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CHAPTER 3 UPSTREAM OPEN READING FRAMES 

 

 

This chapter contains work published in “Tran, M.K., C.J. Schultz, and U. 

Baumann. 2008. Conserved upstream open reading frames in higher plants. 

BMC Genomics 9: 361”. 

 

3.1 INTRODUCTION 

  

RNA-omics, or more simply R-nomics, is the large-scale study of RNA 

structure and function (Clote 2005). One of the major challenges faced by R-

nomics is to understand the regulatory mechanisms of complex signals found 

in the untranslated regions (UTRs) of messenger RNAs. In particular, the 

control signals found in the 5′-UTR of some eukaryotic mRNAs play a crucial 

role in translational control that can result in rapid changes to the proteome 

during stages of mammalian development (Le Roch et al. 2004), and in 

response to plant abiotic stress  (Floris et al. 2009). These post-transcriptionally 

regulated mRNAs frequently encode important regulatory proteins (e.g., proto-

oncogenes, growth factors, and transcription factors) (Mignone et al. 2002) that 

need to be strongly or precisely regulated for normal cellular activity. In other 

cases, control signals in the 5′-UTR provide continuous regulation of essential 

mRNAs by providing an alternative route for translation when cap-dependent 

translation is compromised (e.g., under stress conditions) (Holcik et al. 2000). 

  

Translational control signals are often found in long 5′-UTRs (>100 nt) 

(Kozak 1987a) where they can contain either a single control signal (Raney et 

al. 2000) or multiple control signals that function independently (Wang and 

Wessler 2001) or in a coordinated fashion (Franceschetti et al. 2001; Jin et al. 

2003; Yaman et al. 2003). One important translational control signal found in 

both prokaryotes and eukaryotes is the upstream open reading frame (uORF), a 

small open reading frame located upstream of the main coding region (Lovett 
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and Rogers 1996). uORFs that are conserved are also known as conserved non-

coding sequences (CNSs) (Freeling and Subramaniam 2009). 

 

 Two types of functional uORFs have been described and shown to have 

a demonstrated activity either in vitro or in vivo (Gaba et al. 2001): a) 

sequence-dependent uORFs encoding bioactive peptides that either cause 

ribosomal stalling during translation of the main open reading frame or have 

other biological roles (Crowe et al. 2006; Hayden and Bosco 2008; Hayden and 

Jorgensen 2007; Iacono et al. 2005), and b) sequence-independent uORFs that 

reduce reinitiation efficiency of the main open reading frame (Meijer and 

Thomas 2002; Vilela and McCarthy 2003). There is also evidence that both 

sequence-dependent and sequence-independent uORFs can influence mRNA 

stability (Ruiz-Echevarria and Peltz 2000; Vilela et al. 1999), however their 

underlying mechanisms remain unclear. 

 

Identifying uORFs involved in regulation of gene expression is a 

difficult and time consuming process that is estimated to take up to 20 man-

months to find a single functional uORF by random selection and testing of 

mRNAs (Selpi et al. 2006). To overcome this problem, computational methods 

have been developed to predict uORFs that are likely to be functional, and 

include methods such as artificial intelligence (Selpi et al. 2006), comparative 

approaches based on homology (Hayden and Bosco 2008; Hayden and 

Jorgensen 2007), and comparative approaches based on specific uORF 

sequence organisation (Kochetov et al. 2008). 

 

The frequency of reported uORFs in plants is rare in comparison to 

mammalian systems. Early estimates on the number of characterised uORFs in 

plants were less than 100 (0.3%) (Tran et al. 2008), and most are described in 

four cereal transcriptomes. These characterised uORFs (<0.3%) in plants are 

much lower than the estimated number of genes that contain uORFs, which can 

vary from 11% (Pesole et al. 2000) to 60% (Hayden and Jorgensen 2007).  
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In this study, a comparative R-nomics approach was used to identify 

conserved uORF motifs in cereals and Arabidopsis. A bioinformatics pipeline 

called uORFSCAN was constructed that performs a comparative analysis on 

the important agronomic crops rice, wheat, barley, maize, and sorghum; and 

the well studied dicot plant Arabidopsis.  To account for the variable quality of 

assembled EST data, the uORFSCAN pipeline used orthologous sequence 

clustering, iterative sequence analysis, and manual curation. The comparative 

approach of uORFSCAN is easily transferable to uORF identification in other 

species. 

 

3.2 MATERIALS AND METHODS 

 

3.2.1 Sequence data 

 

KOME full-length rice cDNA sequences were obtained from 

ftp://cdna01.dna.affrc.go.jp/pub/data/CURRENT/INE_FULL_SEQUENCE_D

B.zip. This file is dated Tuesday, 24 January 2006, and contains 32,127 full-

length cDNA clones (originally 28,469). The Dana Farber Cancer Institute 

(DFCI) plant gene indices database (http://compbio.dfci.harvard.edu/tgi/) was 

used to obtain tentative contigs (TCs) from wheat (release 10.0, Jan 05, 580155 

ESTs, 44954 TCs), barley (release 9.0, Sept 04, 370546 ESTs, 23176 TCs), 

maize (release 17.0, Nov 06, 695811 ESTs, 56687 TCs), and sorghum (release 

8.0, Nov 05, 187282 ESTs, 20029 TCs). Data cleaning was performed on the 

DFCI dataset to select for sequences that are designated as tentative contigs 

(identifiers prefixed with “TC”), thereby excluding all singletons. All data files 

were imported and managed using Microsoft Access 2003. Also, the analysis 

was re-ran using the TIGR Plant Transcript Assemblies (last updated on 

October 17th, 2006) for wheat (840871 ESTs), barley (456410 ESTs), maize 

(1084701 ESTs), and sorghum (203575 ESTs) on the uORFSCAN pipeline, 

but did not find any additional conserved uORFs. 
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3.2.2 Orthologue searches 

 

Similarity searches were performed at The South Australian Partnership for 

Advanced Computing (SAPAC) (http://www.sapac.edu.au/) using the method 

described in Chapter 2 (Section 2.2.2). In brief, the reciprocal best hit method 

(rbh) was adapted to improve the detection of putative orthologues in the 

presence of alternative splice forms that would otherwise give many false 

negatives. To account for alternative splice forms, the top hit and also similar 

hits in the reverse BLAST (percent identity to top hit: ∆ -5%, similar length to 

top hit: +/- 20%) were examined for symmetry with the top hit in the forward 

BLAST. If there is symmetry between the forward and reverse BLASTs then 

we considered the reciprocal pair to be orthologous. 

 

3.2.3 Verification of main ORF 

 

The rice cDNA sequences containing conserved uORFs were used in a blastn 

search against NCBI Non-redundant database to identify uORFs predicted 

from ribosomal RNA genes, chloroplastic genes, and mitochondrial genes. 

These genes do not represent coding genes derived from the nuclear genome, 

and therefore have been removed from this study. Also, the main open reading 

frames, predicted by uORFSCAN were used to search (blastn) the coding 

sequence (CDS) annotations from TIGR rice pseudomolecules database 

(http://www.tigr.org/tdb/e2k1/osa1/data_download.shtml). Alignments not 

starting from the beginning of the CDS were regarded as suspicious. As 

additional verification, the rice main open reading frame predictions were also 

compared with protein data from the UniProt Knowledgebase (UniProtKB) 

(www.ebi.uniprot.org/database/download.shtml). Translations of the rice 

cDNA sequences in the same frame as the predicted main open reading frame, 

starting from the 5′-untranslated region to the end of the main open reading 

frame, were used to search (blastp) against UniProtKB. Aligments not 

beginning from the start of the protein sequence were discarded if they also did 

not have TIGR CDS support. 
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3.2.4 Statistical analysis of codon usage 

 

The p-values were calculated according to the following formulas: 

 

The probability to observe the number of times each codon was present in the 

uORFs (nobs) that was less than or equal to the expected (nav) by chance alone 

is: 

        nobs             

P = ∑             Pn (1-P)N-n       1 
       n=0 

The probability to observe the number of times each codon was present in the 

uORFs (nobs) that was greater than or equal to the expected (nav) by chance 

alone is: 

 

         N             

P = ∑            Pn (1-P)N-n       2 
     n= nobs 

 

Where, 

 

nobs = The observed number of times a codon was present in the uORFs. 

nav = The average number of times a codon was present in the uORFs based on 

the frequency of this codon in the mORF and the sample size (the observed 

number of codons for the set of codons for an amino in the uORFs). 

 

N 
 

n 

N 
 

n 



 

92

3.3 RESULTS 

 

3.3.1 The uORFSCAN pipeline for discovering uORFs 

 

The uORFSCAN pipeline used rice full-length cDNAs (Kikuchi et al. 2003) 

and wheat, barley, maize, and sorghum assembled EST data for comparative 

analysis (Figure 3.1). As in Chapter 2, the first step of the pipeline identified 

rice genes that had orthologues in wheat, barley, and maize but also in 

sorghum. The use of orthologous sequences allowed for better detection of the 

main coding region, and in turn defines the 5′-UTR that is necessary to identify 

conserved uORFs. For this purpose, a modified reciprocal best hit (rbh) method 

was used to find true orthologues by a process of eliminating paralogues (Bork 

et al. 1998; Tatusov et al. 1997), and was shown to perform much better than a 

standard one-directional BLAST. For example, in the one directional BLAST 

against the barley assembled EST database 19,655 sequences were identified, 

however this number was reduced to 5,115 (26%) sequences when the 

reciprocal best hit method was used (Figure 3.1, Step 1). 

 

Only 1723 of the rice genes had conserved orthologues in the other four 

cereals (wheat, barley, maize, and sorghum), most likely because none of the 

assembled EST datasets contained the entire transcriptome. To account for 

missing or erroneous sequences, the orthologues were grouped into three 

datasets for 5′-UTR analysis (Figure 3.1, Step 2). The datasets included rice 

genes that had orthologues in four other cereals (5 out of 5 dataset), in three 

other cereals (4 out of 5 dataset), and in two other cereals (3 out of 5 dataset).  

 In Figure 3.1 (Step 3), the uORFSCAN program (Appendix) was 

developed to find conserved uORFs. uORFSCAN takes as input a FASTA file 

containing the rice cDNA sequence and its orthologues, and identifies for each 

of these sequences all the possible open reading frames (ORFs). In the first 

iteration, the longest conserved ORF was designated as the main coding region. 

However, the longest ORF is not always the main coding region when there are 
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other ORFs of similar length. Therefore, a comparative approach was used to 

identify the main coding region (Figure 3.1, Step 3.1). This involved finding 

the longest ORF that was present in all orthologous sequences, and then 

iteratively reducing the number of orthologous sequences, one at a time, to 

determine if a longer conserved set of ORFs could be found, and finally 

terminating when there was no improvement. The longest ORF in at least three 

out of five cereals was considered the main coding region. In Figure 3.1 (Step 

3.2), uORFSCAN attempts to align rice uORFs with similar length orthologous 

uORFs (+/- 5%) at the protein level using ClustalW (Thompson et al. 1994). 

Finally, uORFSCAN analysed each alignment file to determine the average 

conservation of the uORFs, and grouped the alignments based on the number 

of conserved orthologous uORFs found. For example, using the 4 out of 5 

dataset generated the 4 out of 4 and the 3 out of 4 datasets (Figure 3.1). To 

improve the detection of functional uORFs, only uORFs from orthologous 

genes that shared sequence similarity were reported. 

 

The final step (Figure 3.1, Step 4) was manual curation to verify the 

predicted rice main coding region of each gene by comparing it with the 

genome annotation and other protein data. This was necessary, as uORFSCAN 

is expected to be sensitive to inaccurate (e.g., frame-shifts) and/or incomplete 

sequence data. For example, rice full length sequences can be incomplete 

because of failure of the 5′ capping method (Kikuchi et al. 2003). If the coding 

region is truncated, this can result in an internal methionine selected as the start 

codon and therefore the derived 5′-UTR is actually coding sequence, which is 

often highly conserved and can lead to false positive predictions. 

 

3.3.2 Conserved uORFs appear to be rare 

 

The uORFSCAN pipeline identified nine cDNAs containing uORFs that were 

conserved in all five cereal orthologues (5/5 uORF dataset) (Table 3.1). Three 

of these cDNAs encoded multiple uORFs, one of the cDNAs being 

AdoMetDC, which has previously been reported to contain two uORFs 
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(Hanfrey et al. 2002). All nine cDNAs were manually curated and showed that 

they were all reliable based on the validation criteria used in this study (Table 

3.2), which included the removal of the uORFs predicted from ribosomal 

rRNA genes (data not shown). The cDNAs included the multiple uORFs in S-

adenosylmethionine decarboxylase cDNA (Hanfrey et al. 2002), alkaline 

phytoceramidase cDNA, calcineurin B-like (CBL)-interacting protein kinase 

cDNA; and a single conserved uORF in a cDNA encoding an oxidoreductase 

protein, ribosomal protein S6 kinase, trehalose-6-phosphate phosphatase, 

ubiquitin-fold protein, F9L1.29 protein, and an ankyrin-3 protein. 

  

To account for variable quality in assembled EST data, instances where 

the uORFs (4/5, 3/5, 4/4, 3/4, and 3/3 result set) were conserved in only some 

cereal orthologues (5/5, 4/5, and 3/5 dataset) (Tables 3.3, 3.4, 3.5, 3.6, 3.7; 

Figure 3.1, Step 3.2) were also reported. In brief, the 4/5 result set contains 16 

rice genes with a total of 20 conserved uORFs in orthologous cereal genes, the 

3/5 result set contains 44 rice genes with a total of 79 conserved uORFs in 

orthologous cereal genes, the 4/4 result set contains 16 rice genes with a total 

of 23 conserved uORFs in orthologous genes, the 3/4 result set contains 113 

rice genes with a total of 129 conserved uORFs in orthologous genes, and 

finally the 3/5 result set contains 65 genes with a total of 93 conserved uORFs 

in orthologous genes. 

 

 In order to identify sequence dependent uORFs, the search was 

extended for cereal uORFs that might also be conserved in the dicot 

Arabidopsis by using the rice cDNAs that contained conserved uORFs in at 

least two other cereal orthologues (5/5, 4/5, 3/5, 4/4, 3/4 and 3/3 result set) and 

the Arabidopsis Tair 7 cDNA dataset (Section 3.2.2). The uORFSCAN 

pipeline identified 13 rice cDNAs containing uORFs that were conserved in 

Arabidopsis (Table 3.8). Four of these cDNAs encoded multiple uORFs. Of the 

13 cDNAs with uORFs, only 11 were verified as reliable based on manual 

curation (Table 3.9) that removed the uORFs predicted from a cDNA encoding 

a helicase. Manual curation of the helicase cDNA revealed that the genome and 
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protein annotation for the coding region extended further upstream than 

predicted by uORFSCAN, highlighting the limitations of using assembled EST 

data where frame-shift errors was the likely reason for the false positive 

prediction. The reliable predictions included the multiple uORFs found in a 

cDNA encoding ww domain containing protein, trehalose-6-phosphate 

phosphatase, GAMYB-binding protein, and ankyrin-3. The latter three cDNAs 

contained a combination of uORFs that were conserved between the cereals 

(rice and at least two other cereals) and Arabidopsis, and uORFs conserved 

between rice and Arabidopsis (Table 3.8). uORFSCAN also identified seven 

rice cDNAs containing a single uORF that were conserved in Arabidopsis and 

in almost all cases (except cDNA encoding an auxilin-like protein) the cereals 

as well (Table 3.8). They included the uORFs found in a cDNA encoding 

phosphatase 2a protein, homeodomain containing protein, S-

adenosylmethionine decarboxylase, auxilin-like protein, CBL-interacting 

protein kinase, protein kinase ATN1, and a hypothetical protein.  

 

3.3.3 Position and occupation of uORFs in 5′-UTRs 

 

Studies have shown that the position of an uORF within its 5′-UTR, which 

determines the pre-ORF and intercistronic distances, can have profound effects 

on its function (Vilela and McCarthy 2003; Vilela et al. 1999). The position of 

cereal uORFs within their 5′-UTRs were examined and no positional 

preference was found with the exception that they were not positioned too 

closely to the start of their individual 5′-UTR and coding region (Figure 3.2). 

For example, all of the uORFs conserved in five orthologous cereals (5/5 result 

set) and in Arabidopsis were at least positioned 20 nucleotides from the start of 

their 5′-UTR, which is thought to be the minimum number of nucleotides 

required for a functional uORF (Vilela and McCarthy 2003). The intercistronic 

distances for these uORFs were generally shorter than the pre-ORF distance 

(Figure 3.2). Also, seven uORFs were found to occupy greater than 20% of 

their individual 5′-UTR, and included the functional small AdoMetDC uORF 

(AK100589). 
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3.3.4 Length distribution of uORFs 

 

Since earlier reports showed that plant uORFs can vary in length from 6 to 156 

nucleotides (Franceschetti et al. 2001; Hanfrey et al. 2002; Locatelli et al. 

2002; Lohmer et al. 1993; Wang and Wessler 1998; Wang and Wessler 2001), 

the length distribution of the cereal uORFs was examined.  There are two peaks 

in the distribution that were found between 1 to 20 nucleotides, and 81 to 100 

nucleotides (Figure 3.3). The uORFs found in the first peak are tiny with 9 (out 

of 14) uORFs having a length of nine nucleotides. Some of these tiny uORFs 

could be artefactual as a result of point mutations that insert an in-frame start 

and/or stop codon in the 5′-UTR. The uORF length distribution around the 

second peak (41 to 160 nt) tends to move towards a normal distribution. 

Seventy six percent of the uORFs in the length distribution are shorter than 100 

nucleotides, and 48% are shorter than 40 nucleotides. The shortest conserved 

uORF found in four independent cDNAs was nine nucleotides, even though the 

cut-off length used by uORFSCAN to identify uORFs was six nucleotides (a 

start and a stop codon). One of the nine nucleotide uORFs was the 5′ tiny 

uORF found in the S-adenosylmethionine decarboxylase cDNA (Franceschetti 

et al. 2001), and three new uORFs, two found in a cDNA encoding alkaline 

phytoceramidase, and one in a cDNA encoding oxidoreductase, (Table 3.1). 

Two long conserved uORFs (>181 nucleotides) were found in cDNAs 

encoding protein kinases that included one uORF found in a cDNA encoding a 

CBL-interacting protein kinase and another uORF found in a cDNA encoding a 

ribosomal protein S6 kinase. 

 

3.3.5 Sequence conservation of uORFs 

 

The level of amino acid sequence conservation in cereal uORFs was generally 

high, as expected, based on the approach of reporting similar length 

orthologous uORFs that shared sequence similarity used in this study. For 

example, in the 5 out of 5 result set the median value is 50% sequence 

similarity. When the two main datasets were included (uORFs conserved in all 
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five cereal orthologues and uORFs conserved between rice and Arabidopsis), 

the median value is 36% sequence similarity. The uORFs conserved between 

rice and at least two other cereal orthologues (5/5, 4/5, 3/5, 4/4, 3/4 and 3/3 

result set) and Arabidopsis (median value of 36% sequence similarity) 

generally had a higher amino acid sequence similarity than those uORFs 

conserved between rice and Arabidopsis only (median value of 28% sequence 

similarity). Given that the uORFs from orthologous genes were selected to be 

within a given length interval for alignment purposes, the high amino acid 

sequence similarity may suggest that these uORFs have a functional role (e.g., 

ribosomal stalling) that is mediated by the encoded uORF peptide. 

 

3.3.6 Start condon context and codon usage of uORFs 

 

The presence of uORFs does not mean that they will be translated. The 

sequence context of some plant uORFs has been shown to be sub-optimal for 

efficient initiation (Joshi et al. 1997; Wang and Rothnagel 2004). Therefore the 

sequence context of the cereal uORF AUG codons was examined to see if there 

was any sequence conservation that may aid in their ribosome initiation. No 

informative positions in the uORF consensus sequence context were found 

(Figure 3.4) based on the observed number of positions that showed sequence 

conservation was not greater than expected by chance alone. However when 

the context of the AUGs demarcating the conserved uORFs were compared 

with the context of the AUG at the main ORF it was evident that the main ORF 

generally had a better sequence context denoted by a purine in the -3 position 

and a guanine in the +4 position (Table 3.10). There were some exceptions 

where the uORF sequence context was good as (Table 3.10, AK066145 and 

AK069526 uORF 1) or better (Table 3.10, AK060523 and AK060523) than the 

main ORF sequence context for ribosome initiation. 

 

Recent work showed that ribosome stalling could occur at rare codons 

(Chumpolkulwong et al. 2006; Col et al. 2007; Fernandez et al. 2005; Meijer 

and Thomas 2003; Shu et al. 2006). Therefore the codon usage of the identified 
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uORFs was examined to determine if they contained an increased number of 

rare codons. Results showed that the frequencies of some codons had a p-value 

less than <0.05 in the rice uORF codon usage compared to the rice main 

coding region based on a significant deviation of observed from expected 

numbers of uORF codons (Section 3.2.4, Equations 1 and 2); however, the 

number of codons that had significant p-values were not greater than expected 

by chance (Figure 3.5). 

 

3.4 DISCUSSION 

 

3.4.1 Conserved uORFs appear to be rare 

 

This study provides a method to identify conserved uORFs from large 

assembled EST datasets. A pipeline was developed that used a modified 

reciprocal best hit method to identify putative orthologous sequences that were 

then analysed by a comparative R-nomics program called uORFSCAN to find 

conserved uORFs. This pipeline was successful in identifying 29 rice uORFs 

that are conserved at the amino acid level (median value of 36% sequence 

similarity) in wheat, barley, maize, sorghum, and in some cases (33%) 

Arabidopsis. 

 

The number of conserved uORFs that share sequence similarity in the 

transcriptome of cereals appears to be low. This is consistent with reports of 

conserved uORFs in distantly related plants (i.e., rice and Arabidopsis) 

(Hayden and Jorgensen 2007) and in Drosophila melanogaster (Hayden and 

Bosco 2008). One explanation is that genes controlled at the level of translation 

by uORFs have low levels of transcription (Hu et al. 2005) and therefore are 

under-represented in cDNA and assembled EST databases. Another 

explanation for the low numbers of conserved cereal uORFs is that the uORFs 

have evolved in both length and sequence such that they no longer share 

sequence similarity across minor taxonomic groups (i.e., within the cereals) 
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(Table 3.2 and 3.9, Table 3.11 for CLUSTAL W alignments). Furthermore, if 

the codon usage of cereal uORFs rather than the uORF-encoded peptide were a 

major controlling mechanism then amino acid sequence may not be conserved. 

 

3.4.2 Cereal uORFs conserved in Arabidopsis 

 

It has been shown that the amino acid sequence of uORFs in monocot and dicot 

plants can be similar (Hanfrey et al. 2002).  Sequence similarity was observed 

at the amino acid level across the major taxonomic groups (e.g., Arabidopsis 

and rice) (Table 3.8). Eleven rice genes were identified that contained uORFs 

conserved in Arabidopsis, of which nine were also conserved in additional 

cereal orthologues (at least two others). For example, a rice cDNA encoding 

Ankyrin-3 contains a uORF that is conserved in the cereals and Arabidopsis, 

but it contains a nested uORF that appears to be conserved only in rice and 

Arabidopsis. Therefore, it is likely that after the split between the two major 

groups of angiosperms (monocots and dicots), the rice gene has gained an 

additional in-frame and internal start codon, that is not present in the other 

cereals, making a nested uORF that is shorter by 33 nucleotides. It would be of 

interest to determine if the nested uORF is functional. 

 

Conservation of uORF sequence within the cereals might simply reflect 

a relatively recent ancestor, rather than conservation of function, therefore it is 

difficult to predict whether these uORFs are likely to be sequence dependent or 

sequence independent uORFs (Meijer and Thomas 2002; Vilela and McCarthy 

2003). However, uORFs that are conserved across both monocots and dicots 

suggest that these uORFs have a role in a sequence dependent manner. Indeed, 

six rice uORFs (out of 15, excluding nested uORFs, Table 3.8) that were 

conserved in Arabidopsis had a biased amino acid composition that was rich in 

serine or arginine (at least 20%). It has been suggested that uORF peptides that 

are rich in serine could either promote or inhibit ribosomal stalling through 

their phosphorylation (Hayden and Jorgensen 2007; Wang and Proud 2007), 

while arginine rich motifs can be involved in RNA binding (Bayer et al. 2005). 
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Interestingly, of these six rice uORFs two (AK101100 and AK067412) are 

found in genes involved in phosphorylation, a function that appears to be over-

represented in this dataset (Table 3.8). It is possible that the main protein of 

these genes could have dual functions, the primary function is as a trans-acting 

factor in an unknown signalling cascade, and a secondary function as a 

regulator of mORF expression whereby the mORF protein phosphorylates the 

serine-rich uORF peptides, resulting in a conformational change that allows the 

uORF peptides to bind and stall ribosomes (Gaba et al. 2001). 

 

There are uORFs previously identified in Arabidopsis that were not 

identified in this study. For example, the Arabidopsis auxin response factor 

(ARF) genes (Nishimura et al. 2005) ETTIN (ETT) and MONOPTEROS (MP) 

contain uORFs and while orthologues of these genes were found in the rice, 

sorghum and wheat assembled EST datasets, the uORFs showed no sequence 

similarity (by ClustalW) and were of different lengths (data not shown). 

Similarly, uORFs found in Arabidopsis genes AtMHX and AtNMT1 encoding 

encoding a tonoplast transporter (David-Assael et al. 2005) and a 

phosphoethanolamine N-methyltransferase (Tabuchi et al. 2006) respectively 

were not identified because the uORFs were not conserved in rice and at least 

two other cereals. Finally, the gene containing the uORF in Arabidopsis sac51 

encoding a bHLH-type transcription factor (Imai et al. 2006) could not be 

identified in the rice dataset as a clear orthologue could not be identified. 

Therefore, it will be of interest to monitor new rice full-length cDNAs and high 

quality sequences for cereals as they become available to see if more conserved 

uORFs can be found. 

 

 Recently, a pair-wise comparative approach was used to identify 

conserved uORFs within homology groups that also included paralogs and 

ohnologs (homologous genes arising by whole-genome duplication) using rice 

and Arabidopsis full-length cDNAs (Hayden and Jorgensen 2007). Compared 

to the 11 genes identified in this study Hayden and Jorgensen (Hayden and 

Jorgensen 2007) reported that 19 genes contained conserved uORFs between 
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rice and Arabidopsis. Interestingly only four genes (S-adenosylmethionine 

decarboxylase, Trehalose-6-phosphate phosphatase, Auxilin-like protein, and 

Ankyrin-3) were in common highlighting the benefits of complementary search 

methods. The approach developed in this study used the modified reciprocal 

best hit method to find putative orthologues. It is likely that some of the 

homologue groups identified by Hayden and Jorgensen (Hayden and Jorgensen 

2007) may not be true orthologues. For example, homologue group 12 

identified by Hayden and Jorgensen (Hayden and Jorgensen 2007) were not 

reciprocal best hit pairs according to the analysis used in this study, and 

therefore are likely to be paralogues. The approach of this study is deliberately 

conservative, eliminating paralogues, to maximise the finding of all conserved 

uORFs independent of their length. 

 

One possible criticism of the comparative approach used in this study is 

that uORFs as short as 9 nt were reported.  However, there are two independent 

reports that showed that the tiny uORF of SAMDC is functional (Hanfrey et al. 

2005; Hu et al. 2005), although there is controversy regarding the type of effect 

and conditions under which the tiny uORF of SAMDC exerts its effect on 

downstream translation. Therefore, there is insufficient data to conclude one 

way or the other, and as such a conservative approach was chosen. This has 

allowed us to find several genes (e.g., protein phosphatase 2a, a protein 

containing a ww domain, and GAMYB-binding protein) that were not found by 

Hayden and Jorgensen (2007), as only conserved uORFs greater than 16 

codons were detected. 

 

3.4.3 Better quality assembled EST data is needed 

 

One unavoidable limitation of using incomplete assembled EST data for 

orthology determination is that orthologues could be falsely assigned in 

situations where sequences have multiple protein domains. This will increase 

the number of putative orthologues identified prior to the prediction of uORFs, 

which is not necessarily harmful as these predictions are manually curated. 
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However, to minimise this problem, a sequence coverage cutoff of at least 70% 

of any of the protein sequences in the alignment was used (Section 3.2.2). 

Also, orthologues were grouped into several datasets representing the number 

of orthologues that could be found for each gene. For example, the datasets 

included rice genes that had orthologues in four other cereals (5 out of 5 

dataset), in three other cereals (4 out of 5 dataset), and in two other cereals (3 

out of 5 dataset). This grouping of orthologues will also help minimise the 

effects of missing, incomplete, or erroneous assembled EST data. 

 

There are reports of conserved uORFs in monocots and dicots that 

share high sequence similarity that were not found by the uORFSCAN 

pipeline, due to either lack of sequence conservation or due to limitations in the 

assembled ESTs currently available. For example, the uORF found in the basic 

region leucine zipper (bZIP)-type transcription factor AtB2/AtbZIP11 was 

found to be conserved in rice and barley (Wiese et al. 2004), but not in the 

other cereals included in this study because the sequences are not represented 

in the other datasets. Current limitations include incomplete data (i.e., not all 

sequences are represented) and poor quality sequence data, leading to frame-

shifts and incorrect prediction of uORFs. Therefore, it is possible to obtain 

higher numbers of conserved uORFs if the cluster size was relaxed to two out 

of five, but this approach would reduce the power of comparative R-nomics, 

and would require significant manual curation. 

 

3.4.4 Sequence dependent and independent uORFs 

 

The cereal uORFs identified here are likely to encode bioactive peptides as 

selection has occurred to conserve peptide sequence. Those cereal uORFs that 

showed sequence conservation at the amino acid level with Arabidopsis are 

likely to be classified as sequence-dependent, as the encoded uORF peptide has 

remained conserved across the angiosperms, suggesting the peptide is directly 

involved in translational control (Franceschetti et al. 2001) or has some other 

biological activity (Crowe et al. 2006; Hayden and Bosco 2008; Hayden and 
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Jorgensen 2007; Iacono et al. 2005). Some identified uORFs were conserved 

only within the cereals, indicating a relative recent origin or selective loss of 

the uORFs in Arabidopsis. The possibility that some conserved cereal uORFs 

could also act in a sequence-independent manner cannot be ruled out, as a 

recent paper reported a conserved uORF in human and mouse ribosomal 

protein S6 kinase genes (the same finding in this study in cereals, Table 3.1), 

and suggested that the uORF translational control of the main ORF was 

through reinitiation (Kochetov et al. 2008). Experiments are needed to confirm 

the biological activity of the uORF in ribosomal protein S6 kinase gene. 

 

The sequence context surrounding a uORF (ignoring secondary 

structure) does not appear to play a major role in its recognition and initiation 

of translation of an uORF based on our analysis. It is possible that a sub-

optimal uORF sequence context (compared to optimal Kozak consensus (Joshi 

et al. 1997) sequence for the main coding region) would allow for leaky 

scanning (Smith et al. 2005; Wang and Rothnagel 2004) of the uORF, and 

preferential initiation at the downstream main coding region. An optimal uORF 

sequence context would provide rigid control in the translational regulation of 

the main coding region, as initiation would predominantly start at the uORF 

resulting in reduced availability of initiation factors, such as eIF2, for re-

initiation at the downstream main open reading frame. 

 

Sequence-independent uORFs allow for low-level translation of the 

downstream main coding region (Child et al. 1999). Low-level translation is 

possible, as sequence-independent uORFs do not cause ribosomal stalling as 

seen in sequence-dependent uORFs. The regulatory mechanism of the 

sequence-independent uORF involves other factors (uORF recognition, length, 

stop codon environment, and the downstream intercistronic sequence) that 

influence reinitiation efficiency (Meijer and Thomas 2002; Vilela and 

McCarthy 2003), and more recently leaky scanning (Wang and Rothnagel 

2004), to regulate downstream translation. The codon usage of conserved 

uORFs was analysed and no preferential usage of rare codons was found in the 
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uORFs. Therefore, it is unlikely that the uORF codon usage in the examples 

found could contribute to low-level translation as seen for certain rare codons 

in Xenopus laevis (Meijer and Thomas 2003) and Eschericia coli 

(Chumpolkulwong et al. 2006) that can reduce translation. 

 

3.5 CONCLUSION 

 

This study showed that the uORFSCAN pipeline is a useful tool for identifying 

conserved uORFs in closely related species. This pipeline has allowed us to 

identify 29 conserved uORFs in the cereal transcriptome. More conserved 

uORFs will likely be identified once the cDNA and assembled EST datasets 

become more comprehensive. These conserved rice uORFs will be useful for 

future functional analyses that should provide some perspective into 

downstream translational regulation by uORFs. 
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Figure 3.1 Overview of the uORFSCAN pipeline. The pipeline consists 

of four steps: 1) Identifying putative orthologues using a modified 

reciprocal best hit (rbh) method, 2) Clustering of orthologues according to 

how many cereal species they are found in, 3) Using uORFSCAN program 

to find conserved uORFs using a comparative approach, and 4) Manual 

curation of predicted conserved cereal and Arabidopsis uORFs. 
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Figure 3.2 The position of uORFs conserved in four other cereals and in 

Arabidopsis within 5′-UTRs of rice cDNAs. 
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Figure 3.3 Frequency distribution of the length (nt) of rice uORFs 

conserved in four other cereals and in Arabidopsis. 
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Figure 3.4 The pattern of nucleotide sequence conservation calculated 

for the decanucleotide surrounding the uORF AUG triplet using WebLogo 

(Crooks et al. 2004). The overall height of each stack indicates the 

nucleotide sequence conservation at that position (measured in bits), 

whereas the height of nucleotide symbols (A, T, G, C) within the stack 

reflects the relative frequency of the corresponding nucleotide at that 

position. (B) Positions showing detectable nucleotide sequence conservation 

were magnified. 
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Figure 3.5 Relative frequencies of codons showing significant deviation 

(*) in codon usage between rice uORFs and rice main coding regions. Rice 

uORF codon usage calculated from the following URL:               

http://www.bioinformatics.vg/sms/codon_usage.html. 
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