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     SUMMARY  

Analysis of over 300,000 annotated genes in 105 bacterial and archaeal genomes reveals 

an unexpectedly high frequency of large (>300 nucleotides) alternate open reading frames 

(ORFs). Especially notable is the very high frequency of alternate ORFs in frames +3 and -1 

(where the annotated gene is defined as frame +1). The occurrence of alternate ORFs is 

correlated with genomic G+C content and is strongly influenced by synonymous codon usage 

bias. The frequency of alternate ORFs in frame -1 is also influenced by the occurrence of codons 

encoding leucine and serine in frame +1. Although some alternate ORFs have been shown to 

encode proteins, many others are probably not expressed because they lack appropriate signals 

for transcription and translation. These latter can be mis-annotated by automatic gene finding 

programs leading to errors in public databases. Especially prone to mis-annotation is frame -1 

because  it exhibits a potential codon usage and  theoretical capacity to encode proteins with an 

amino acid composition most similar to real  genes. Some alternate ORFs are conserved across 

bacterial or archaeal species and can give rise to mis-annotated Òconserved hypotheticalÓ genes, 

while others are unique to a genome and are misidentified as Òhypothetical orphanÓ genes, 

contributing significantly to the orphan gene paradox.  

INTRODUCTI ON 

Genes of prokaryotes are typically translated only in one open reading frame (ORF) 

delimited by an initiation codon, typically ATG, and terminated by one of the three standard stop 

codons TAA, TAG or TGA (using DNA nucleotides). This reading frame is usually identified by 

the translational machinery of the cell by having a consensus ribosome binding site motif a few 

base pairs upstream from the initiation codon that is recognized by the small subunit of the 

ribosome and which guides the ribosome to the initiation codon. However, a gene has five 

additional reading frames, two on the same strand (+2, +3) as the annotated gene and three (-1,  
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-2 and -3) in the antisense direction (Fig. 1). 

The possibility that a nucleotide sequence could have overlapping ORFs encoding more 

than one protein was considered early on during the elucidation of the genetic code and was 

actually observed in the first genomes to be fully sequenced, namely the bacteriophages ! X174 

(Barrell et al., 1976) and G4 (Fiddes et al., 1979). Since then, many examples of overlapping 

genes have been described in both DNA and RNA viruses where packaging constraints within 

viral heads or particles are thought to contribute to the selection of information dense genomes 

(Pavesi et al., 1997). A few overlapping genes have also been experimentally validated in 

Bacteria, Archaea and Eukarya (Behrens et al., 2002; Lejohn et al., 1994; Mcveigh et al., 2000; 

Wang et al., 1999). However, most alternate ORFs are not thought to be true genes (i.e. ORFs 

translated into polypeptides) because they lack appropriate genetic signals for transcription and 

translation. 

METHODS 

Data Source 

One hundred and five fully sequenced bacterial and archaeal genomes comprising 315,618 

annotated genes were obtained from GenBank. Perl and C languages were used for programming 

calculations and sequence processing. 

Codon Usage Tables 

Two types of codon usage tables were constructed for each genome. One was the actual codon 

usage table based on the annotated gene sequences and whose synonymous codon usage exhibits 

codon bias. The second was a virtual codon usage table in which the expected frequency of each 

codon was calculated based only on the base composition of the genome in question. 
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Observed Stop Codons and ORFs in the Five Additional Reading Frames of a Gene 

Scripts were written in Perl to identify ORFs and calculate the frequency of the standard stop 

codons per three hundred nucleotides in all five possible additional reading frames of each gene, 

where frame +1 is defined as the annotated reading frame. 

Predicted Stop Codons based upon Real Codon Usage 

The predicted frequency of the standard stop codons per 300 nucleotides was calculated based 

upon the real codon usage table of each organism. This calculation breaks down into two 

components, one for frame -1 and one for the other four additional reading frames. 

Frame -1 

The trinucleotide TCA is one of the six synonymous codons for serine (Ser) and when present in 

frame +1 will generate a stop codon (TGA) in frame -1. The other two standard stop codons in 

frame -1, TAG and TAA, are generated by two of the six synonymous codons for leucine (Leu), 

namely CTA and TTA respectively. Therefore, the frequency of stop codons in frame -1 can be 

predicted by examination of the codon usage tables for Ser and Leu. The parameters, NL: and NS, 

are the number of times that an Leu and Ser amino acid appears in the amino acid sequence 

present in frame +1, respectively. The parameters, PL and PS, are the probability of generating a 

stop associated with the Leu or Ser residue. This gives the expected number of stop codons in 

frame -1 as follows: 

!  

E #StopCodons( ) = NL "PL + NS "PS 

Frames +2, +3, -2 and -3 

Only pair-wise combinations of amino acids in frame +1 can generate a stop codon in any of the 

four other frames. For example, in the DNA sequence: 
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5« NNTCAN 3« 

3« NNAGTN 5« where N can be any nucleotide, a stop codon is generated in frame -2. 

 

In this example, the first codon (NNT) of frame +1 can be any one of 16 possibilities and the 

second codon (CAN) can have 4 possibilities. Therefore, there are 64 different codon pairs that 

could potentially encode TAA in frame -2. This same argument is applicable for the generation 

of all three standard STOP codons in all four frames under consideration. Therefore, matrices 

were assembled identifying all pair-wise combinations of the codons that can potentially 

generate stop codons in all four frames. Each pair of amino acids can be considered as a 

Binomial random variable with NXY and PXY as parameters. The first parameter, NXY, is the 

number of times that an XY pair of amino acids appears in the amino acid sequence present in 

frame +1. The second parameter, PXY, is the probability of generating a stop associated with the 

XY pair. This gives the expected number of stop codons in frames +2, +3, -2 and -3 as follows: 

!  

E #StopCodons( ) = NXY "PXY
XY

#  

Predicted Stop Codons based upon Virtual Codon Usage der ived from Base Composition. 

The above steps were repeated using virtual codon tables for each organism in which the 

frequency of codons is based solely on the base composition of the organism. 

                            RESULTS and DISCUSSION 

Conventions and definitions for alternate open reading frames (ORFs). 

The convention that we use for classifying reading frames is shown in Fig. 1, where 

frame +1 is defined as the coding sequence of a gene as identified via experimental verification 

or by bioinformatic annotation. The five additional potential ORFs of a gene are termed 

“alternate ORFs”. We have used as a working definition of an alternate ORF, a sequence of 300 
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nucleotides or more without a stop codon, but it need not necessarily be initiated with a start 

codon. As a conservative estimate, an ORF of this size is sufficient to encode a peptide that 

could assume secondary structure and contain biologically significant folds and functional 

motives. If an alternate ORF is transcribed and translated then it is an “overlapping gene”.  

Frequency of alternate ORFs in sequenced genomes. 

 
DNA sequences of  315,618  annotated genes were analyzed from 105 completely 

sequenced bacterial and archaeal genomes ranging from 23% G+C (Wigglesworthia brevipalpis) 

to 72.1 % G+C (Streptomyces coelicolor) (Table 1). All the organisms investigated use the 

standard genetic code. A list of all the genomes analyzed can be viewed in the Supplementary 

File 1.  

The average frequency of the standard stop codons, TAA, TAG and TGA per three 

hundred nucleotides in each of the five possible alternate reading frames of every gene was 

calculated (Fig. 2). The strong correlation of the stop codon frequency of alternate reading 

frames +2, +3, -1 and -3 with genomic G+C content is readily apparent and is supported 

statistically. Frame -2 has a less pronounced dependence on G+C content. Supplementary File 3 

provides the data that was used to construct Fig. 2. 

Best fitting curves have been prepared that describe the relationship of the occurrence of 

stop codons with genomic G+C content for each of the five alternate ORFs and the orthogonal 

distance of each genome data point to its respective curve has been calculated (Supplementary 

File 4). This permits genomes that deviate from the average frequency of occurrence of stop 

codons to be identified. No statistically significant difference between Bacteria and Archaea 

regarding the stop codon frequencies in alternate reading frames was observed, with the 

exception of frame +2 which we propose is related to thermophilia rather than a distinction 

between Bacteria and Archaea (in preparation). 
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All alternate ORFs of 300 nucleotides or greater were extracted from each genome and 

the fraction of the genome represented by such alternate ORFs was calculated as a percentage 

relative to the annotated coding frame +1 of the genome in question. This percentage is termed 

“coverage” and is plotted as a function of the percent G+C of each genome (Fig. 3). For 

example, if a genome contained 4 Mbp of which annotated genes in frame +1 accounted for 3.6 

Mbp and alternate ORFs in frame -1 accounted for 1.8 Mbp then the percent of DNA covered in 

frame +1 by alternate ORFs in frame -1 would be 50%. 

 Fig. 3 demonstrates the high frequency of occurrence of alternate ORFs especially in 

frames -1 and +3 and the clear relationship of their occurrence with genomic G+C content. For 

example, in Streptomyces coelicolor (72.1% G+C) 87.1% and 77.1% of the sequences of 

annotated genes are overlapped by alternate ORFs in frames -1 and +3 respectively. A list of the 

top twenty organisms with the highest percent coverage of alternate ORFs in frame -1 is shown 

in Table 2.  The percentage of alternate ORFs in frame +3 for each of these genomes has also 

been included in this figure for comparison. The percent coverage for all alternate ORFs for all 

organisms is available in Supplementary File 5. 

Factors affecting the frequency of occurrence of alternate ORFs. 

Percent G+C of Genome. 
 

The correlation of the number of stop codons with G+C content can be partially 

explained by the low G+C content of the three standard stop codons, TAA (0 %), TAG (33%) 

and TGA (33%), so that a decrease in these codons would be expected to occur with increasing 

genomic G+C content. Stop codon frequencies in frames -1 and +3 are especially susceptible to 

influence by base composition. The three standard stop codons begin with T. Therefore, a T or A 

in the third position of a codon in frame +1 will increase the frequency of stops in frames +3 and 

-1, respectively. Since the third position is the least determinant of the three nucleotides of a 

codon (i.e. wobble) it is the most easily varied by base composition changes and the frequency of 
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T or A in this position would be expected to decline with increasing G+C content. This 

correlation has been verified in a number of genomes (Knight et al., 2001) and we confirm this 

tendency in our data set (Fig. 4). 

Codon bias. 

 It has previously been demonstrated (Boldogkoi et al., 1995; Forsdyke, 1995; Silke, 

1997; Zhou et al., 2003; Zull et al., 1990), using less extensive data sets than presented here, that 

synonymous codon usage bias as well as G+C content influences the frequency of occurrence of 

alternate ORFs. Although this bias is strongly influenced by genomic G+C content, it is known 

that genomic G+C content alone is insufficient to explain all of the observed variation in 

synonymous codon usage (Knight et al., 2001). For example, Thermotoga maritima, 

synonymous codon usage bias for Leu minimizes the use of TTA and CTA. TTA and CTA are 

the codons that generate stops in frame -1 and they would be predicted to be present 19.8% and 

17% of the time respectively if synonymous codon usage was dictated solely by the overall G+C 

content of the genome (Table 3). 

 To analyze the role of synonymous codon usage in determining the frequency of stops in 

the five alternate ORFs in the data set, two codon usage tables were prepared for each genome. 

One table was based on the actual codon usage derived from the sequences of all annotated genes 

and the other was constructed on the assumption that only the average G+C content of the 

genome dictated codon usage. These tables were then used to predict the frequency of stop 

codons in the five alternate ORFs. The two predicted frequencies were then compared to the 

actual observed number of stop codons (Fig. 5). Perfect agreement between predicted and 

observed codon frequencies would be indicated by a one-to-one correlation (solid lines in each 

frame, Fig. 5). 

The data that best fit the observations for frames -1, +2 and +3 occur when the real codon 

tables are used to predict stop codon frequency (solid symbols, Fig. 5) and not when codon tables 
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are used based solely on genomic G+C content (open symbols, Fig. 5). There appears to be a 

weaker tendency for frames -2 and -3 to be influenced by synonymous codon usage bias. 

Special considerations for alternate frame -1. 

 Frame -1 is in phase with frame +1 but in the antisense orientation and only the presence 

of codons for TTA (Leu), CTA (Leu) and TCA (Ser) in frame +1 can  generate stop codons in 

frame -1 (Fig. 6). Therefore, the occurrence of stop codons in frame -1 will be dictated by the use 

of these codons and by the relative frequency of leucine (Leu) and serine (Ser) in the proteome 

of the organism in question. However, this latter possibility can be eliminated because we 

observed no statistically significant difference in the frequency of these amino acids as a function 

of genomic G+C content (Fig. 7).  

Special considerations for alternate frame -2. 

 As was shown in Fig. 2, the frequency of stop codons in frame -2 has the weakest 

correlation with genomic G+C content of the five possible alternate ORFs. This can be explained 

by the opposition of the dinucleotides 5´TA3´ in frame +1 of annotated genes to 5´AT 3´ in 

frame -2 (Fig. 6b). TA in frame +1 will never constitute the first two nucleotides  of the codons 

TAA or TAG because that would generate stop codons in frame +1 ORFs. Therefore, in frame -

2, TA can only be generated by two of the four possible TAN codons in frame +1, namely TAC 

and TAT, both of which encode tyrosine, thus reducing the option for generating a stop codon in 

frame -2. 

The frequency of stop codons per 300 nucleotides in frame -2 is less dependent on 

genomic G+C content than in other frames (Fig. 2) and varies only between about 2 (high % 

G+C genomes) and 5 (low % G+C genomes) stop codons per 300 nucleotides (Supplementary 

File 3) and is the most favored frame for generating alternate ORFs, albeit at very low 

frequencies, in low G+C genomes. This is confirmed by the observation that the number of 

alternate ORFs of 300 nucleotides or greater in frame -2 is 132 for Wigglesworthia brevipalpis 
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(23.5 %G+C), 526 for Fusobacterium nucleatum (27.0 %G+C) and 775 for Clostridium 

perfringens (29.1 %G+C) but is less than 30 for all other alternate reading frames for these 

organisms. 

Frame -1 potential encodes proteins with a predicted distr ibution of amino acids most 

similar to real proteins. 

The virtual distribution of amino acids in each alternate ORF was calculated for all 

organisms and an average for each alternate ORF was derived. This distribution was compared to 

average amino composition derived from the real genes (frame +1) (Table 4). Frame -1 presented 

the distribution of amino acids most closely approximating the real distribution (" 2  = 47.5)  and 

frame -3 exhibited the distribution most dissimilar (" 2 =  153). Therefore frame -1 is potentially 

the alternate frame most able to form proteins with a typical distribution of known secondary 

structure elements but, on the other hand, it would also be the frame most likely to be mis-

interpreted as a real gene by automatic gene finding programs. 

Alternate ORFs in frames +3 and +2. 

Alternate ORFs in frames + 2 and +3 are in the same sense as the gene in frame +1 and 

are co-transcribed with it. They can be expressed during translational reprogramming in which 

ribosomes can change reading frame or if properly placed translational start signals are present. 

They can also be captured by frame +1 if insertion or deletion of nucleotides changes the reading 

frame. There are many examples of overlapping genes in which translational reprogramming 

shifts the reading frame from +1 to either +2 or +3, although, in many cases the reading frames 

overlap for only one or a few nucleotides (Alam et al., 1999; Baranov et al., 2001; Hammell et 

al., 1999). However, there are a number of instances in which the overlap is quite extensive. For 

example, there is a 146 codon overlap in which different reading frames are used to generate the 

two forms of the RNA polymerase required for the replication of the western yellow virus of beet 

(Miller et al., 1995). Overlapping genes are also known in which expression of both coding 
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frames does not involve translational reprogramming. For example, the overlapping ibrAB genes 

of Escherichia coli, involved in the activation of prophage proteins found on the surface of some 

strains have independent promoters that allow both frames to be expressed independently (Sandt 

et al., 2002). 

A comparative study of adjacent pairs of overlapping genes in frame+1/frame+3 in the 

closely related microorganisms, Mycoplasma genitalium and Mycoplasma pneumoniae (that do 

not use the standard genetic code) demonstrates that the most of the overlaps arise by the loss of 

a stop codon in one of the two members extending the protein into a preexisting reading frame 

downstream of the stop (Fukuda et al., 1999). Given the high frequency of alternate ORFs in 

frame +3 and their paucity in frame +2, we predict that the majority of such events will be via 

the capture of frame +3. 

Codon adaptation index (CAI) of the alternate ORFs. 

 The codon adaptation index (CAI) was measured by the method of Sharp and Li (Sharp 

et al., 1987) for each alternate ORF in all genomes and an average CAI for each respective 

genome was calculated (Fig. 8).  Frame +1 has the best CAI (average = 0.7) across all 

percentages of G+C as expected because it is the true coding frame.  However, all alternate 

ORFs exhibit an average CAI greater than 0.5 which might be considered adequate for efficient 

translation except in organisms with <30% G+C or >60% G+C  where only alternate ORFs in  

frames -1  and  -2 have CAI scores >0.5. Therefore, alternate ORFs in frame –1 and –2 are most 

similar to real genes in their use of codons and thus could provoke mis-annotation problems 

using automatic gene finding programs trained on a set of authentic genes.  Since frame  -1 is the 

most commonly detected in high G+C genomes, it is this frame that is most frequently mis-

annotated as a real gene in the data bases. 
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The widespread occurrence of alternate ORFs can lead to annotation problems. 

The discovery that alternate ORFs are very prevalent in high percentage G+C genomes, 

especially in frames-1 and +3, has led to the suggestion that their mis-indentification could lead 

to annotation errors (Cebrat et al., 1998; Mackiewicz et al., 1999). If the alternate ORFs occur 

within highly conserved genes they also might be conserved and they could be mis-annotated as 

“conserved hypothetical proteins”. However, mis-annotation of non conserved alternate ORFs 

would exacerbate the orphan gene paradox. An orphan gene is defined as one that exists in only 

one genome with no known orthologs in genomes (as discussed in Fukuchi et al., 2004). The 

paradox refers to the observation that the frequency of annotated orphan genes per genome does 

not seem to be diminishing significantly as ever increasing numbers of genomes are sequenced. 

An example of a group of DNA sequences that may have been mis-annotated as encoding 

conserved hypothetical proteins include AAM72431 (Chlorobium tepidum), ZP_00352616 and 

ZP_53770541 (Kineococcus radiotolerans) and BAB51502 from Mesorhizobium loti. Frame -1 

of these annotated sequences potentially encodes an ATP-binding protein of the ABC family of 

transporters. For example, frame -1 opposite AAM72431 from C. tepidum potentially encodes a 

protein with significant similarity (score 420, e-116) to the ATP-binding, ABC transporter 

(NP_353163) from Agrobacterium tumefaciens. This putative protein contains COG3845 

characteristic of ATP-binding, ABC transporters. The proposed sequence for this gene is located 

in the space between and in the same orientation as potential genes for chlorobiumquinone 

synthase and a proposed membrane protein of unknown function suggesting that it might be part 

of an operon.  However, the sequence for the annotated hypothetical protein lies opposed to the 

these genes and does not occupy all of the intergenic space  (Fig. 9A).  

Another example of a conserved group of hypothetical proteins whose genes potentially 

encode known proteins in frame -1 includes AAS04156 from M. avium, NZ_AAEF01000015 

from R. radiotolerans, AAA17210 from M. leprae and ZP_00353342 from R. radiotolerans. 
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Frame -1 of each of these genes potentially encodes an ATPase of the AAA+ family containing a 

significant hit to COG0464. For example, in frame -1 of the hypothetical protein (AAS04156) 

from M. avium is a potential protein with similarity (score of 1127 and e-value of 0) to an 

ATPase (AAK46458) from M. tuberculosis (Table 5). Additional examples of potentially mis-

annotated genes are shown in Table 5. 

An example of a possible erroneous description of a protein resulting from a frame +3 

shift that probably arose from a sequencing error is illustrated in Fig. 9B. The predicted integral 

membrane protein MexY (BAA34300) from Pseudomonas aeruginosa, containing COG0841 

(AcrB), is almost identical in amino acid sequence to the Rnd multidrug efflux transporter 

(AAF14523) also from P. aeruginosa except for a short region where the similarity is very weak 

(white region of mexY, Fig. 9B). The DNA sequences encoding these two proteins are almost 

100% identical, except for an insertion of one bp at the beginning of the dissimilar region and a 

one bp deletion at the end. This insertion and deletion results in the sequence of mexY being read 

in frame +3 with respect to rnd. 

Automatic gene finding programs are susceptible to annotating alternate ORFs as genes, 

partly because they are so common and partly because they can be quite extensive in length. It is 

proposed that alternate ORFs in frame -1 might be especially susceptible to mis-annotation 

because, as is shown here, their codon usage and potential capacity to encode proteins with an 

amino acid composition are quite similar to real genes and so could confuse an automatic gene 

finding program trained on authentic genes from the same genome. In addition, real genes on the 

sense strand that have sustained mutations interrupting their coding sequences would be very 

vulnerable to having their -1 frames annotated as a gene because such -1 frames might be 

considerably longer than the truncated version of the real gene. 

A reciprocal annotation problem exists in the sense that some prokaryotic and eukaryotic 

alternate ORFs are thought to be real genes (Behrens et al., 2002; Cebrat et al., 1998; Chen et al., 
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2004; Iwabe et al., 2001; Johnson et al., 2004; Lehner et al., 2002; Lejohn et al., 1994; Mcveigh 

et al., 2000; Merino et al., 1994; Rogozin et al., 2002; Shendure et al., 2002; Wang et al., 1999; 

Yelin et al., 2003) and so indiscriminate culling of all alternate ORFs could result in the loss of 

novel genetic information. If authentic genes encoded by alternate ORFs do not enter the 

databases then they are even less likely to be detected in the future by similarity-based programs 

such as BLAST and FASTA that search for similarity in the databases. 
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Table 1.  

Number of genes analyzed and number of alternate ORFs found. 

No. o f  g en es an a ly zed  315,618 
No. o f  a l t er n at e ORFs f ou n d  491,079 
No. o f  a l t er n at e ORFs in :   

frame +2 57,121 
frame +3 103,634 
frame -1 165,567 
frame -2 116,206 
frame -3 48,551 
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Table 2.  

The top 20 organisms with the most coverage in frame -1. Coverage is defined in the text. 

Frame +3 has been included for comparison. 

Gen o m e Size G+ C %  Co v er e d  
Or g an ism  

Mb p  %  Fr am e + 3  Fr am e - 1  

Str epto myces coelicolor 8.7 72.1 77.1 87.1 

Pseudomonas aeruginosa 6.3 66.9 75.7 86.9 

Str epto myces averm iti lis 9.0 70.8 72.2 85.8 

Ralsto nia solanacearum 3.7 67.0 64.0 81.1 

Deinococcus radiodurans 2.6 67.1 50.5 79.9 

Caulobacte r crescentu s 4.0 67.5 47.9 79.5 

Xanth omonas campestr is 5.1 65.5 56.1 77.1 

Xanth omonas citr i 5.2 64.9 61.5 76.3 

Bradyrhizobium japonicum 9.1 64.3 53.8 73.7 

Sinorhizobium meliloti  3.7 62.5 49.3 73.4 

Pseudomonas puti da KT2440  6.2 62.0 27.1 71.2 

Mesorhizobium lot i 7.0 62.9 43.4 70.0 

Bifidobacte rium longum 2.3 60.3 27.0 70.0 

Agrobacte rium tu mefaciens C58 Cereon 2.8 59.3 23.3 68.1 

Corynebacte rium eff iciens YS-314  3.1 63.2 18.4 67.9 

Halobacte rium sp 1.8 66.4 47.4 67.5 

Brucella melite nsis 2.1 57.8 16.7 65.0 

Pseudomonas syringae 6.4 58.7 18.0 62.5 

Brucella suis 13 30  2.1 57.1 15.8 61.3 

Mycobacte rium tu berculosis H37R v 4.4 65.6 37.4 56.9 
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Table 3.  

Synomymous codon frequencies for leucine in Thermotoga maritima based on their 

actual frequencies observed in the genome or theoretically determined based solely on the 

G+C content of the T. maritima genome (46.2% G+C). * = isocodons that in frame +1 

specify stop codons in frame –1. 

 
Cod on  

Act u al  
f r eq u en cy  

( % )  

Fr eq u en cy  b ased  on  G+ C 
con t en t  o f  g en om e 

( % )  
TTA*  3.4 19.8 
TTG 12.4 17.0 
CTT 23.8 17.0 
CTC 33.0 14.6 
CTA*  2.6 17.0 
CTG 24.8 14.6 
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Table 4.  

Distribution of predicted amino acids theoretically encoded in each alternate ORF 

averaged over all genomes. The average predicted amino acid composition for the real 

genes (frame +1) has been included for comparison. " 2  was calculated relative to the 

distribution of amino acids in real genes for each genome. 

aa Fr am e + 1  Fr am e + 2  Fr am e + 3  Fr am e - 1  Fr am e - 2  Fr am e - 3  

A  8.4 13.2 13.6 7.9 13.9 14.8 

C 0.9 4.9 1.7 1.2 2.9 3.7 

D 5.3 0.6 4.9 3.6 1.7 2.0 

E 6.4 0.6 2.2 6.8 2.1 1.0 

F 4.3 0.7 0.9 0.6 2.3 0.8 

G 7.1 5.6 14.2 9.6 5.4 9.7 

H 2.0 1.0 6.0 6.1 0.7 3.1 

I  7.1 1.6 0.6 2.0 3.7 0.7 

K 5.9 1.4 0.3 1.4 2.1 0.5 

L 10.2 2.3 6.6 13.4 5.8 3.4 

M 2.3 1.2 0.1 0.4 2.4 0.3 

N 4.4 1.4 0.5 2.5 2.1 0.9 

P 4.1 14.9 10.5 12.9 9.6 15.9 

Q 3.6 1.2 4.5 4.2 1.1 1.9 

R 5.1 16.3 23.4 7.1 10.3 23.8 

S 6.2 15.5 2.9 4.0 17.2 7.8 

T 5.3 10.9 1.9 1.9 8.3 4.3 

V 7.0 2.7 4.1 9.7 5.9 2.8 

W  1.1 3.8 0.5 0.5 1.8 1.9 

Y 3.3 0.4 0.5 4.2 0.7 0.7 

" 2 0 .0  1 3 5 .1  1 2 7 .3  4 7 .5  6 0 .3  1 5 3 .5  
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Table 5. Examples of annotated genes potentially encoding hypothetical proteins (Frame +1) 

which have significant BlastP matches to other annotated genes in their respective Frame –1. 

An n ot a t e d  Hy p ot h et i ca l  p r o t e i n  
 ( Fr a m e + 1 )  

Fr a m e - 1  ( a n t i se n se)  

Or g an i sm  ( % G+ C)  
Accessio n  

n u m b e r  
Best  Blast p  h i t   

( Scor e ;  e  v a l u e)  
Do m ain  or  

Mot i f  

Agr obacter ium tume faciens C58 
UWash  
(58.0) 

AAL41994 Outer membrane protein 
V (116; 6e-25) 

pfam06629; 
SSF56925; 
PD023731 

AAK22771 TonB-dependent 
receptor (757; 0) 

pfam00593; 
SSF56935;  

AAK22724 
Oar-like outer 

membrane protein (433; 
e-119) 

SSF56935; 
PD607635; 
PD217909 

Caulobacter crescent us 
 (67.6) 

AAK24305 TonB protein, putative 
 (169; 6e-41) 

PF03544.3 
SSF74653 
PD460895 

AAM72431 

ABC transporter, 
nucleotide 

binding/ATPase  
(442; e-122) 

pfam00005; 
COG3845; 
PD000006 Chlorobium tepidum  TLS CT1198 

 (57.6) 

AAM73199 Peptidase, M23/M37 
family (424; e-117) 

pfam01551; 
COG0739; 
COG4942 

AAQ58515 
Urea/short-chain binding 

protein 
(121; 3e-26) 

pfam01094; 
COG0683; 
PR00337 

AAQ59477 Putative oxygenase 
 (494; e-138) 

PF01360.9; 
COG0654; 
PD000900 

Chrom obacter ium v iolaceum  
 (65.6) 

AAQ60405 

Probable outer 
membrane lipoprotein 

precursor  
(439; e-122) 

pfam02321; 
SSF56954; 
COG1538 

Geobacter sulfurreducens  
(61.6) 

AAR35873 FOG: PKD repeat  
(124; 7e-27) 

pfam02239; 
SSF50974; 
PS00190 

Mesorhizobium lot i 
 (63.2) 

NP_102154  
Chaperone required for 

the assembly  
(343; 2e-93)  

COG5387; 
PF07542.1; 
PD455919; 

Mycobact er ium avium  subsp. 
paratuberculosis 

 (69.6)  
AAS04156 Probable ATPase  

(1127; 0) 

pfam00004; 
smart00382; 

COG0464 

Pseudom onas aeruginosa 
 (67.1) 

AAG03842 
ABC-type amino acid 

transport  
(479; e-134)  

cd00134; 
pfam00497; 
COG0834 

Pseudom onas put ida KT2440 

(62.3) 
AAN69090 

Uncharacterized 
conserved protein 

(733; 0) 

cd00200; 
pfam02239; 
COG2706 
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Fig. 1. Convention used for describing alternate open reading frames. Black arrows 

are codons in Frame +1 defined as the reading frame of an annotated gene. Gray 

arrows represent codons in alternative reading frames. The numbers refer to the 

nucleotide position within each codon. 

 

Fig. 2. Average frequency of stop codons per 300 nucleotides in each of the five possible 

alternate reading frames of all annotated genes in each genome plotted as a function of 

the G+C composition of the genome. In each frame the open symbols represent bacteria 

and the solid symbols represent  archaea. This information is available in Supplementary 

File 2 where each genome can be identified by “mouse-over”. 

 

Fig. 3. Percent of the coding DNA (frame +1) of each genome overlapped by alternate 

ORFs plotted as a function of the G+C content of the genome. 

 

Fig. 4. Percent (%) A+T in each of the three positions of codons of all annotated 

genes in the data set plotted as a function of the G+C content of the genome. 

 

Fig. 5. Predicted number of stop codons per 300 nucleotides in the five alternate reading 

frames, averaged per genome, plotted as a function of the observed number of stops. 

Solid lines describe perfect one-to-one relationships between predicted and observed 

stops. Solid circles = predictions based on actual codon frequencies, open circles = 

predictions based on codon usage table artificially constructed to reflect only G+C 

content of the respective genome (dotted line is a least squares regression curve fitted to 

this data). 
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Fig. 6. (a) Two leucine and one serine codons in frame +1 of a gene specify the three 

standard stop codons in frame -1. (b) The presence of the dinucleotide TA in frame +1 of 

a gene specifies TA in frame –2 which could potential encode TAA and TAG that 

represent two of the three stop codons. N = any nucleotide. 

 

Fig. 7. Frequency (%) of the occurrence of leucine (Leu) and serine (Ser) in the predicted 

proteins (proteome) encoded by each genome plotted as a function of G+C content of the 

genome. 

 

Fig. 8. Average codon adaptation index (CAI) for each gene (frame +1) and each alternate frame 

for each genome plotted as a function of G+C content of the genome in question. 

 

Fig. 9. A. Example of a possible mis-annotation of an alternate ORF originally identified as a 

conserved hypothetical protein (AAM72431) in Chlorobium tepidum which contains in frame Ð1 

a sequence that could potentially encodes an ATP-binding protein of the ABC family of 

transporters with significant similarity to COG3845. B. Example of a segment (shown in white) 

of a protein (MexY, BAA34300, from Pseudomonas aeruginosa) that may be mis-identified 

because a possible sequencing error that shifted the gene into frame +3.  
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