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Abstract 

Background: Serial Analysis of Gene Expression (SAGE) is a powerful tool for 

genome-wide transcription studies.  Unlike microarrays, it has the ability to detect 

novel forms of RNA such as alternatively spliced and antisense transcripts, without 

the need for prior knowledge of their existence.  One limitation of using SAGE on an 

organism with a complex genome and lacking detailed sequence information, such as 

the hexaploid bread wheat Triticum aestivum, is accurate annotation of the tags 

generated.  Without accurate annotation it is impossible to fully understand the 

dynamic processes involved in such complex polyploid organisms.  Hence we have 

developed and utilised novel procedures to characterise, in detail, SAGE tags 

generated from the whole grain transcriptome of hexaploid wheat. 

Results: Examination of 71,930 Long SAGE tags generated from six libraries derived 

from two wheat genotypes grown under two different conditions suggested that 

SAGE is a reliable and reproducible technique for use in studying the hexaploid 

wheat transcriptome.  However, our results also showed that in poorly annotated 

and/or poorly sequenced genomes, such as hexaploid wheat, considerably more 

information can be extracted from SAGE data by carrying out a systematic analysis of 

both perfect and “fuzzy” (partially matched) tags.  This detailed analysis of the SAGE 

data shows first that while there is evidence of alternative polyadenylation this 

appears to occur exclusively within the 3′ untranslated regions.  Secondly, we found 

no strong evidence for widespread alternative splicing in the developing wheat grain 

transcriptome.  However, analysis of our SAGE data shows that antisense transcripts 

are probably widespread within the transcriptome and appear to be derived from 

numerous locations within the genome.  Examination of antisense transcripts showing 

sequence similarity to the Puroindoline a and Puroindoline b genes suggests that such 



antisense transcripts might have a role in the regulation of gene expression. 

Conclusion: Our results indicate that the detailed analysis of transcriptome data, such 

as SAGE tags, is essential to understand fully the factors that regulate gene expression 

and that such analysis of the wheat grain transcriptome reveals that antisense 

transcripts maybe widespread and hence probably play a significant role in the 

regulation of gene expression during grain development. 



Background 

With cereals constituting more than 60% of the world’s dietary intake, the bread 

wheat Triticum aestivum is one of the most important crops in world agriculture [1, 

2].  Despite the high yields achieved in Europe there is still a real need to generate 

improved cultivars, as yield and flour quality can be dramatically affected by the 

environment.  This need has become even greater in recent years with tightening 

world supplies and reduced stocks, resulting in record grain prices [3]. Over the past 

decade, the advent of genomic technologies has played an increasingly important role 

in this process.  The ability to perform studies on a genome-wide scale has allowed an 

understanding of entire biological pathways and the complex regulatory networks of 

the transcriptome and has generated information that has the potential to be exploited 

in breeding programmes. 

There are currently many tools available to measure global gene expression, perhaps 

the most commonly used are microarrays or GeneChips [4].  However, due to the 

complicated nature of the bread wheat genome; consisting of three closely related 

genomes (A, B and D) [5] with approximately 25% of all genes represented by at least 

two paralogous loci [6] and with 75% of the 16.8 Gigabases consisting of repetitive 

sequences [7], current microarrays have their limitations.  For example, previous 

studies using both spotted cDNA microarrays and the Affymetrix wheat GeneChip® 

have shown that while microarray-based platforms are capable of monitoring gene 

expression in polyploids, due to cross-hybridisation of related transcripts, they can be 

misleading as to which homoeolog/paralog-specific sequences are actually being 

quantified [8, 9]. 



Serial Analysis of Gene Expression (SAGE), as described by Velculescu et al. [10], is 

now established as a powerful technique for the simultaneous, quantitative analysis of 

large numbers of transcripts.  Since 1999 there have been numerous reports of the use 

of SAGE in the characterisation of the transcriptome of various plant species [11-15] 

including a recent report on the analysis of the developing caryopsis of wheat [16].  

SAGE has several advantages over microarrays; it has a greater potential to 

discriminate between homoeologous and paralogous transcripts, it reveals the absolute 

expression values of the transcriptome allowing direct comparisons between genes, it 

is not limited to previously identified genes and it has no theoretical transcript 

detection limit [17].  SAGE therefore holds the promise of being able to identify the 

presence and abundance of novel transcripts including alternative spliced and/or 

antisense transcripts, something only possible with very specifically designed 

microarrays [11, 16, 18, 19].  

One of the major limitations of SAGE is that without a complete genome sequence 

from the species under investigation, tag annotations have to be performed using the 

limited sequence data available.  This inevitably results in ambiguous or unassigned 

annotations and thus without further characterisation some data will be of limited use. 

In this study we have used LongSAGE [20, 21] to study gene expression in 

allohexaploid wheat at a developmental stage, 14 days post anthesis (dpa), when the 

cellular endosperm is undergoing large scale carbohydrate biosynthesis. In addition to 

collecting data from the transcriptome of grain derived from plants grown under 

standard conditions, we also obtained data from the transcriptome of grain from plants 

grown under relatively hot and dry conditions; conditions which are known to have a 

significant effect on the quantity and quality of the resulting flour [22]. To analyse the 



resulting tags we developed a novel approach to tag annotation, which makes best use 

of the publicly available sequence data.  Our results show that SAGE is an effective 

tool to examine the wheat allohexaploid transcriptome. In addition, our investigation 

has shown that both alternative and antisense transcripts are present in the wheat 

transcriptome, sometimes at surprisingly high frequencies. Using the single copy 

Puroindoline a and b genes (Pina and Pinb) we have characterised the extent of these 

alternative and antisense transcripts and based upon these results we speculate that 

such sequences might play a role in grain development.  

Results and discussion 

Library production and sage tag annotation 

Several previous studies have examined the transcriptome of the developing cereal 

grain [23-26] and more recently McIntosh et al. [16] used LongSAGE to study grain 

development in allohexaploid wheat.  

Grown under typical UK conditions, UK adapted wheat varieties begin the onset of 

large-scale carbohydrate synthesis around 14dpa.  However, numerous studies have 

demonstrated that grain development is heavily influenced by environmental factors 

such as heat and moisture [22, 23, 27-29].  To obtain a wide sample of the various 

transcripts present during this agronomically important phase of development, we 

generated six LongSAGE libraries from two related commercial wheat varieties 

grown under two environmental conditions, as described in the methods section. 

Before analysis, duplicate ditags and sequences falling below the MegaBACE quality 

threshold were removed.  In addition, all tags were trimmed so that only the first 18 of 

the potential 19 bases, including the anchoring enzyme (CATG) site, were included 

for this analysis.  The last base was removed as its presence caused a disproportionate 



increase in the number of distinct tags, indicating that this sequence position was 

unreliable.  In total, 71,930 tags were sequenced across all six libraries, with 

individual library counts ranging from 9,786 to 13,875 (Table 1, complete dataset; 

GEO accession GSE12832).  A good correlation was observed between the replicate 

libraries (average Pearson product moment 0.82), highlighting the reproducibility of 

the data.  To our knowledge, no other study has generated such a large number of tags 

for a single developmental stage in wheat. 

The total tag count represents 37,615 (52%) unique tags, of which 31,929 (84%), 

representing approximately 44% of all tags sequenced, were singletons, i.e. appear 

only once in the entire dataset.  These values are slightly higher than those observed 

by McIntosh et al. [16], who sampled wheat grains at the same developmental stage 

(14dpa) and sequenced 19,299 tags of which 40% were unique and 31% singletons.  

Our plants were grown in generally cooler conditions than those in this previous study 

and this is likely to have resulted in slower grain development and the observed 

differences in tag frequency.  In addition, as our data comprise two, albeit closely 

related, varieties and two environmental conditions, it is not surprising that we see 

proportionately more singletons and unique tags than the equivalent library described 

by McIntosh et al. [16]. 

A critical step in the SAGE procedure is the annotation of the sequenced tags.  Due to 

the large number of tags generated this procedure requires automation.  The first step 

towards the annotation of a tag requires matching it to a previously characterised 

sequence e.g. an Expressed Sequence Tag (EST) or genomic sequence.  A typical 

approach is to match tags to clustered ESTs representing putative genes (UniGenes) 

[30], but often these clusters are imperfect, with some genes being split into multiple 



clusters, while other clusters represent several genes.  Such an approach could result 

in ambiguous tag-to-gene matches.  On the other hand, one tag may match several 

closely related ESTs, making tag assignments to a specific EST arbitrary and resulting 

in a loss of information. 

Once a tag has been assigned to a sequence it then has to be annotated with its gene 

name and putative function.  Although, some sequences are already fully annotated, 

this is often not the case and in these circumstances BLASTX [31] searches can be 

employed.  These problems are amplified further for an organism such as T. aestivum, 

an allohexaploid species, where a complete genome sequence is not available, often 

the sequence data available are poorly annotated and where few proteins have been 

characterised.  

To overcome these challenges, we devised a novel approach to generate tag-to-gene 

matches, executed using custom PERL [32] scripts (Additional file 1) and described 

in Figure 1.  The first step in our annotation process was, where possible, to assign 

annotation to the NCBI UniGene set build #38 (downloaded as the longest best 

quality EST from each of the ~38K UniGenes).  To do this, UniGene sequences were 

used to search the non-redundant (nr) protein database using BLASTX.  As not all 

UniGene sequences are of the sense strand, this has the added advantage of predicting 

the sequence orientation.  In an attempt to exclude potentially spurious tags, generated 

as a result of sequencing errors, only tags that were observed more than once were 

included.  Additionally, low complexity tags (i.e. those containing microsatellites or 

more than 5 consecutive identical bases) were removed and this resulted in a total of 

5,304 unique tags being processed.  Tags were subsequently assigned to a particular 

UniGene using the following hierarchy; 1: Perfect tag-to-sequence match in the 



forward orientation. 2: Perfect tag-to-sequence match to the reverse orientation.  3: 

‘Fuzzy’ tag-to-sequence match (a match that tolerates up to a 2 base pairs [bp] 

mismatch between the tag and UniGene sequence) in the forward orientation. 4: 

Fuzzy tag-to-sequence match in the reverse orientation.  5: No match to an EST. 

Initially, matches were performed against UniGenes with BLASTX annotations, as 

having a gene annotation adds more value to the data.  In total 3,511 tags (66.2% of 

those processed) were assigned to an annotated UniGene.  If no matches were 

identified for a particular tag the whole procedure was repeated for UniGenes without 

annotations.  A further 908 tags were assigned to a UniGene in this way, resulting in a 

total of 4,419 unique tags (83% of those processed) assigned to a UniGene in one of 

the four categories; forward perfect match, forward fuzzy match, reverse perfect 

match, reverse fuzzy match (Figure 2a). The fully annotated dataset is available as 

Additional file 2. 

The fuzzy matching procedure was included in our approach as it was predicted that 

many tags would otherwise remain un-annotated due to the incomplete nature of the 

sequence data available. This prediction was proved correct with only 20% of tags 

assigned to a UniGene by a perfect match. Fuzzy matching allows annotation 

assignment where sequence differences exist as a result of previously uncharacterised 

homoeologs, paralogs or sequencing errors within the UniGene dataset.  As 

sequencing errors are predicted to occur once in every 100 bases, this has the potential 

to affect a large proportion of tag-to-UniGene assignments [33].  This effect will 

increase in frequency with increasing tag length (from 10% for a 10bp tag to 20% for 

a 20bp tag) and so could affect approximately one fifth of the tags within our dataset.  

Fuzzy matching also enables tags with no perfect match to be assigned to a closely 

related transcript, likely to have a similar function. This approach is of value where 



not all members of a multi-gene family have been sequenced, or where family 

members have been clustered and the gene sampled is not the same haplotype as the 

representative sequence.  Fuzzy matching is also of use when polymorphisms exist 

between the wheat variety being studied and the variety from which the representative 

UniGene sequence was obtained.  Fuzzy matching is, of course, not without its 

problems with the possibility of tags being assigned to the wrong gene.  For example 

homoeologs and/or paralogs could be all assigned to the same UniGene making it 

impossible to investigate homoeolog/paralog-specific gene expression.  This could 

lead to loss of information within the dataset, especially in cases where expression 

changes in closely related genes could cancel each other out when combined.  In some 

cases tags may be assigned to a gene with a completely different function, but we 

expect these cases to be in the minority.   Despite all of this a less than perfect tag-to-

UniGene match is more desirable than a tag with no putative function if biological 

inferences are to be made from the data. Coemans et al. [34] also used a fuzzy 

matching procedure to annotate 19% of the SAGE tags generated in Musa acuminata, 

whereas 63.3% of our processed tags were annotated by fuzzy matching.  This high 

proportion is to be expected given the lack of available sequence data and the highly 

complex nature of the hexaploid wheat genome. 

SAGE tags should be derived from the 3′ most CATG within a transcript, hence if the 

use of fuzzy matching is not a valid approach, then it would be expected that tags 

assigned in this way would be randomly distributed along the transcript.  To test this, 

once tags were assigned to a particular UniGene their position within the sequence 

with respect to the 3′ most CATG was determined (Figure 2b and Additional file 2 for 

full data set). As expected the majority of the forward perfect tags were canonical, i.e. 

positioned next to the most 3′ CATG within the available sequence. These data also 



revealed that the forward perfect and forward fuzzy tags have very similar 

distributions along the transcript length, with the vast majority of tags being derived 

from the canonical position. Although this is discussed later, it is interesting to note 

here that there is a general trend for the reverse perfect and reverse fuzzy tags, to also 

be derived in the highest numbers at the 3′ end of the sense transcript (Figure 2c).  

These observations strongly indicate that the use of fuzzy matching for annotation is a 

valid approach. 

Interestingly, when the annotation procedure was applied to the singleton tags a 

similar distribution between the categories was revealed (data not shown; for the full 

dataset see Additional file 3).  

In cases where tags matched multiple UniGenes, the tag was assigned to the UniGene 

with the largest cumulative tag count, to reduce redundancy within the data.  Thus our 

4,419 processed tags are represented by 3,268 UniGenes.  

Once tags were assigned to specific UniGenes it was then possible to combine all tag 

counts assigned to them and after normalization to a total library tag count of 13,875 

(number of tags in Scorpion25 Normal library) to investigate further the transcriptome 

of the wheat grain at this agronomically important phase of development. 

Gene expression at 14 dpa (tag abundance) 

The grains used for this experiment were harvested at 14dpa, a point in time which 

falls within the early (11-16dpa) or ‘medium milk’ phase of grain filling [35].  Grain 

development is extremely dynamic during this period, with the initiation of storage 

protein accumulation, the appearance of type ‘A’ starch granules, division of 

meristematic endosperm cells, wall thickening of the cells that will form the aleurone 

and growth of the embryo [35].  It might therefore be expected that this wide array of 



developmental processes will be reflected in the diversity of SAGE tags obtained and 

to a large extent this expectation was met. 

Forward (perfect and fuzzy) tag counts for each UniGene were combined across all 

six libraries and functional annotations assigned, according to the categories described 

by McIntosh et al. [16], to the most abundant.  The distribution of our forward tags 

across the functional groups was similar to the results obtained by McIntosh et al. 

[16] (Additional file 4).  Therefore this aspect of our study will not be discussed any 

further here (Additional file 4 contains a full description of this data), instead we have 

focused the rest of this analysis on the tags that often receive little attention in plant-

based SAGE studies; namely alternatively spliced/polyadenylated and antisense 

transcripts.   

Alternative splicing/polyadenylation 

Within the 2505 unique tags assessed for their position, 1332 were non-canonical. 

(Figure 2b).  Such tags can arise by incomplete digestion with the anchoring enzyme, 

priming from an internal poly(A) tract or by incorrect annotation. However, several 

SAGE studies have reported the presence of many non-artefactual, non-canonical tags 

and have postulated that these represent transcripts that have been alternatively 

spliced or alternatively polyadenylated [13, 14, 19, 36-39]. 

To investigate the presence of alternative transcripts within our forward orientation 

tags, we focused on the 50 most abundant UniGenes (according to forward tag count 

only) and removed those with internally repetitive sequences or that form part of 

known large multi-gene families (storage proteins and alpha-amylase inhibitors), as 

we could not state with confidence that a tag assigned to a non-canonical position 

within one UniGene was not actually a canonical tag from another family member.   



Within the remaining subset of data (27 UniGenes) we could find no convincing 

evidence for the presence of alternatively spliced transcripts despite the presence of 

non-canonical tags (Additional file 5).  We did, however, see evidence of alternative 

polyadenylation within the 3′ UnTranslated Regions (UTRs).  This is best illustrated 

with the Pina and Pinb genes, selected as they are well characterised, single copy 

genes found only on the D genome [Genbank Accession: CR626934.1] [40-42]. 

Within Pina, tags aligned to four of the five possible CATG sites, with only the 5′ 
most CATG lacking a tag (Figure 3a).  All four tags appear to represent alternatively 

polyadenylated transcripts that would not result in a truncated protein as their 

predicted polyadenylation signals all occur in the 3′ UTR.  This is consistent with 

Gautier et al. [43], who also observed Pina transcripts with truncated 3′ UTRs. 

The Pinb tags also revealed evidence of alternative polyadenylation (Figure 3b). 

Comparison with the full length Pinb gene [41] allowed an additional tag (tag 1) to be 

identified within our SAGE libraries that represented the canonical position of the full 

length transcript.  For both Pina and Pinb, the canonical tag was not the most 

abundant, an observation used by others as evidence of non-canonical tag validity 

[18]. 

Ojopi et al., [39] also found evidence for 3′ UTR alternative polyadenylation events 

within their Schistosoma mansoni SAGE libraries.  They observed that truncations in 

the 3′ UTRs often resulted in the deletion of a significant portion of the adenosine and 

uridine-rich elements, which target mRNAs for rapid degradation, suggesting that 

alternative polyadenylation plays a role in transcript stability. In addition, it has been 

shown that in plants, mRNAs with long 3′ UTRs are more likely to be targeted for 

degradation by the nonsense-mediated decay pathway [44]. 



Both Pina and Pinb are among the most abundant sense transcripts within this data 

set.  Such high abundance can result from either high transcription rates, low 

transcript decay rates or a combination of both.  Thus it is plausible that the relatively 

low abundance of the full length mRNAs, represented by the 3′ most tags, for both 

Pina and Pinb results in increased transcript stability.  

These observations of alternative polyadenylation raise the question of how the 

transcription mechanism chooses between the alternative sites. The AtFCA gene, for 

example, requires a 3′ end-processing protein called FY [45].  It has also been 

observed that antisense transcripts can drive alternative splicing and may even 

regulate alternative polyadenylation [46-49].     

Antisense transcripts 

Consistent with other SAGE experiments, we found tags (reverse perfect and reverse 

fuzzy) that align to the bottom (antisense) DNA strand and thus represent putative 

antisense transcripts [11, 12, 14, 16, 50].  Antisense transcripts are known to occur 

from approximately 25-30% of all plant genes [51, 52] and our data is consistent with 

this; of the 3,286 UniGenes assigned at least one SAGE tag, 845 (25.7%) were 

represented by reverse tags.  Antisense transcription is typically associated with RNA 

interference (RNAi) mediated gene silencing, but antisense transcripts have been 

implicated in many other processes including occlusion of transcription and direction 

of DNA methylation [53-55, reviewed in 56]. All of these could result in a reduction 

of abundance of the corresponding sense transcript.  However, antisense transcription 

has also been implicated in processes that may have little effect on sense transcript 

abundance such as directing alternative splicing and polyadenylation [46, 48, 49, 55-

57]. 



Tag counts for reverse tags (subsequently referred to as antisense) assigned to the 

same UniGene were combined across all six libraries and a list of the 50 most 

abundant antisense UniGenes compiled.  Within this list we were confident that 40 

UniGenes (Table 2), representing 76 antisense tags, were correctly assigned to the 

‘antisense’ category (those lacking in annotation and an obvious polyA tail were 

removed) (for complete dataset see additional file 6).  Each one of these 40 Unigenes 

was subsequently assigned to one of the nine functional groups as described by 

McIntosh et al. [16] and compared to the Unigene-based distribution of the forward 

(now referred to as sense) tags. 

The distribution of the sense and antisense UniGenes across these nine functional 

groups was quite different. 

Perocchi et al. [58] demonstrated that in microarray experiments, and indeed any 

transcriptome based study that includes a reverse transcription step (such as SAGE), 

antisense artefacts are common place.  They demonstrated that approximately half of 

all antisense transcripts arise as a result of spurious second strand cDNA synthesis.  

The main cause of such spurious transcription is a hairpin loop at the 3′ of the first-

strand cDNA, in which case it might be expected that the tag counts for the antisense 

transcripts would follow that of their sense counterparts.  The differences in the 

functional distribution of the sense and antisense tags and complete lack of tag count 

correlation (R2=0.018)  between the sense and antisense tags suggest that in this 

experiment in the most part our antisense tags have not arisen as a result of spurious 

antisense transcription during cDNA synthesis.  Another possible cause of spurious 

antisense transcription is re-priming from degraded RNA fragments, this however 

would still be expected to result in a correlation between sense and antisense 



transcript abundances.  A final possibility is that re-priming of the first-strand cDNA 

can occur from the primers used for the first- strand synthesis.  As an oligo dT was 

used for the priming of cDNA synthesis in this experiment, it would be expected that 

UniGenes with antisense tags assigned to them to have polyT tracts within their gene 

sequence, we saw no evidence for this. 

The largest functional group within the antisense UniGenes comprised 48.1% of the 

total tag abundance and represented those with an unknown function.  This was in 

stark contrast with the sense tag UniGenes, where only 6.4% had no assigned 

function. This is perhaps not surprising as the antisense tags generally have lower 

abundances than the sense tags and therefore the corresponding transcripts are less 

likely to have been characterised.  

The second most abundant group within the antisense UniGenes was the ‘Storage 

group’, which in the case of the antisense data comprised only storage proteins 

whereas the sense data also included the grain softness (Gsp) and Pin genes.  This 

group represented 20.8% of cumulative antisense tag frequency, markedly different 

from the 65.4%, seen with the sense transcripts.  Two of the nine storage proteins 

represented by antisense tags with cumulative abundances of 56 and 25 had low 

abundant sense partners with counts of 5 and 7 respectively, indicating the possibility 

that for these transcripts down-regulation is occurring via antisense transcription.  

However, six of the remaining seven transcripts within this list are also found in the 

50 most abundant sense list; with the seventh appearing in the top 70.  As both 

members of these sense and antisense transcript pairs appear to be abundant it seems 

unlikely that their role is sense transcript down-regulation. Therefore the antisense 



transcripts may serve some other purpose, such as mediating alternative 

polyadenylation. 

The reproduction group is the third most abundant category within the antisense data. 

It is represented by five UniGenes and accounts for 15.5% of the total antisense 

transcript abundance.  Each of these genes encodes a protein involved in DNA or 

RNA processing. The most abundant antisense transcript of this group is 

complementary to an rRNA homing endonuclease transcript, a protein capable of 

lateral transfer of introns or inteins to homologous alleles lacking the sequence 

[reviewed in 59].  This group also contains an antisense transcript complementary to 

the Argonaute gene.  Argonaute forms the catalytic component of the RNA-induced 

silencing complex (RISC), which brings about the degradation of mRNA targeted by 

small interfering RNAs (si-RNA) and a reduction in gene expression.  Thus it appears 

that this mechanism of antisense gene regulation may itself be regulated by antisense 

transcription.  A similar observation has been made for alternative splicing, where the 

genes involved in regulating conventional and alternative splicing are themselves 

heavily alternatively spliced [60]. 

A further antisense UniGene that may play some role in regulation of gene expression 

was similar to a protein with a methyl-CpG binding domain.  In mammals, methyl-

CpG binding proteins preferentially bind to methylated CpG dinucleotides and in 

doing so translate the patterns of cytosine DNA methylation into changes in 

transcription activity.  Their role in plants is less clear-cut, as several Arabidopsis 

proteins that carry the methyl-CpG binding motif have been identified but they do not 

appear to bind methylated DNA [61-63].  Of the five genes in this category only one 

(homing endonuclease) was also represented by a forward tag, but this was only 



sampled five times, suggesting that these antisense transcripts may down-regulate 

their complementary sequences. 

The signalling group makes up 7.7% of the most abundant antisense UniGenes.  

Within this group the most abundant antisense UniGene, putative inositol 1,4,5 

trisphosphate 3-kinase (I(1,4,5)P3K), has a count more than four times higher than the 

next most abundant.  Inositol phosphate kinases (IPKs) are reasonably well 

understood in animals and have been demonstrated to be important for signal 

transduction, for example they play a critical role in calcium homeostasis [for a 

review see 64].  However, their precise roles in plants are only just coming to light. 

Recently, an I(1,4,5)P3K (AtIpk2β) from Arabidopsis was shown to promote axillary 

shoot branching [65].  A dual function for this protein has been demonstrated as it 

also has the ability to phosphorylate the carbon in the 6th position, generating inositol 

1,3,4,5,6 pentakisphosphate IP5 from I(1,3,4,5)P4 [65].  Xia et al. [66] demonstrated 

that AtIpk2β complements a yeast mutant lacking a transcription complex involved in 

arginine-metabolism-related gene expression and thus postulated that in higher plants 

IP3Ks may also play an important role in transcription regulation.   

Numata et al. [67], found a subset of antisense transcripts from human, mouse, 

Drosophila, Arabidopsis and rice were enriched for a few ontological categories 

including the nucleotide binding group and suggested that “antisense-mediated 

regulation may occur at diverse junctions in the regulatory networks of cells”.  We too 

found nucleotide binding proteins amongst our most abundant antisense UniGenes 

(reproduction group), which along with those in the signalling group have the 

potential to affect multiple biological phenomena.  In combination these two groups 

account for nearly a quarter (23.2%) of the most abundant antisense Unigenes and 



thus have potentially far reaching effects.  It could be argued that when large changes 

are required, it would be more efficient to generate one antisense transcript that can 

control multiple pathways than to generate multiple individual transcripts.  At the 

time in development investigated for this study (14dpa) there is a transition in grain 

processes from cell division, expansion and differentiation towards storage protein 

and starch accumulation and so a more general mechanism for the down regulation of 

non-vital processes might be appropriate. 

So far the term ‘antisense transcript’ has been used in its broadest sense, referring to 

an RNA molecule that is complementary to another mRNA.  However, there are 

many types of antisense transcripts; they can be generated in cis- (transcription of the 

opposite strand within the same chromosomal region) or trans (transcribed from a 

different locus), they can be long or short, they can be coding or non-coding and can 

have numerous patterns of sequence overlap, from being completely embedded within 

their partner gene to having only a short overlapping region in either of the UTRs [49, 

55, 56, 67-69]. 

Antisense transcripts also vary in their level of sequence similarity with their target 

sequence, trans-encoded antisense transcripts, for example, tend to be only partially 

complementary in contrast to cis-encoded transcripts, which by their very nature are 

homologous in their overlapping range. 

Although the antisense SAGE tags appear to be distributed more evenly along the 

length of the UniGenes than the sense (Figure 2), they are found in higher numbers at 

the 3′ end of the sense strand (the same region from where sense tags are derived; 

Figure 2b and c).  This distribution most probably reflects the diversity of the types of 

antisense transcripts present.  For example, antisense tags that align to the 3′ most 



CATG can arise from trans-transcription or by convergent cis-transcription of an 

antisense molecule with a transcription start site 3′ to the end of the target gene (See 

Numata et al. [67] for sense-antisense transcript overlap classifications).  To validate 

the observed antisense tags, we chose to perform a more detailed analysis of Pin gene 

transcription as although they did not appear in the most abundant antisense list they 

are single copy genes and antisense tags were detected corresponding to Pinb but not 

Pina. 

Often strand specific RT-PCR is employed to assess both sense and antisense 

transcription.  However, consistent with the findings of Haddad et al. [70] our 

extensive attempts to generate strand specific amplicons were unsuccessful (data not 

shown), therefore a microarray approach was employed. Initially, at least two 30-mer 

oligos for every predicted open reading frame (ORF) >200bp and inter-ORF region 

were designed along the entire length of the Ha locus (Additional file 7).  

Hybridisation with probes derived from RNA extracted from grain at 6, 8, 10, 14, 21 

and 28 dpa, revealed this to be a valid approach with the array being accurate at 

predicting both genic regions and novel inter-genic regions of transcription (Figure 4). 

To validate the presence of Pin antisense transcripts, tiled sense and antisense oligos 

were designed to cover the entire Pina and b genes and their surrounding genomic 

regions. Hybridisation of this array with probes derived from RNA extracted from 

grain at 6, 8, 10, 14, 21 and 28 dpa revealed evidence of antisense transcription for 

both the Pinb and, in contrast with the SAGE data, Pina transcripts.  Examination of 

the tiled oligos confirmed that expression was largely confined to the oligos covering 

the transcribed regions (Figure 5a and b).   In addition, it was apparent that while 

hybridisation of the sense oligos was uniform across the transcript length this was not 



the case with the antisense oligos (data not shown).  This suggests that the antisense 

transcripts being measured by the arrays are transcribed in trans and thus only share 

interrupted regions of homology with the sense transcript.  This may also explain why 

no Pina antisense SAGE tags were sampled, i.e. Pina antisense SAGE tags were 

generated but were derived from regions that do not share homology with the sense 

transcript and so would not have been assigned to the Pina UniGene using our 

annotation procedure.  To analyse this further we combined the data generated from 

all oligos that covered the transcribed regions in order to compare the expression 

profiles of the sense and antisense tags over time (Figure 5c-f).  This experiment 

confirmed that the sense Pina and b transcripts accumulated during early development 

peaking at 10dpa, and remained at high levels during the middle phase of 

development (up to 21 dpa) and rapidly declined towards the end of development, a 

pattern similar to that observed by Gautier et al. [43].  The Pina and b antisense 

transcripts also accumulate during the early phase of development, again peaking at 

10dpa before declining in abundance.  As both the sense and the antisense transcripts 

appear to accumulate at the same time, it seems likely that they are co-regulated. 

However, this pattern either means that the antisense transcripts are not down 

regulating the sense transcripts or that additional, as yet unknown, factors are 

involved in the interaction between the two.  It is interesting to note that in our array 

experiment the antisense signal appears to decay before the sense signal, suggesting 

that the antisense transcript is not available to regulate the sense transcript during the 

later part of grain development. In this case it is difficult to interpret the role of the 

antisense transcript. It is plausible that the antisense Pina and b transcripts are 

involved in directing the observed alternative polyadenylation, which could in turn be 

affecting transcript stability. However, whereas we do observe different frequencies 



of alternative polyadenylated transcripts for both Pina and b in the different SAGE 

libraries the small numbers involved do not allow us to draw any statistically 

significant conclusions.  Hence, further work is required to test this hypothesis.  In 

addition, it must be remembered that in our array-based experiments we have used 

RNA derived from whole endosperm and so the possibility remains that the role of the 

antisense Pina and b transcripts is determined by both spatial as well as temporal 

regulation.  Again further work using in situ hybridisation will be necessary to 

investigate this possibility.  

 

Conclusions 

Our study has shown that detailed semi-automated analysis of SAGE-based 

transcriptome data can be used to extract useful information from those species for 

which no full genome sequence exists.  Our results have also shown that in the case of 

species with complex polyploid genomes, such as the majority of plants, the use of 

fuzzy data is valid and can be used to make an important contribution to the 

subsequent analysis.  Analysis of the dataset generated by this process has shown that 

for allohexaploid wheat there is no evidence for extensive alternative splicing. 

However, there is considerable evidence for alternative polyadenylation within the 3′ 
UTRs.   Our results also strongly suggest that the wheat transcriptome contains a large 

number of antisense transcripts which may have a role in gene regulation. 

Examination of the developmental pattern of sense and antisense transcripts showing 

sequence similarity to the Pina and Pinb genes suggests that the factors controlling 

the expression of the two may be linked. However, our results clearly show that the 

relationships between sense and antisense pairs can be complex and that further work 



is now required to examine the role that antisense transcripts play in orchestrating the 

transcriptome of the developing wheat grain.    



Methods 

Plant material and RNA extraction 

Plants of the sibling varieties Scorpion25 and Xi19 (Nickerson-Advanta Seeds UK 

Ltd, Sleaford UK) were sown in five pots with 3 plants per pot and randomly placed 

in a glass house until just before ear emergence – split boot stage, GS45.  At ear 

emergence plants were transferred to growth cabinets and grown under controlled 

conditions (Month 1: Tmin: 10°C, Tmax: 16°C, Tmean: 14.5°C; Month 2: Tmin: 11°C, Tmax: 

20°C, Tmean: 17.6°C, with 100% field capacity irrigation) or hot and dry conditions 

(Month 1: Tmin: 12°C, Tmax: 21°C, Tmean: 18.6°C; Month 2: Tmin: 13°C, Tmax: 25°C, 

Tmean: 21.8°C, with 50% field capacity irrigation).  Main stem ears were tagged at 

anthesis and whole grains (all grains from each ear) were harvested at 14dpa. RNA 

was extracted from whole grains as described by Wilson et al. [8].  

Construction and sequencing of SAGE libraries 

Libraries were constructed using 50µg of total RNA as starting material with the I-

SAGETM Long Kit (Invitrogen, Paisley, UK) following the manufacturer’s 

instructions except that ligations for forming concatemers and the ligation of 

concatemers and the vector were performed overnight.  Six libraries were constructed: 

#1; Xi19 controlled conditions, #2; Xi19, hot and dry conditions, #3; Scorpion25 

controlled conditions, #4; Scorpion25 hot and dry conditions, #5; technical replicate 

of library #3, #6; technical replicate of library #1. 

Cloned inserts were prepared for sequencing via colony PCR: 1µl aliquots of glycerol 

stock were added to 11.5µl PCR reaction mix containing 0.05µl M13 reverse primer 

(1µg/µl; 5’-CAGGAAACAGCTATGACCATG-3’) (Sigma-Aldrich, Dorset, UK), 

0.05µl M13 forward primer (1µg/µl; 5’-CGTTGTAAAACGACGGCCAGT-3’) 



(Sigma-Aldrich), 2µl dNTP mix (1.25mM), 1.25µl 10xQiagen PCR buffer (Qiagen 

Ltd., Crawley, UK), 8.5µl sdH2O and 0.1µl Qiagen Hotstart Arobust Taq (5u/µl). The 

following PCR parameters were applied: 15 min @ 95°C, 35 cycles 20s @ 95°C 

followed by 60s @ 55°C followed by 3 min @ 72°C and finally 20 min @ 72°C.  

Prior to cycle sequencing residual primers and nucleotides were removed from the 

PCR products by treating 3 µl of each PCR reaction with 2 µl of Exo-SAP mix (5.5 µl 

of exonuclease I (20u/µl), 110 µl shrimp alkaline phosphatase (1u/µl) and 115.5 µl 

sdH2O) at 37°C for 45 min. Samples were heat inactivated by incubation at 80°C for 

15 min and finally cycle sequenced using the DYEnamic ET Dye Terminator Cycle 

Sequencing kit for MegaBACE DNA Analysis Systems (Amersham Biosciences, 

Buckinghamshire, UK). M13 reverse primer was used as sequencing primer.  

Tag annotation 

Tags were processed and annotated using a custom PERL script (Additional file 1). 

Tags were matched to the non-redundant wheat UniGene set (Build #38) produced at 

NCBI ftp://ftp.ncbi.nih.gov/repository/UniGene. “Fuzzy” tag matching was 

performed using the PERL “aindex” function available in the String::Approx module. 

Significance levels for differences in SAGE counts were calculated using a further 

PERL script to perform randomisation tests with 100,000 permutations of the 

observed tag counts in the two groups being compared.  Putative function was 

assigned to UniGenes with matching tags by performing a local BLASTX search 

against a copy of the non-redundant (nr) protein database available from NCBI (ftp:// 

ftp.ncbi.nih.gov/blast/db. An e-value cut-off of 1e-05 was applied to these searches. 

BLAST tools were obtained from NCBI  (ftp:// ftp.ncbi.nih.gov/blast/executables). 



Generation of the Pina and b oligo array 

Two probes (30mers), separated by 60bp, were designed to every predicted open 

reading frame ≥200bp along the Ha Locus (CR626934.1).  In addition, tiled 30mer 

probes were generated across the Pina and Pinb genes (locus coordinates: bases 

23881-26520 (Pina) and 41041-45000 (Pinb)).  Oligo probes (Sigma-Aldrich) were 

diluted in Nexterion spot solution (Schott, Jena, Germany) to a concentration of 

20ng/µl and spotted six times on Nexterion E glass slides (Schott), according to 

Wilson et al. [8].  

RNA extraction, cDNA synthesis, microarray hybridisation and data analysis 

RNA was extracted from endosperm tissue at, 6, 8, 10, 14, 21 and 28dpa.  Samples 

were processed in duplicate (except 28 dpa and 8dpa, where one and three replicates 

were processed, respectively). 20-40µg of total RNA was treated with DNAse 1 

(Promega, Southampton, UK) prior to first strand cDNA synthesis using SuperScriptII 

reverse transcriptase (Invitrogen, UK), in the presence of 5-(3-aminoallyl) 2’-

deoxyuridine 5’-triphosphate (AA dUTP).  To remove RNA, cDNAs were treated 

with RNAse H (Promega) and subsequently purified using a MinElute column 

(Qiagen Ltd.) and eluted in 10µl water.  cDNAs (targets) were labelled using either 

Alexafluor 555 or 647 reactive dyes (Molecular Probes Inc, Eugene, OR, USA) and 

were subsequently purified using Qiagen MinElute PCR purification spin columns 

(Qiagen).   

Printed Nexterion E slides were blocked immediately prior to use, according to the 

manufacturer’s protocol (Schott). 

Labelled targets were hybridised to the arrays in hybridisation buffer (2x SSC, 0.08x 

SDS and 9mM EDTA) overnight at 50°C.  Following hybridisation, slides were 



successively washed in 2x SSC, 0.1% SDS at 50°C (2 x 5 mins), 0.2x SSC at room 

temperature (1 min) and 0.1x SSC at room temperature (1 min).  Slides were dried in 

a swing-out plate rotor by centrifugation (400 g). 

Slides were scanned and signal intensities recorded using an Axon instruments 

GenePix 4000B dual laser scanner and data collected using GENEPIX™ pro 4.0 

software (Axon Instruments Inc., Union City, CA 94587, USA).  The data were sorted 

by the GENEPIX™ pro 4.0 software and subsequently analysed using a series of 

custom PERL scripts.  The expression value for each array feature was calculated as 

the ratio of its intensity to the median probe intensity for that array.  Within-array 

replicate probe values were combined for the replicate arrays to produce a final set of 

between 6 and 18 ratios for each probe.  The median of these ratios was used for 

subsequent analyses. 



Author’s contributions 

RLP was responsible for interpretation of the data, and (along with KJE) designed the 

Pin locus array.  RLP carried out the array experimentation. GLAB carried out all 

bioinformatic analyses. KW generated and sequenced the SAGE libraries. GB and JC 

helped with sequencing of the libraries.  JD, SB and KJE together planned the 

experimental programme and contributed to data interpretation.  GG helped with 

setting up the SAGE experimental procedure and contributed to data interpretation. 

RLP, GLAB and KJE wrote the manuscript.  

 

 

Acknowledgements 

We are grateful to the Biotechnology and Biological Sciences Research Council, UK 

(BBSRC Agri-Food), for providing the main funding for this work (ref. D17385). Our 

thanks also go to Andrew Hughes and Guy Donnison for their invaluable assistance 

with the controlled environment growth of wheat plants.  



References 

1. Aquino P, Carron F, Calvo R: Selected wheat statistics.  In CIMMYT 1998-

99 World Wheat Facts and Trends.  Global Wheat Research in a Changing 

World: Challenges and Achievements Edited by Pingali PL, Mexico, DF. 

CIMMYT 1999:33-45. 

2. Wheeler D, Jacobs S, and Whalley R: Grasses of NSW. Armidale. University 

of New England Printery, 2002. 

3. The food and Agriculture Organisation of the United Nations 

[http://www.fao.org] 

4. Schena M, Shalon D, Davis RW, Brown PO: Quantitative monitoring of 

gene expression patterns with a complementary DNA microarray. Science 

1995, 270:467-470. 

5. Bennett MD, Leitch IJ: Nuclear-DNA amounts in angiosperms. Ann Bot 

1995, 76:113-176 

6. Akhunov ED, Goodyear AW, Geng S, Qi LL, Echalier B, Gill BS, 

Miftahudin, Gustafson JP, Lazo G, Chao S, Anderson OD, Linkiewicz AM, 

Dubcovsky J, La Rota M, Sorrells ME, Zhang D, Nguyen HT, Kalavacharla 

V, Hossain K, Kianian SF, Peng J, Lapitan NL, Gonzalez-Hernandez JL, 

Anderson JA, Choi DW, Close TJ, Dilbirliqi M, Gill KS, Walker-Simmons 

MK, Steber C, Mcguire PE, Qualset CO, Dvorak J: The organization and 

rate of evolution of wheat genomes are correlated with recombination 

rates along chromosome arms. Genome Res 2003, 13:753-63. 

7. Mitra R, Bhatia CR: Repeated and non-repeated nucleotide sequences in 

diploid and polyploid wheat species. Heredity 1973, 31:251-262. 



8. Wilson ID, Barker GLA, Beswick RW, Shepherd SK, Lu C, Coghill JA, 

Edwards D, Owen P, Lyons R, Parker JS,  Lenton JR, Holdsworth MJ, Shewry 

PR, Edwards KJ: A transcriptomics resource for wheat functional 

genomics. Plant Biotech J 2004, 2:495-506. 

9. Poole R, Barker G, Coghill J, Wilson I, Edwards K: Measuring global gene 

expression in polyploidy; a cautionary note from allohexaploid wheat.  

Funct Integr Genomics 2007, 7: 207-219. 

10. Velculescu VE, Zhang L, Vogelstein B, Kinzler KW: Serial Analysis of Gene 

Expression. Science 1995, 270:484-487. 

11. Gibbings JG, Cook BP, Dufault MR, Madden SL, Khuri S, Turnbull CJ, 

Dunwell JM: Global transcript analysis of rice leaf and seed using SAGE 

technology. Plant Biotech J 2003, 1:271-285. 

12. Nielsen KL, Grønkjær K, Welinder KG, Emmersen J: Global transcript 

profiling of potato tuber using LongSAGE. Plant Biotech J 2005, 3:175-

185. 

13. Poroyko V, Hejlek LG, Spollen WG, Springer GK, Nguyen HT, Sharp RE, 

Bohnert HJ: The maize root transcriptome by Serial Analysis of Gene 

Expression. Plant Physiol 2005, 138:1700-1710. 

14. White J, Pacey-Miller T, Crawford A, Cordeiro G, Barbary D, Bundock P, 

Henry R: Abundant transcripts of malting barley identified by Serial 

Analysis of Gene Expression (SAGE).  Plant Biotech J 2006, 4:289-301. 

15. Calsa T, Figueira A: Serial analysis of gene expression in sugarcane 

(Saccharum spp.) leaves revealed alternative C4 metabolism and putative 

antisense transcripts. Plant Mol Biol 2007 63:745-762. 



16. McIntosh S, Watson L, Bundock P, Crawford A, White J, Cordeiro G, Barbary 

D, Rooke L, Henry, R: SAGE of the developing wheat caryopsis. Plant 

Biotech J 2007, 5: 69-83. 

17. Lu J, Lal A, Merriman B, Nelson S, Riggins G: A comparison of gene 

expression profiles produced by SAGE, long SAGE and oligonucleotide 

chips. Genomics 2004, 84:631-363. 

18. Robinson SJ, Cram DJ, Lewis CT, Parkin IAP: Maximising the efficacy of 

SAGE analysis identifies novel transcripts in Arabidopsis. Bioinformatics 

2004, 136:3223-3233.  

19. Kuo BYL, Chen Y, Bohacec S, Johansson Ö, Wasserman WW, Simpson EM: 

SAGE2Splice: Unmapped SAGE tags reveal novel splice junctions. PLoS 

Comput Biol 2006, 2:e34. 

20. Wei C-L, Ng P, Chiu KP, Wong CH, Ang CC, Lipovich L, Liu ET, Ruan Y: 

5' Long serial analysis of gene expression (LongSAGE) and 3' LongSAGE 

for transcriptome characterization and genome annotation. Proc Natl 

Acad  Sci USA 2004, 101:11701-11706. 

21. Wahl MB, Heinzmann U, Imai K: LongSAGE analysis significantly 

improves genome annotation: identifications of novel genes and 

alternative transcripts in the mouse. Bioinformatics 2005, 21:1393-1400. 

22. Gooding MJ, Ellis RH, Shewry PR, Schofield JD: Effects of restricted water 

availability and increased temperature on the grain filling, drying and 

quality of winter wheat. J Cereal Sci 2003, 37:295-309. 

23. Laudencia-Chingcuanco DL, Stamova BS, You FM, Lazo GR, Beckles DM, 

Anderson OD: Transcriptional profiling of wheat caryopsis development 

using cDNA microarrays. Plant Mol Biol 2007, 63:651-668. 



24. Kan Y, Wan Y, Beaudoin F, Leader DJ, Edwards K, Poole R, Wang D, 

Mitchell RAC, Shewry PR: Transcriptome analysis reveals differentially 

expressed storage protein transcripts in seeds of Aegilops and wheat. J 

Cereal Sci 2006, 44:75-85. 

25. Wilson ID, Barker GLA, Lu C, Coghill JA, Beswick RW, Lenton J, Edwards 

KJ: Alteration of the embryo transcriptome of hexaploid winter wheat 

(Triticum aestivum cv. Mercia) during maturation and germination. Funct 

Integr Genomics 2005, 5:144-154. 

26. Sreenivasulu N, Altschmied L, Radchuk V, Gubatz S, Wobus U, Wescheke 

W: Transcript profiles and deduced changes of metabolic pathways in 

maternal and filial tissues of developing barley grains. Plant J 2004, 

37:539-553. 

27. Altenbach SB, Kothari KM, Lieu D: Environmental conditions during 

wheat grain development alter temporal regulation of major glutein 

protein genes. Cereal Chem 2002, 79:279-285. 

28. Altenbach SB, DuPont F, Kothari KM, Chan R, Johnson E, Lieu D: 

Temperature, water and fertilizer influence the timing of key events 

during grain development in a US spring wheat. J Cereal Sci 2003, 37:9-20 

29. Barnabás B, Jäger K, Fehér A: (2008) The effect of drought and heat stress 

on reproductive success in cereals.  Plant Cell Envir 2008, 31:11-38. 

30. NCBI UniGenes: [http://www.ncbi.nlm.nih.gov/sites/entrez?db=unigene] 

31. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ: Basic local 

alignment search tool. J Mol Biol 1990, 215:403-410. 

32. The Perl directory [http://www.perl.org] 



33. Malig R, Varela C, Agosin E, Melo F: Accurate and unambiguous tag-to-

gene mapping in serial analysis of gene expression. BMC Bioinformatics 

2006, 7:487.  

34. Coemans B, Matsumura H, Terauchi R, Remy S, Swennen R, Sági L: 

SuperSAGE combined with PCR walking allows global gene expression 

profiling of banana (Musa acuminata), a non-model organism. Theor Appl 

Genet 2005, 111:1118-1126. 

35. Wheatbp [http://www.wheatbp.net] 

36. Chen J, Sun M, Lee S, Zhou G, Rowley JD, Wang SM: Identifying novel 

transcripts and novel genes in the human genome by using novel SAGE 

tags. Proc Natl Acad Sci USA 2002, 99:12257-12262. 

37. Poroyko V, Calugaru V, Fredricksen M, Bohnert HJ: Virtual-SAGE: a new 

approach to EST data analysis.  DNA Res 2004, 11:145-152. 

38. Keime C, Sémon M, Mouchiroud D, Duret L, Gandrillon O: Unexpected 

observations after mapping LongSAGE tags to the human genome. BMC 

Bioinformatics 2007, 8:154. 

39. Ojopi EPB, Oliveira PSL, Nunes DN, Paquola A, DeMarco R, Gregório SP, 

Aires KA, Menck CFM, Leite LCC, Verjovski-Almeida S, Dia-Neto E: A 

quantitative view of the transcriptome of Schistosoma mansoni adult-

worms using SAGE. BMC Genomics 2007, 8:186. 

40. Morris CF: Puroindolines: the molecular genetic basis of wheat grain 

hardness.  Plant Mol Biol 2002, 48:633-647. 

41. Chantret N, Salse J, Sabot F, Rahman S, Bellec A, Laubin B, Dubois I, Dossat 

C, Sourdille P, Joudrier P, Gautier MF, Cattolico L, Beckert M, Aubourg S, 

Weissenbache J, Caboche M, Bernard M, Leroy P, Chalhoubb B: Molecular 



basis of evolutionary events that shaped the Hardness locus in diploid and 

polyploid wheat species (Triticum and Aegilops). Plant Cell 2005, 

17:1033–1045. 

42. Bhave M, Morris CF: Molecular genetics of puroindolines and related 

genes: regulation of expression, membrane binding properties and 

applications. Plant Mol Biol 2008, 66:221-231. 

43. Gautier MF, Aleman ME, Guirao A, Marion D, Joudrier P: Triticum aestivum 

puroindolines, two basic cystine-rich seed proteins: cDNA sequence 

analysis and developmental gene expression.  Plant Mol Biol 1994, 25:43-

57. 

44. Kertész S, Kerényi Z, Mérai Z, Bartos I, Pálfy T, Barta E, Silhavy D: Both 

introns and long 3′-UTRs operate as cis-acting elements to trigger 

nonsense-mediated decay in plants. Nucleic Acids Res 2006, 34:6146-6157. 

45. Simpson GG, Dijkwel PP, Quesada V, Henderson I, Dean C: FY is an RNA 

3′ end-processing factor that interacts with FCA to control the 

Arabidopsis floral transition. Cell 2003, 113:777-787. 

46. Munroe SH, Lazra MA: Inhibition of c-erbA mRNA splicing by a naturally 

occurring antisense RNA. J Biol Chem 1991, 266:22083-22086. 

47. Dahary D, Elroy-Stein O, Sorek R: Naturally occurring antisense: 

transcriptional leakage or real overlap?  Genome Res 2005, 15:364-368. 

48. Jen C, Michalopoulos I, Westhead DR, Meyer P: Natural antisense 

transcripts with coding capacity in Arabidopsis may have a regulatory 

role that is not linked to double-stranded RNA degradation. Genome Biol 

2005, 6:R51. 



49. Galante PAF, Vidal DO, de Souza JE, Camargo AA, de Souza SJ: Sense-

antisense pairs in mammals: Functional and evolutionary considerations. 

Genome Biol 2007, 8:R40. 

50. Aramizu E, Nakamura Y, Sata S, Tabata S: Comparison of the transcript 

profiles from the root and the nodulating root of the model legume Lotus 

japonicus by Serial Analysis of Gene Expression. Mol Plant Microbe 

Interact 2005, 18:487-498. 

51. Yamada K, Lim J, Dale JM, Chen H, Shinn P, Palm CJ, Southwick AM, Wu 

HC, Kim C, Nguyen M, Pham P, Cheuk R, Karlin-Newmann G, Liu SX, Lam 

B, Sakano H, Wu T, Yu G, Miranda M, Quach HL, Tripp M, Chang CH, Lee 

JM, Toriumi M, Chan MMH, Tang CC, Onodera CS, Deng JM, Akiyama K, 

Ansari Y, Arakawa T, Banh J, Banno F, Bowser L, Brooks S, Carninci P, 

Chao Q, Choy N, Enju A, Goldsmith AD, Gurjal M, Hansen NF, Hayashizaki 

Y, Johnson-Hopson C, Hsuan VW, Iida K, Karnes M, Khan S, Koesema E,  

Ishida J, Jiang PX, Jones T, Kawai J, Kamiya A, Meyers C, Nakajima M, 

Narusaka M, Seki M, Sakurai T, Satou M, Tamse R, Vaysberg M, Wallender 

EK, Wong C, Yamamura Y, Yuan S, Shinozaki K, Davis RW, Theologis A, 

Ecker JR: Empirical analysis of transcriptional activity in the Arabidopsis 

genome. Science 2003, 302:842-846. 

52. Li L, Wang X, Stolc V, Li X, Zhang D, Su N, Tongprasit W, Li S, Cheng Z, 

Wang J, Deng XW: Genome-wide transcription analyses in rice using 

tiling microarrays. Nature Genet 2006, 38:124-129. 

53. Wasseneger M, Heimes S, Reidel L, Sänger HL: RNA-directed de novo 

methylation of genomic sequences in plants. Cell 1994, 76:567-576. 



54. Billy E, Brondani V, Zhang H, Müller U, Filipowicz W: Specific interference 

with gene expression induced by long, double-stranded RNA in mouse 

embryonal teratocarcinoma cell lines. Proc Natl Acad Sci USA 2001, 

98:14428-14433. 

55. Wang H, Chua N, Wang X: Prediction of trans-antisense transcripts in 

Arabidopsis thaliana. Genome Biol 2006, 7:R92.  

56. Brantl, S: Regulatory mechanisms employed by cis-encoded antisense 

RNAs.  Curr Opin Microbiol 2007, 10:102-109. 

57. Sureau A, Soret J, Guyon C, Gaillard C, Dumon S, Keller M, Crisanti P, 

Perbal B: Characterization of multiple alternative RNAs resulting from 

antisense transcription of the PR264/SC35 splicing factor gene.  Nucleic 

Acids Res 1997, 25:4513-4522. 

58. Perocchi F, Xu Z, Clauder-Münster, Steinmetz LM: Antisense artifacts in 

transcriptome microarray experiments are resolved by actinomycin D.  Nucleic 

Acids Res 2007, 19:e128. 

59. Chavalier BS, Stoddard BL: Homing endonucleases: Structural and 

functional insight into the catalysts of intron/intein mobility.  Nucleic 

Acids Res 2001, 29:3757-3774. 

60. Isshiki M, Tsumoto A, Shimamoto K: The serine/arginine-rich protein 

family in rice plays important roles in constitutive and alternative splicing 

of pre-mRNA. Plant Cell 2006, 18:146-158. 

61. Fan G, Hutnick L: Methyl-CpG binding proteins in the nervous system. 

Cell Res 2005, 15:255-261. 

62. Springer NM, Kaeppler SM: Evolutionary divergence of monocot and dicot 

methyl-CpG-binding domain proteins. Genome Anal 2005, 138:92-104. 



63. Zemach A, Grafi G: Methyl-CpG-binding domain proteins in plants: 

interpreters of DNA methylation. Trends Plant Sci 2007, 12:80-85. 

64. Xia H, Yang G: Inositol 1,4,5-trisphosphate 3-kinase: functions and 

regulations.  Cell Res 2005, 15:83-91. 

65. Zhang Z, Yang G, Arana F, Chen Z, Li Y, Xia H: Arabidopsis inositol 

polyphosphate 6-/3-kinase (AtIpk2β) is involved in axillary shoot 

branching via auxin signalling. Plant Physiol 2007, 144:942-951 

66. Xia H, Brearley C, Elge S, Kaplan B, Fromm H, Mueller-Roeber B: 

Arabidopsis inositol polyphosphate 6-/3-kinase is a nuclear protein that 

complements a yeast mutant lacking a functional ArgR-Mcm1 

transcription complex. Plant Cell 2003, 15:229-463. 

67. Numata K, Okada Y, Saito R, Kiyosawa H, Kanai A, Tomita M: 

Comparative analysis of cis-encoded antisense RNAs in eukaryotes. Gene 

2007, 392:134-141. 

68. Henz SR, Cumbie JS, Kasschau KD, Lohmann JU, Carrington JC,  Weigel D, 

Scmid M: Distinct expression patterns of natural antisense transcripts in 

Arabidopsis.  Plant Physiol 2007, 144:1247-1255. 

69. Pauler FM, Koerner MV, Barlow DP: Silencing by imprinted noncoding 

RNAs: is transcription the answer? Trends Genet 2007, 23:284-292. 

70. Haddad F, Qin AQX, Giger JM, Guo HY, Baldwin KM: Potential pitfalls in 

the accuracy of analysis of natural sense-antisense RNA pairs by reverse 

transcription-PCR. BMC Biotechnol 2006, 7:21. 



Figure legends 

Figure 1. Schematic diagram of the assignment and annotation of SAGE tags.  Each 

processing step was performed using a custom PERL script (Additional file 

1).  UniGenes are assigned annotations by BLASTX, with the UniGene 

sequences searched against the non-redundant (nr) protein database. Tags 

are preferentially assigned to UniGenes with annotations and in cases of 

multiple matches assigned to the UniGene with the highest cumulative 

frequency, to reduce redundancy within the data.  Fuzzy matching tolerates 

up to 2bp mismatch between the tag and the representative UniGene 

sequence. 

Figure 2. SAGE tag classification and spatial distribution. In total 5,304 unique tags 

with a count ≥2 were attempted to be assigned to a UniGene (NCBI build 

#38) sequence.  The tags were classified into 5 categories according to the 

sequence alignment (a); Perfect forward matches (yellow), Perfect reverse 

matches (black), fuzzy forward matches (red) and fuzzy reverse matches 

(blue), no match to a UniGene (green).  Distribution analysis of the forward 

(b) and reverse (c) tags across the length of the transcript was performed on 

total tag count data for tags with an annotation and a count ≥2 and reveals 

that the majority of tags are derived from the 3′ most CATG site (position 1) 

of the respective transcripts.  The perfect matched tags (blue) follow the 

same pattern as the fuzzy matches (red). 

Figure 3. Alignment of SAGE tags to the Pin genes.  Pina (a) and Pinb (b) mRNA 

complete sequence from the Ha (hardness) locus [GenBank accession: 

CR626934] Chantret et al.[41].  All anchoring enzyme sites are denoted by 

upper case letters and SAGE tags in bold (reverse tags are in addition 



italicised), the coding sequence is delimited by open arrow heads.  Putative 

polyadenylation signals are indicated by asterisks and the termination sites 

of the truncated transcripts highlighted by block arrow heads (Gautier et al. 

[43]).  Cumulative tag counts across all six libraries are indicated in boxes 

beneath each tag.  In both cases the penultimate (and non-canonical) tag has 

the highest frequency. 

Figure 4. Sense gene expression across the Ha Locus at 14 days post anthesis.  Each 

bar represents the median relative intensity of hybridisation to a 30mer 

oligo.  Oligo names represent the position of the first base in the oligo within 

the Ha locus sequence [GenBank accession CR626934]. Hybridisations were 

performed with cDNA from 14dpa endosperm and revealed the ability of the 

microarray approach to predict the genic regions as defined in GenBank 

accession CR626934.  Thin black lines (under the graph) indicate the gene 

regions with the thick black lines highlighting the coding sequences.  The 

array also highlights areas of transcription found in the inter-genic regions 

(indicated by an asterisk). 

Figure 5. Expression profiles of Pina and b sense (blue) and antisense (red) transcripts 

within the wheat endosperm. Mean relative intensities of Pina (a) and Pinb 

(b) sense oligos across the tiled array, each bar represents the median 

relative intensity of hybridisation of cDNA from 14dpa endosperm to a 

30mer oligo.  The thin black lines under the graphs indicate the gene regions 

with the thick black lines representing the coding sequence.  Mean relative 

intensities of the Pina sense (c), Pinb sense (d), Pina antisense (e) and Pinb 

antisense (f) transcripts were calculated over development using all anisense 



oligos, including both the tiled oligos and the ORF oligos.  Expression of 

both sense and antisense transcripts peak around 10dpa, the sense transcripts 

remain in abundance during the middle phase of development, whilst the 

antisense transcripts have declined by 14dpa.  All oligo sequences are 

provided in additional material 7. 



Table 1. Summary of SAGE libraries 

Library Total tag 

count 

Number of 

Unique tags 

(%) 

Number of 

singletons 

(%) 

Number of tags with a 

count of >3 

(cumulative count) 

Xi19 (normal) 13,286 9,471 (71) 8,382 (63) 313 (3167) 

Xi19 (normal) 

tech. rep 

10,978 7,890 (72) 6,999 (64) 217 (2474) 

Scorpion 25 

(normal) 

13,875 9,853 (71) 8,713 (63) 304 (3295) 

Scorpion 25 

(normal) tech. rep 

9,786 4,850 (50) 4,323 (44) 527 (5393) 

Xi19 (hot and dry) 12,460 7,818 (63) 6,942 (56) 260 (4136) 

Scorpion 25 (hot 

and dry) 

11,545 6,289 (54) 5,508 (48) 344 (5141) 

All libraries 

combined 

71,930 37,615 (52) 31,929 (44) 1,883 (31,478) 

Percentages displayed are of the total cumulative tag count. 



Table 2.  Summary of 40 most abundant antisense UniGenes. 

UniGene Annotation Functional 

category 

total 

tag 

count 

PM FM Sense 

tag(s) 

Present? 

gnl|UG|Ta#S17980503 no hit Unknown 374 0 2 No 
gnl|UG|Ta#S12872250 no hit Unknown 338 0 4 No 
gnl|UG|Ta#S12922882 Alpha/beta-gliadin A-II precursor 

(Prolamin) 
Storage 238 5 5 Yes 

gnl|UG|Ta#S32420068 PREDICTED: similar to rRNA intron-
encoded homing endonuclease 

Reproduction 190 1 3 Yes 

gnl|UG|Ta#S32610130 no hit Unknown 166 0 1 No 
gnl|UG|Ta#S18010719 putative inositol-(1,4,5) trisphosphate 3-

kinase [Oryza sativa] 
Signalling 97 0 1 No 

gnl|UG|Ta#S16057965 putative argonaute protein [Oryza sativa] Reproduction 85 0 2 No 

gnl|UG|Ta#S17985265 putative AT-hook DNA-binding protein 
[Oryza sativa] 

Reproduction 84 0 1 No 

gnl|UG|Ta#S15823985 no hit Unknown 83 0 1 No 
gnl|UG|Ta#S12923304 gamma-gliadin [Triticum aestivum] Storage 64 5 0 Yes 
gnl|UG|Ta#S26027296 UBX domain, putative [Oryza sativa 

(japonica cultivar-group)] 
Unknown 60 0 1 No 

gnl|UG|Ta#S12923123 gliadin gamma Storage 56 3 0 Yes 
gnl|UG|Ta#S12923126 low molecular weight glutenin subunit 

LMW-Di31 [Triticum turgidum] 
Storage 48 1 1 Yes 

gnl|UG|Ta#S17988646 putative glucose-6-phosphate 
dehydrogenase [Oryza sativa] 

Metabolism 47 0 1 No 

gnl|UG|Ta#S19133035 low-molecular-weight glutenin subunit 
group 3 type II 

Storage 46 5 0 Yes 

gnl|UG|Ta#S16466298 no hit Unknown 44 0 2 No 
gnl|UG|Ta#S22389847 no hit Unknown 39 0 2 Yes 
gnl|UG|Ta#S12922884 alpha-gliadin [Triticum aestivum] Storage 35 1 0 Yes 
gnl|UG|Ta#S32643313 OSJNBa0070C17.22 (CpG binding 

domain*) 
Reproduction 34 0 2 No 

gnl|UG|Ta#S13111511 wound-inducible basic protein - kidney 
bean 

Defense 30 0 1 No 

gnl|UG|Ta#S18010204 choline kinase [Oryza sativa] Membrane 29 0 1 No 
gnl|UG|Ta#S13179349 no hit Unknown 27 0 3 No 
gnl|UG|Ta#S13005586 gamma-gliadin [Triticum aestivum] Storage 25 1 0 Yes 
gnl|UG|Ta#S15880157 no hit Unknown 24 1 0 Yes 
gnl|UG|Ta#S17883810 putative serine/threonine protein 

phosphatase PP1 [Oryza sativa] 
Signalling 23 0 1 No 

gnl|UG|Ta#S12966614 putative receptor protein kinase PERK1 
[Oryza sativa] 

Signalling 23 0 1 No 

gnl|UG|Ta#S32583944 unknown protein [Oryza sativa] Unknown 21 0 1 No 
gnl|UG|Ta#S16191894 putative wall-associated protein kinase 

[Oryza sativa] 
Signalling 21 0 2 No 

gnl|UG|Ta#S12923306 gamma-gliadin [Triticum aestivum] Storage 21 3 1 Yes 
gnl|UG|Ta#S17975314 no hit Unknown 20 0 1 No 
gnl|UG|Ta#S32572951 Nucleolar GTP-binding protein 1-like 

[Oryza sativa] 
Signalling 20 0 1 No 



gnl|UG|Ta#S22379110 putative branched-chain alpha-keto acid 
decarboxylase E1 beta 

Cell Wall 20 0 1 No 

gnl|UG|Ta#S12917789 no hit Unknown 20 0 1 No 
gnl|UG|Ta#S16228057 no hit Unknown 20 0 1 Yes 
gnl|UG|Ta#S22368491 protein phosphatase 2C, putative, 

expressed [Oryza sativa] 
Signalling 19 0 1 No 

gnl|UG|Ta#S16058509 high-molecular-weight glutenin subunit 
Bx17 [Triticum aestivum] 

Storage 19 1 1 Yes 

gnl|UG|Ta#S12932494 unknown protein; 58745-68005 
[Arabidopsis thaliana] 

Unknown 19 0 1 Yes 

gnl|UG|Ta#S32736316 no hit Unknown 18 1 0 No 
gnl|UG|Ta#S17886389 LacZ-alpha [Shuttle vector pLPV111] Unknown 18 1 1 No 

gnl|UG|Ta#S32503514 DNA polymerase delta small subunit, 
putative, expressed 

Reproduction 18 0 1 No 

PM – Unique perfect match tags.  

FM – Unique fuzzy matched tags 

* – Annotation obtained by manual search



Additional files 

Additional file 1 

File format: Zipped folder containing txt files 

Title/description: PERL scripts used for SAGE data annotations and analysis 

 

Additional file 2 

File format: XLS 

Title/description: Complete list of annotated SAGE tags (with count ≥2) and 

differential expression analysis. 

 

Additional file 3 

File format: XLS 

Title/description:  Annotated list of singleton SAGE tags 

 

Additional file 4 

File format: Zip folder containing XLS and Word file 

Title/description: Data and discussion about the 50 most abundant sense UniGenes. 

 

Additional file 5 

File format: XLS 

Title/description:  27 UniGenes investigated for evidence of alternative 

polyadenylation. 

 

Additional file 6 

File format: XLS 



Title/description: 50 most abundant antisense UniGenes. 

 

Additional file 7 

File format: XLS 

Title/description:  Pin array oligo sequences. 
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ccaaaacacactgacaaCATGaaggccctcttcctcataggactgcttgctctggtagcgagcaccgcctttgcgcaatatagcgaagttgttggc

agttacgatgttgctggcgggggtggtgctcaacaatgccctgtagagacaaagctaaattCATGcaggaattacctgctagatcgatgctcaacg

atgaaggatttcccggtcacctggcgttggtggaaatggtggaagggaggttgtcaagagctccttggggagtgttgcagtcggctcggccaaatgc

caccgcaatgccgctgcaacatcatccaggggtcaatccaaggcgatctcggtggcatcttcggatttcagcgtgatcgggcaagcaaagtgataca

agaagccaagaacctgccgcccaggtgcaaccagggccctccctgcaacatccccggcactattggctattactggtgatgtagcttccatttatga

ctagctaataaactgtcacataccactgcgtgtgacaaataaaagtggtCATGgaataatttatgaataaaatttcagCATGtgcctgcgcgagg

tgtctatagcaaacatttcagtatgcctatatatgttaatcaagatagcaatgttcacatacacccagaataatagtttgtgtaattagttgtgtat

gttcttggtggtggtttgtgtacagatttgccttccttctaacaaaatatgaataCATGgagctgttcaagcc 

 
 
 
 

ctaagcaataaataaaggggagcctcaacccatctattcatctccaccaccaccaaaacaacattgaaaaCATGaagaccttattcctcctagctc

tccttgctcttgtagcgagcacaaccttcgcgcaatactcagaagttggcggctggtacaatgaagttggcggaggaggtggttctcaacaatgtcc

gcaggagcggccgaagctaagctcttgcaaggattacgtgatggagcgatgtttcacaatgaaggattttccagtcacctggcccacaaaatggtgg

aagagcggctgtgagCATGaggttcgggagaagtgctgcaagcagctgagccagatagcaccacaatgtcgctgtgattctatccggcgagtgatc

caaggcaggctcggtggcttcttgggcatttggcgaggtgaggtattcaaacaacttcagagggcccagagcctcccctcaaagtgcaaCATGggc

gccgactgcaagttccctagtggctattactggtgatgatatagcctctattcgtgccaataaaatgtcacatatcatagcaagtggcaaataagag

tgctgagtgatgatctatgaataaaatcacccttgtatattgatctgtgttcgagatacctgtgtattgagtttgttggtggtggtttgtgtgCAT

Gtgtgtgcttctttaacaataataaaaatatacaacttgttcgatacttcacaagaaggagaag 

 

****** ****** ****** ****** 

Tag 1, count:2 

Tag 2, count: 109 Tag 3, count: 11 

Tag 4, count: 2 

Tag 2, Count: 102 

Tag 1, Count:2 

****** 

****** 

********* 

a) 

b) 

Count: 9 

Figure 3
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