,
25; gap penalty, 25; and maximum gap, 15. Custom Perl
code was developed (i) to parse the individual ACE files
from the resultant assembly; (ii) to replace the consensus se-
quence with the reference to allow comparisons between
analyses; and (iii) to follow the origin of each transcript
within the assembly. The code for conversion of the ACE
files is maintained in the software package APED (available
at sourceforge.net/projects/aped). SNPs were identified in
each assembly using the PolyBayes polymorphism software
package (Marth et al. 1999) with parameters based on the
work of Barbazuk et. al. (2007). Custom Perl scripts were
written to parse the PolyBayes output to identify variation
resulting from homoeologous and paralogous loci.

Serial analysis of gene expression
In silico SAGE analysis was performed on the B. napus

reference transcripts using the method described by Robin-
son et al. (2004), except that in the absence of a complete
genome sequence no assumptions were made regarding the
extension of UTR sequences. The orientation of the tran-
script collection was determined by sequence alignment to
Arabidopsis gene sequences using BLASTN (Altschul et al.
1990). Directional cloning of cDNA sequences during li-
brary construction allowed the orientation of unigenes to be
assigned for many of the Brassica-specific sequences. Unig-
enes where the orientation remained ambiguous were ex-
cluded from further analysis. Custom Perl scripts were used
to perform in silico restriction digests and tag capture for
each reference transcript using 13 anchoring enzymes
(AccII, AciI, AluI, CivRI, DpnI, HaeIII, HhaI, HpaII, MaeI,
NlaIII, RsaI, TaqI, and TspEI) and three SAGE methodolo-
gies, SAGE, LongSAGE, and SuperSAGE, that result in tags
of the following respective lengths: 14, 21, and 26 bp (Vel-
culescu et al. 1995; Saha et al. 2002; Matsumura et al.
2005). Only the canonical tag (the tag proximal to the 3’
end of each transcript) was used to discriminate among
Brassica transcripts.

Results

Generating the DH12075 reference transcript data set
A collection of 142 399 B. napus expressed sequence tags

(ESTs) generated from 18 cDNA libraries derived from dif-
ferent tissues of DH12075 as shown in Table 1 (CN825827–
CN829362, CN829364–CN829515, CN829517–CN831073,
CN831075–CN831324, and EV090678–EV227586) were as-

sembled using TGICL software (Pertea et al. 2003) with op-
timized parameters to generate a B. napus distinct set of
reference transcripts. Parameters were established for assem-
bling the ESTs to maximize separation of homologous tran-
scripts within the collection. Through the alignment of EST
data from the two progenitor species B. rapa (A genome)
and B. oleracea (C genome), it was estimated that the max-
imum level of sequence similarity between orthologues was
98% (Fig. 2). Assembly of the sequence data from B. napus
and its progenitors was completed in a series of progres-
sively more stringent assemblies using default Cap3 parame-
ters except for varying the overlap parameter, within the
range 82%–99%. Comparing the resulting assemblies to a
set of single copy Arabidopsis gene sequences (excluded all
Arabidopsis genes with a BLAST match to another gene at
E £1 � 10–5) confirmed that the maximal resolution of pa-
ralogues occurred with a Cap3 overlap parameter of 98%,
since at this cutoff the assemblies for the progenitor ge-
nomes were being resolved for the single copy genes. The
resultant assembly of the B. napus EST collection using
these parameters identified 46 648 unique transcripts. Com-
parison of the reference sequences with A. thaliana esti-
mated the gene coverage to be 46% and the number of full
length gene models in excess of 20% (Table 1). The Bras-
sica reference transcript set, including the sequence data of
individual members of the assembled contigs and the align-
ment of the reference set against the A. thaliana genome can
be accessed at aafc-aac.usask.ca/cgi-bin/gbrowse/gbrowse/
BAGI2/.

The Brassica oligosequences from the Agilent array were
aligned to the reference transcripts using BLASTN to allow
comparisons between the microarray analyses and the tran-
script data generated from the 454 sequencing. As the Bras-
sica oligonucleotides were derived from multiple B. napus
genotypes, up to a two base pair mismatch was allowed to
determine transcripts that would be expected to be identified
during array hybridizations, though perhaps with lower sig-
nal intensity depending on the position of the nucleotide
variation within the oligonucleotide (Rennie et al. 2008). In
addition, the designated unigenes from which each probe
was designed were also matched with the B. napus tran-
scripts to validate the correspondence of the individual
probes. Using these criteria 15 742 probes matched 16 656
DH12075 transcripts. As might be expected because of the
length of the probes and the complexity of the genome,
3530 oligonucleotides (22%) matched multiple reference
transcripts, with 23 probes matching 10 or more unique tran-
scripts.

Array-based expression analysis in Brassica napus
The Agilent Brassica 4 � 44 K array was selected for mi-

croarray experiments in B. napus because of the increased
efficiency offered by the array design. These arrays contain
43 809 gene-specific 60-mer oligonucleotides arranged in
four replicate arrays. The oligonucleotides were designed
from 40 206 Brassica unigene sequences that were derived
from a mixture of B. napus genotypes (available at
compbio .d fc i .ha rva rd .edu / tg i / cg i -b in / tg i /g ima in .
pl?gudb=oilseed_rape). BLASTN analysis (Altschul et al.
1990) with an expect value threshold of 1 � 10–6 identified
the closest homologous gene identifier in A. thaliana for
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each of the unigene sequences. In total, 35 244 unigenes
shared sequence similarity with 90 A. thaliana plastid gene
codes and 15 596 nuclear genes. The remaining 4962 unig-
enes demonstrated no significant sequence homology with
an annotated A. thaliana gene code.

The microarray data analyzed were from experiments
conducted as part of a project to carry out expression QTL
analysis in B. napus, to associate gene expression changes
with genetic polymorphisms in a doubled haploid segregat-
ing population, and to relate these to variation in seed qual-
ity traits. Previous studies have established that *20 d after
flowering (DAF) was the critical stage for B. napus seed de-
velopment regarding cell proliferation and oil deposition
(O’Hara et al. 2002; Dong et al. 2004). Thus developing em-
bryos were collected from B. napus lines at 21 DAF in the

field for RNA extraction and gene expression studies. Com-
paring the parental lines, 2331 probe sequences identified
genes that were significantly differentially expressed (see
methods: P < 0.05, FDR < 0.05), with 1614 upregulated in
DH12075 and 717 upregulated in PSA12 (Fig. 3). Based on
the array design, these 2331 probe sequences recognized
2235 unigene accessions. In all but one instance, where dif-
ferent probes had been designed to a single transcript, the
second or third probe displayed an identical expression pat-
tern if not equivalent intensity. However, 238 unigene se-
quences that were inferred to be differentially expressed
based on one or more oligonucleotides possessed additional
probes, which showed no change in signal intensity between
the parents. Such anomalies between the observed hybridiza-
tion responses of specific probes could explain discrepancies
often experienced between expression platforms.

The corresponding transcripts from the reference
DH12075 collection could be determined for 760 of the dif-
ferentially hybridized probe sequences, which corresponded
to 878 unique transcripts. Interestingly, considering the lack
of resolving power for the 60 bp sequences, the majority of
the probes (84%) were matched to unique transcripts
(c2 = 14.31; P < 0.0002). For the remaining 124 probes
(16%) that matched multiple transcripts, 75% (93 probes)
identified only two transcripts.

Differentiating Brassica transcripts using 454 sequence
data

An anchored 3’ cDNA library was developed to provide a
reference data set for SNP discovery and mapping in B. na-
pus. The method generates long sequence tags (200–400 bp)

Table 1. Summary of Brassica napus (DH12075) expressed sequence tag (EST) collections used to gen-
erate the reference transcript data set.

cDNA library (tissue)
Mean read
length (bp)

Total HQa EST
sequences (%)

Distinct
transcripts
(98% identity)

No. of Atb

genes
% full
lengthc

Apical meristem 731 7 479 (80.6) 3315 1730 2.5
Leaf 851 6 036 (69.7) 3091 1514 2.1
Senescent leaf 577 8 464 (67.3) 3755 1784 1.0
Root 782 13 981 (79.8) 6463 3054 5.2
Stem 736 3 279 (58.9) 1647 864 1.0
Flower 625 7 439 (69.2) 3669 1837 1.4
Very early anther 716 10 832 (65.6) 4934 2460 2.5
Early anther 720 4 414 (61.3) 1959 1081 1.1
Embryo 730 7 400 (82.0) 2729 1541 1.8
Bud 802 10 090 (75.8) 5256 2622 3.8
Late bud 766 3 015 (64.1) 1794 1108 1.3
Cotyledon 718 3 860 (71.8) 1691 1081 1.3
Cold stress, dark 791 6 393 (70.1) 3867 2000 2.9
Cold stress,– light 738 8 310 (83.2) 4416 2189 3.5
Osmotic stress, leaf 737 13 067 (72.4) 5420 2676 2.1
Osmotic stress, root 615 6 163 (64.2) 3767 2054 2.3
Damaged cotyledon 731 4 568 (68.3) 2457 1378 1.7
Etiolated seedlings 724 19 514 (77.5) 9487 4271 3.6
Total 726 144 352 (72.5) 46 648 12 793 20.0

aHQ, high quality EST sequences filtered for quality, length, and vector contamination.
bAt, Arabidopsis thaliana gene codes identified by BLASTN analysis.
cEstimated number of cDNA clones that contained full length transcripts based on identification of a conserved start

codon between A. thaliana and B. napus within the clone.

Fig. 2. Sequence alignment of expressed sequence tags from the
two progenitor genomes of Brassica napus indicated that a signifi-
cant proportion of homoeologous transcripts share 98% nucleotide
similarity.
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that should improve effective discrimination of transcript se-
quences and, in multiple genotypes, will maximize the like-
lihood of capturing equivalent transcript regions for
improved SNP discovery (Eveland et al. 2008). The enzyme
AciI was selected through in silico digestion of Brassica un-
igene sequences to provide an optimal profile of transcript
fragments for Roche 454 Titanium sequencing. An anchored
3’ cDNA library was generated from combined etiolated
seedling and juvenile leaf tissue for the parental line
DH12075. Sequencing resulted in 904 582 transcripts with
the median read lengths of 285 and 308 bp for two different
regions on a 454 sequencing plate.

The Brassica 454 EST data were assembled against the
DH12075 reference transcript data set using NGen, and cus-
tom Perl scripts were developed to parse the resultant ace
files (see Materials and Methods). A total of 577 094 se-
quence reads were assembled against 23 543 reference tran-
scripts, with an average of 12 sequences per contig, and
18 020 contigs with a read depth of at least 2. The individ-
ual ace files for each transcript were analyzed using Poly-
Bayes (Marth et al. 1999) to identify nucleotide variations
that differentiate homoeologous and paralogous transcripts
that had been co-assembled (Fig. 4). The increased error
rate for homopolymer calls in the 454 data can lead to spu-
rious insertion–deletion events, so such polymorphisms were
ignored in the present analysis. This determined that poten-
tially 3259 (18%) of the contigs contained multiple homolo-
gous Brassica transcripts that could be differentiated based
on simple nucleotide polymorphisms. The matching of the
majority of the 454 sequences uniquely to a single transcript
indicated that the generation of the reference data set had
been successful in resolving the duplicate copies. The in-
stances where homologous 454 reads had been co-assembled
likely resulted from the absence of the related duplicate cop-
ies within the reference data set. The presence of antisense
transcripts was also observed, with 362 of the 3680 most
highly abundant transcripts possessing at least 20 reads
matched to both strands of the transcript.

Potential for serial analysis of gene expression in an
allotetraploid genome

SAGE has the ability to provide a digital measure of an
organism’s transcriptome where the frequency of the tag is
directly proportional to the frequency of the transcript from
which it is derived. The efficacy of SAGE has been demon-
strated in many model organisms including A. thaliana
(Pleasance et al. 2003; Robinson et al. 2004; Matsumura et
al. 2005). However, because of the isolation of short tag se-
quences and the nonrandom nature of genome sequence, it is
impossible to unambiguously distinguish the origin of many
SAGE tags. The level of ambiguity is a function of the ge-
nome size of the target species and is compounded further in
polyploid species such as B. napus.

There are currently three developed SAGE protocols that
utilize different restriction enzymes to capture sequence tags
of varying lengths: 14, 21, and 26 bp for SAGE, LongS-
AGE, and SuperSAGE, respectively. The theoretical dis-
criminatory power of the three SAGE methodologies was
assessed using 13 anchoring enzymes for in silico tag ex-
traction and subsequent gene assignment in the amphidiploid
species B. napus. The orientation of the reference transcripts
was determined relative to A. thaliana, which limited the
analysis to 17 353 B. napus transcripts against which 454
data had been assembled.

The reference collection contained transcripts with a me-
dian length of 713 bp; however, 462 transcripts were less
than 256 bp in length and are unlikely to yield a SAGE tag
using an anchoring enzyme with a 4 bp recognition site.
Although the EST collection was enriched for 3’ sequence,
spurious canonical tag assignments could occur on occasion
because of incomplete gene coverage. The enzymes AluI
(AGCT), TspEI (AATT), and DpnI (GATC) yielded the
greatest number of potential tags from the B. napus tran-
script data and offered the greatest opportunity to unambigu-
ously determine their origin, irrespective of the tag length
(Table 2). The enzymes AluI and DpnI have balanced re-
striction sites with every possible nucleotide represented
with two purine residues followed by two pyrimidine resi-
dues, while TspEI (AATT) is targeted to A- and (or) T-rich
sequence regions, which may bias the distribution of the
available tags.

These data suggest that SAGE yields insufficient com-
plexity to maximize the discriminatory power of a tag-based
expression analysis system in the complex B. napus genome.
However, the most effective anchoring enzyme, AluI, would
generate canonical tags that could unambiguously identify
51%, 57%, or 59% of all transcripts sampled, respective to
an increasing tag length (Table 2). Notably, the ambiguity
among tags was not significantly reduced by changing the
methodology from LongSAGE to SuperSAGE. The analysis
was limited to discrimination of the 3’ most canonical tags
within the Brassica reference transcripts, with no provision
made for anti-sense transcription, which would further limit
the ability of short tags to unravel the complexity of the
transcriptome.

Alignment of the 17 353 Brassica transcripts to the A.
thaliana gene sequences identified 8095 unique loci. Multi-
ple Brassica transcripts aligned to 3964 individual A. thali-
ana gene identifiers (AGI), and, of these, 35 AGI loci were
defined where alignments were made to greater than one

Fig. 3. Significantly differential expressed genes identified between
developing seeds of Brassica napus genotypes DH12075 (x-axis)
and PSA12 (y-axis). The axis represents the log2 scaled normalized
intensities for each genotype for a particular probe sequence.
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gene model. These types of comparisons potentially allow
the identification of Brassica transcripts that are either the
result of genome duplication or are the subject of alternate
transcript processing, and the resolution of these transcripts

does appear to be enhanced through the capture of longer
SAGE tags. Again, AluI proved the most informative and
could differentiate 57% of the Brassica homologues aligned
to the 3964 AGI loci.

Fig. 4. Sequence assembly of two homologous DH12075 Brassica napus transcripts aligned to a single reference transcript. The alignment
has been visualized using the software tool Tablet (Milne et al. 2010) that shows a schematic at the top of the entire assembly and a close-
up of the nucleotide detail below, both views display nucleotide variants among the sequences.

Table 2. Summary of in silico serial analysis of gene expression (SAGE) analysis in the allotetraploid
Brassica napus.

No. of unique canonical tag positions (%)a

Anchoring
enzyme

No. of transcripts with
canonical anchoring
enzyme site (%)b SAGE (14 bp) LongSAGE (21 bp) SuperSAGE (26 bp)

AccII 9 112 (52.5) 4 913 (28.3) 5 518 (31.8) 5 677 (32.7)
AciI 11 439 (65.9) 5 967 (34.4) 6 609 (38.1) 6 886 (39.7)
AluIc 16 534 (95.3) 8 890 (51.2) 9 883 (57.0) 10 317 (59.5)
CivRI 15 174 (87.4) 8 267 (47.6) 9 187 (52.9) 9 597 (55.3)
DpnI 15889 (91.6) 8 490 (48.9) 9 477 (54.6) 9 803 (56.5)
HaeIII 11 417 (65.8) 5 748 (33.1) 6 378 (36.8) 6 653 (38.3)
HhaI 8 369 (48.2) 4 623 (26.6) 5 117 (29.5) 5 326 (30.7)
HpaII 12 203 (70.3) 6 400 (36.9) 7 060 (40.7) 7 313 (42.1)
MaeI 12 538 (72.2) 6 896 (39.7) 7 601 (43.8) 7 787 (44.9)
NlaIII 15 286 (88.1) 8 357 (48.2) 9 282 (53.5) 9 652 (55.6)
RsaI 13 181 (76.0) 6 863 (39.5) 7 613 (43.9) 7 945 (45.8)
TaqI 14 687 (84.6) 8 006 (46.1) 8 865 (51.1) 9 143 (52.7)
TspEI 14 609 (84.2) 887 (51.2) 9 654 (55.6) 9 904 (57.1)

aNumber of canonical short sequence tags that unambiguously identify their transcript of origin.
bNumber of reference transcripts from the 17 353 oriented sequences that possess an anchoring enzyme restriction site.
cThe most informative anchoring enzyme.
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Discussion
The ability to comprehensively analyse the expression of

individual transcripts in any one species is a powerful tool for
studying the phenotypic variability of gene abundance itself.
The combined impact of global expression analysis with well
characterized segregating populations has allowed the posi-
tioning of eQTL, and promises to uncover associations be-
tween the regulation of gene expression and many elusive
complex developmental traits (Kliebenstein 2009). However,
such analyses are limited by the level of discrimination of-
fered by the available genomics tools for the species of inter-
est. Brassica napus is a complex polyploid evolved from the
hybridization of two progenitor genomes, which are them-
selves descended from an ancient hexaploid genome (Parkin
et al. 2005). The triplication event is still prevalent in the dip-
loid genomes, although disrupted by chromosomal rearrange-
ments and widespread gene deletion and transposition events
(Town et al. 2006; Cheung et al. 2009; Trick et al. 2009b).
Gene expression analysis in B. napus is confounded by the
underlying genetic architecture, and the high levels of se-
quence similarity observed between orthologues or homoeo-
logues in the progenitor genomes have largely precluded their
differentiation using available platforms (Trick et al. 2009a).

In the context of adopting the most cost-effective and in-
formative platform for eQTL analysis in B. napus, in the
current study, a reference transcript data set was constructed
to minimize the assembly of orthologues, and used to assess
the divining properties of microarray and tag-based expres-
sion analysis in the allotetraploid B. napus. The reference
set was derived from a wide range of tissues and encom-
passed 46 648 B. napus transcripts of which 41 531 could
be aligned with 12 793 A. thaliana genes. The majority of
the A. thaliana genes (8409 or 65%) shared close homology
to multiple Brassica genes (on average 4.4 copies) as might
be expected for a polyploid genome.

The weakest evaluation against the reference transcripts
could be made for the microarray data, where the nuances of
probe–target interactions in hybridization experiments make it
difficult to predict the absolute limits of association between
gene and 60 bp oligonucleotide sequence. However, compared
with the entire probe set, the differentially expressed oligose-
quences aligned with significantly more unique transcripts
than expected. This raises the question of the biological rele-
vance of this result. It could simply result from not all homo-
logues being represented in the reference transcript data set, or
it perhaps reflects the effect of transcriptional dominance in
both the available EST collections and the microarray
analyses. This phenomenon was observed to a limited extent
in A. thaliana � A. arenosa allopolyploids (Wang et al.
2006), but was more recently suggested to be widespread in
the allopolyploid species cotton (Rapp et al. 2009). Differen-
tial expression of homoeologous copies of disease-responsive
genes in B. napus in a tissue-dependent and stress-responsive
fashion was suggested to be an adaptive response to the pres-
ence of duplicate gene copies that might confer a selective ad-
vantage (Zhao et al. 2009). The true extent and value of such
expression will be underestimated until unambiguous tran-
script identification is routine in Brassica species.

The DH12075 reference data set provided a platform to de-
termine the efficacy of sequence tag-based profiling in B. na-

pus for both transcript determination and SNP discovery.
Reference assembly of short sequence tags (*35 bp) derived
from random shot-gun sequencing of cDNA has previously
been employed in B. napus to allow extensive SNP variation
to be identified (Trick et al. 2009c). However, the majority of
the nucleotide variation (87.5%–91.2%) was predicted to re-
sult from the co-assembly of orthologous sequences. In the
present study, the capture and deep sequencing of 3’ fragments
from a single genotype in B. napus generated substantial 454
sequence data. Alignment of these data against the reference
transcripts from the same genotype indicated that the current
assembly and SNP discovery pipeline can resolve almost 82%
of the transcripts. The ability to unambiguously align the ma-
jority of the relatively long 454 reads (average 290 bp) to indi-
vidual transcripts indicates that the duplicated Brassica
homologues can be differentiated; however, the expense and
limited depth of 454 sequencing compared with other technol-
ogies would restrict the application of this approach. The addi-
tional benefit gained from anchoring the extracted sequence
tag at the 3’ end of the transcript can be observed for the in
silico SAGE analysis, where even the shortest tags (14 bp)
can allow up to 50% of the assembled transcripts to be unam-
biguously identified by their canonical tags. The increased
complexity offered by LongSAGE can increase the resolution
and robustness of the analysis even further allowing 57% of
the transcripts to be differentiated by their canonical tag.

The continued reduction in costs per sequenced base as a
result of next generation sequencing technologies proves to
revolutionize genetic analysis in many species (Mardis 2008).
In B. napus, the use of microarrays still holds promise for the
identification of unique genes or potentially genes dominantly
expressed in one progenitor genome. The optimal identifica-
tion of the complex mixture of transcripts generated in Bras-
sica requires the ability to identify haplotypes across the
transcript, which cannot be achieved with randomly distrib-
uted short tags. However, the use of tag-based technologies
adopting both 3’ anchoring for improved resolution and longer
tag lengths, which are becoming more amenable and cost ef-
fective, are likely to offer the optimal balance of resolving
power and transcript read depth. The release of the genome
sequences for the progenitor Brassica genomes, which is an-
ticipated for 2010, will also facilitate transcript analysis by of-
fering the ability to carry out in silico mapping and
determining the absolute level of gene duplication present.
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