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Recoding events occur in competition with standard readout of the transcript, and are site-specific. Recod-
ing is the reprogramming of mRNA translation by localized alterations in the standard translational rules.
Frame-shifting is one class of recoding and defined as protein translations that start not at the first,
but either at the second (+1 frame-shift) or the third (—1 frame-shift) nucleotide of the codon. Coding
sequences lack stop codons, but frame-shifted sequences contain many stop codons, termed off-frame
stops or hidden stops. These hidden stops terminate frame-shifted translation, potentially decreasing
energy, and resource waste on non-functional proteins. Our results support this putative ancient adaptive
event for the selection of codons that can be part of hidden stop codons. All taxonomic groups represent
positive correlation between codon usage frequencies and contribution of codons to hidden stops in off-
frame context. Our analysis on nuclear and mitochondrial genomic data revealed phylogenomic selection
of ambush mechanism. Strongest impact of this event was found in viruses and bacteria. It has been
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suggested that this mechanism has occurred and been utilized in the early stages of evolution.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Recoding is the reprogramming of mRNA translation by local-
ized alterations in the standard translational rules. Recoding events
occur in competition with standard readout of the transcript,
and are site-specific. The efficiency of recoding at the site is
usually influenced by stimulatory signals present on the mRNA
(cis-elements) and in some cases by protein products or other cel-
lular components (trans-elements) (Miller et al., 1997; Baranov et
al., 2001). The three classes of recoding are (1) frame-shifting (2)
bypassing (Hopping) and (3) codon redefinition (Gesteland and
Atkins, 1996; Farabaugh, 1996).

Frame-shifting at a particular site can yield two protein products
from one coding sequence or one protein product from two overlap-
ping open reading frames (ORFs). The known cases of frame-shifting
where the product is utilized involve shifts of one base either +1
or —1, but shifts of two bases have been demonstrated in artificial
systems.

Bypassing (hopping) occurs when a block of nucleotides within
a coding sequence is not translated. Translation is suspended tem-
porarily, ribosomes traverse the coding gap and protein synthesis
resumes yielding a single protein.
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Codon redefinition involves site-specific alteration of codon
meaning. The altered meaning of a codon can be the redefinition of
an initiation codon or stop codon to specify an amino acid.

Frame-shifts are defined as protein translations that start not
at the first, but either at the second (+1 frame-shift) or the third
(=1 frame-shift) nucleotide of the codon. Presumably, most frame-
shifts would yield non-functional proteins. Therefore frame-shifts
lead to waste of energy, resources and activity of the biosynthetic
machinery. In addition, some peptides synthesized after frame-
shifts are probably cytotoxic.

Coding sequences lack stop codons, but many stop codons
appear off-frame. Off-frame stops, i.e. stop codons in +1 and -1
shifted reading frames, are termed hidden stop codons or hidden
stops. The ‘ambush’ hypothesis (Seligmann and Pollock, 2004) on
the hidden stop codons and their role in off-frame (incorrect) gene
reading suggests that hidden stop codons prevent off-frame gene
reading and there is an advantage in using codons that can be
part of hidden stop codons. The ambush hypothesis implies that
hidden stop codons are sometimes selected and this selection is
reflected in sequences. These hidden stops terminate frame-shifted
translation, potentially decreasing energy, and resource waste on
non-functional proteins.

There are several occurrences of codon reassignments, prema-
ture stop codons, and read through stop codons, and several codon
usage biases in protein coding sequences at various taxonomic lev-
els (Tuite and McLaughlin, 1982; Lovett et al., 1991; Castresana et al.,
1998; Bidou et al., 2004; Brooks et al., 2006; Henry and Sharp, 2007;
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Table 1

The numbers of +1 and —1 hidden stop codons for genetic codes with different stop codon assignments.

Stop codons +1 Seligmann and Pollock (2004) +1 -1  Seligmann and Pollock (2004) -1  Genetic system

TAG 19 - 19 - Alternative flatworm mt

TGA 19 - 19 - Nuclear ciliate, dasycladacean and hexamita

TAA TAG 34 - 22 - Nuclear euplotid; mt ascidian, echinoderm, flatworm, mold,
trematode, yeast, invertebrates

TAA TGA 22 - 22 - Nuclear Blepharisma, mt chlorophycean

TAA TAG TGA 36 - 25 22 Standard

TAA TCATGA 25 - 25 - mt Scenedesmus obliquus

TAA TTA TCA TGA 28 - 44 - mt Thraustochytrium

AGAAGGTAATAG 36 42 40 46 mt vertebrates

Columns 2-5 show the number of codons that can contribute to hidden stops in +1 and —1 frame-shift, respectively. The last column indicates the genetic system in which

the genetic code is found.

Morton and Wright, 2007). This ambiguous role of stop codons,
codon reassignments and its implications during the course of evo-
lution is an interesting research topic.

In this study we have analyzed and evaluated evidences for,
and against the ambush hypothesis. Computational and statisti-
cal analyses have been performed to resolve the ambiguous role of
hidden stops and their evolutionary implications and applications.
In particular, here we ask whether there is a statistically signifi-
cant correlation between average codon usage and their potential
contribution to hidden stops? We also considered whether this
scenario is unique to certain taxonomic groups, i.e. is there an
existence of any phylogenetic trends? Large data sets from several
taxonomic groups of organisms such as bacteria, viruses, bacterio-
phages, invertebrates, vertebrates, and plants have been subject to
detailed statistical and computational analyses.

2. Materials and Methods

The genomic data for codon usage has been downloaded
from the codon usage database (http://www.kazusa.or.jp/codon/;
Nakamura et al.,, 2000). Assignment of hidden stops in frame-
shifted context has been calculated according to the respective
genetic code (Table 1). Average usage of codons that can be part of
off-frame hidden stops, for nuclear, mitochondrial (mt), and chloro-
plast genomic data, has been calculated according to the respective
genetic codes (Table 1). The coefficient of correlation (r) has been
calculated between hidden stops contribution to codons and their
usage frequencies. Binomial and chi square (x2) distributions have
been employed with 5% level of significance for statistical support
of analyses and robustness of the results.

3. Results and Discussion

3.1. Alternative Genetic Codes, Stop Codons Assignments and
Selection Pressure

Discoveries of the deviations of the universal genetic code in
prokaryotes, eukaryotic nuclear and mitochondrial genomes have
revealed that the genetic code is still evolving despite strong nega-
tive forces working against the fixation of mutations that result in
codon reassignment (Santos et al., 2004). These rather unexpected
discoveries prompted researchers to investigate both the under-
lying molecular mechanism and the putative evolutionary forces
that might drive the diversification of genetic code assignments
and codon reassignments.

All known non-standard genetic codes appears to be secondarily
derived minor modifications of the canonical code. The arrange-
ment of amino acid assignments to the codons of the standard
genetic code appears to be a direct product of natural selection for
a system that minimizes the phenotypic impact of genetic error.
Known variants of the standard genetic code appear less adaptive,

suggests that different evolutionary factors predominated before
and after fixation of the canonical code. It has been suggested that
universal genetic code can efficiently carry arbitrary parallel codes
in a much better way than the alternative genetic codes (Freeland
and Hurst, 1998; Freeland et al., 2000; Giulio, 2005; Itzkovitz and
Alon, 2007).

Statistical and biochemical studies of the genetic code have
found evidences of non-random patterns in the distribution of
codon assignments. These non-random patterns can be either the
assignment of amino acids to codons appears to be optimal for min-
imizing the effect of translational misread errors; or amino acids
with less complex chemical structure have more codon assignment
tendency towards themselves. Although the code still evolves today,
as reflected by its departure from universality in some organisms,
but limited and concerns only reassignments of a few codons (Gilis
et al,, 2001; Knight et al., 2001; Archetti, 2004).

We first considered stop codon assignments in standard and
alternative genetic codes. Stop codon assignments for +1 and -1
frame-shifts have been observed in known genetic code variants
(Elzanowski et al., 2000). For genetic codes having only one stop
codon like alternative flatworm mt code, and ciliate, dasycladacean
and hexamita nuclear code, 19 stop codons have been assigned in
+1 and —1 frame-shifts each. The number of off-frame stop codons
assignment increases in genetic codes with multiple stop codons
(Table 1). Codon count for a new genetic code system of Thraus-
tochytrium mt has also been included (Table 1). We found some
differences with Seligmann and Pollock (2004), in frame-shifted
codon assignments in some genetic systems, shown in column 3
and 5 (Table 1).

Several studies have demonstrated translational selection in
codon usages. General agreement is that codons are translated at
different rates (Kurland, 1991; Fernandez et al., 2001). The first indi-
cation of non-uniform translation rates was the observation that
there are pauses during polypeptide elongation and that these can
be identified with short strings of rarely used codons (Randall et
al,, 1980; Varenne and Lazdunski, 1986). As soon as a significant
number of genes had been sequenced, it became an accepted opin-
ion that biased codon usage could regulate the expression levels of
individual genes by modulating the rates of polypeptide formation
(Chavancy and Garel, 1981; Gouy and Gautier, 1982; Robinson et
al,, 1984; Henry and Sharp, 2007).

A translational frame-shift event is estimated to occur at a prob-
ability of about 3.3 x 10~ codons (Parker, 1989; Farabaugh and
Bjork, 1999). Different codons contribute to hidden stops in differ-
ent ways. Some contribute up to six times and some cannot become
part of a stop codon assignment in any frame-shift scenario (+1 or
—1). In case of the standard genetic code, AAU (asparagine) and
ACU (serine), contribute six times to stop codon assignment, AUU
(isoleucine), ACU (threonine), and GAU (aspartic acid) contribute
five times to stop codon assignment, whereas 20 codons cannot
contribute to stop codon assignment in any frame-shifted condi-
tions. In vertebrate mt genetic code, only GUA (valine) contributes
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Table 2

Statistical analyses of different taxonomic groups between codon usage frequencies and contribution of codons to hidden stops in off-frame context, according to the standard,

bacterial, and alternative yeast nuclear genetic codes.

Category Total number of Organisms % of data with positive Significant positive Binomial distribution (P)

organisms with positive correlation from total number correlation (P<0.05)

correlation of organisms

Bacteria 4495 2360 52.5 318 0
Virus 3457 2844 82.2 326 0
Bacteriophages 692 573 82.8 85 1.9762E-14
Invertebrates 1724 1139 66 85 0.000134014
Plants 2572 1634 63.5 84 0.36954
Vertebrates 876 322 36.8 2 0.999989183
Primates 186 41 22 0 0.877913
Rodents 122 27 22.1 0 0.749656
Other mammals 344 69 20 1 0.86552

six times to stop codon assignment, 10 codons contribute five times,
and no codon falls in the category of one stop codon assignment in
frame-shifted conditions. It is believed that the number of peptide
bonds produced per unit time is one of the main selection pressures
in growing microorganisms. There are observations of reduction in
length of frame-shifted peptides, which can also have beneficial
effect such as reducing potential toxicity of the non-sense peptides
(Parker, 1989; Woese, 1998; Farabaugh and Bjork, 1999; Dekel and
Alon, 2005; Wagner, 2005).

Each genetic code is supposed to have n-mer sequences, termed
‘difficult’ sequences, which contain stop codons and thus cannot
appear in one of three frames. It has been observed that real genetic
code is able to include even the most difficult n-mers, because
of special property: ‘its stop codons when frame-shifted tend to
form abundant codons’. The optimality of the genetic code seems to
increase with the length of the n-mers. This is because as the length
of the n-mers increases, the fraction of n-mers that include stop
codons increases dramatically (Parker, 1989; Farabaugh and Bjork,
1999; Seligmann and Pollock, 2004; Itzkovitz and Alon, 2007). One
possibility for this is the ability to include parallel codes within
protein-coding sequences conferred a selection advantage during
the early evolution of genetic code. Alternatively, the genetic code
might have been fixed in such a way in early stages of evolution
before most parallel codes existed.

3.2. Codon Usage Biases and Compositional Aspects: Selectionist
Versus Neutralist View

Kimura's revolutionary proposal “the main cause of evolution-
ary change at the molecular level - changes in the genetic material
itself — is random fixation of selectively neutral or nearly neu-
tral mutants”, started a neutralist/selectionist debate, which is still
going on (Kimura, 1968, 1983).

Various evolutionary theories like the “codon disappearance” or
“codon capture” theory, and “ambiguous intermediate” theory have
emerged that could explain how the meaning of a codon could be
changed without the extinction of the species. The “codon capture”
theory is based on the observed genomic bias against GC content in
an AT-rich genome, can drive GC containing codons to extinction.
The “codon capture” theory proposes that specific codons, made
rare by AT or GC pressure, disappear from the genome entirely.
Any mutation to the tRNAs that translate these codons will be
allowed, since such mutations will be neutral. If the mutation pres-
sure reverses, causing these codons to reappear, they may now code
for a different amino acid. Thus the process of codon reassignment
can be ‘entirely neutral’ (Muto and Osawa, 1987; Osawa and Jukes,
1989; Schultz and Yarus, 1994a,b; Wan and Wootton, 2000).

The “ambiguous intermediate” theory is based on ambiguous
decoding of a single codon by both of cognate and mutant tRNAs.
Same mechanism might also apply to reassignment of a stop codon

to a sense codon. Such codon reassignments might lead to the
synthesis of an aberrant, non-functional polypeptide chain, and
a misfolded protein. This theory has been supported through the
discovery of some codon-specific ambiguous decoding in Candida
species. Several occurrences of codon disappearance have been
observed. Once a codon has vanished from the genome of an organ-
ism, it can potentially re-emerge through genetic drift. Genetic drift
is a change in the frequency of an allele in a population occurring
by chance and in the absence of any evolutionary selection against
that allele (Suzuki et al., 1997; Santos et al., 1999, 2004).

In organisms where large proportion of the genome consists of
coding sequences, selective bias acting on a local scale can poten-
tially influence global nucleotide composition. There are two ways
of looking at the evolutionary changes of nucleotide compositional
aspects; the selectionist and the neutralist point of view. These
hypotheses differ in the estimate of the role of selection on base
substitution. According to selectionist hypothesis, isochors are the
result of positive selection for GC content as an adaptation to the
high body temperature in warm blooded vertebrates. Mutational
hypothesis is based on directional mutation pressure, and regarded
as neutral rather than selective (Bernardi et al., 1985; Bernardi,
2007; Sueoka, 1988; Frank and Lobry, 1999). Ambush hypothesis
(Seligmann and Pollock, 2004) and some recent studies (Itzkovitz
and Alon, 2007), supported the selectionist view and suggested that
there is selection in favor of some combination of codons for which
frame-shift mutations will lead to a stop codon.

3.2.1. Correlation Between Hidden Stop Codons and their Usage

We have analyzed the correlation between codon usage frequen-
cies (%) and contribution of codons to hidden stops in off-frame
context, for nuclear, mt and chloroplast genomic data, according
to the respective genetic codes (Table 1), for various taxonomic
groups such as viruses, archaea, bacteria and metazoa. Correlation
was strongest among viruses and bacteriophages with more than
80% of the genomic data in these taxonomic groups indicate positive
correlation. Among invertebrates, plants, and bacteria correlations
were also positive in more than 50% of the genomic data analyzed
(Table 2).

Most organisms use a preferred set of codons, and selection act-
ing on codon choice could create local asymmetries between coding
and non-coding strands. Biased codon usage has been explained as
the result of selection at translational level. It is well known that the
bias of codon usage in bacteria is related to the level of expression. It
has been suggested that codon usage may be biased toward codons
that can form hidden stops. Real genetic code encounters a stop
more rapidly on average than 99.3% of the alternative codes. Addi-
tionally it has been shown that real code has the capability to abort
translation eight codons earlier than the average alternative code.
Relative fitness advantage of real code upon alternative codes has
been suggested a selection consequence (Gouy and Gautier, 1982;
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Table 3

Statistical analyses of different taxonomic groups between codon usage frequencies and contribution of codons to hidden stops in off-frame context, according to the

invertebrate, yeast and vertebrate mitochondrial codes, and plant plastid codes.

Category Total number of organisms Organisms with % of data with positive Significant positive Binomial distribution (P)

positive correlation correlation from total number correlation

of organisms (P<0.05)

Invertebrates 1099 1034 94.09 147 0
Plant plastids 260 257 98.85 2 0.999801
Chloroplasts 6470 6450 99.70 458 1.07025E-13
Yeasts 35 35 100 10 6.63817E-07
Vertebrates 4658 2685 0 1
Primates 186 181 0 0.999907109
Rodents 606 592 0 1
Other mammals 1044 981 0 1

Sharp and Matassi, 1994; Sueoka, 1995; Rocha et al., 1998; Frank
and Lobry, 1999; Seligmann and Pollock, 2004; Itzkovitz and Alon,
2007).

3.2.2. Significance of Correlation and Taxonomic Bias

Ambush hypothesis implies that at the level of genetic codes,
ancient adaptive events may have adjusted codon assignments to
increase frequencies of codons that can be part of hidden stop
codons (Seligmann and Pollock, 2004; Itzkovitz and Alon, 2007).
Assuming that hidden stop codons are uncorrelated with the aver-
age codon usage frequencies (null hypothesis), we expect 0.05 of
the organisms tested to show significant correlation between hid-
den stop codon and codon usage frequencies. Thus, to test whether
the null hypothesis holds we performed the binomial test.

Our results (Tables 2 and 3) support this putative ancient
adaptive event for the selection of codons that can be part of
hidden stop codons. All taxonomic groups represent statistically
significant positive correlation (P<0.05, one-tailed test) between
codon usage frequencies and contribution of codons to hidden
stops in off-frame context (Table 2). Further analysis with mito-
chondrial genomic data also supports this fact as most of the
correlations were positive from vertebrates, primates, rodents and
other mammals according to vertebrate mitochondrial genetic code
(Table 3).

For bacteria, viruses, bacteriophages, and invertebrates we
found thatindeed a substantial number of genomes display a signif-
icant positive correlation between hidden stop codons and codon
usage frequencies (P<0.05; binomial test). In contrast, in all other
taxonomic groups tested such as vertebrates, primates, rodents, and
other mammals, this result was neither obtained for nuclear nor for
mitochondrial genomes (Tables 2 and 3). It has been proposed that
this putative adaptive event might have occurred in the early stages

Table 4

of evolution and ancient adaptive events may have adjusted codon
assignments towards hidden stops.

3.2.3. Codon Usage and Independence Analysis of Significant
Correlation: Phylogenetic Trends

In some recent studies on overlapping genes and related evo-
lutionary aspects, it has been suggested that genomes come under
a variety of different mutational and selectional pressures. There
are more than one evolutionary mechanisms account for all the
variability and biases in genomes. Mutational and selectional
constraints have been accepted as the major cause of such evo-
lutionary processes. Two kind of benefits have been suggested
which influence the overall performance of biosynthetic machin-
ery (immediate benefits) and influence the phenotypic variation
in population and modulate the strength of selection on a lineage
(variational benefits). Later are indicative of phylogenomic selec-
tion of such processes (Rogozin et al., 2002; Fukuda et al., 2003;
Johnson and Chisholm, 2004; Makalowska et al., 2005; Belshaw
et al., 2007; Cock and Whitworth, 2007; Lillo and Krakauer, 2007;
Sabath et al., 2008).

An interesting outcome of the hidden stops usage analyses
is the occurrence of taxonomic biases with reference to signif-
icant positive correlation. Unicellular, invertebrates and plants
genomes manifest such strong, statistically significant positive
correlation, whereas, none of the vertebrates, mammals, pri-
mates and rodents genomes. Similarly for mt genomes significant
correlation exists only in invertebrates, yeasts, and plant chloro-
plasts.

In order to statistically evaluate this taxonomic bias and to
estimate a plausible phylogenomic trend we categorize our data
into two classes, with and without significant positive correlation
between hidden stop codons and codon usage frequencies. We

Test for independence of variables from different levels of taxonomic categories data sets. Three taxonomic levels have been checked for significant correlation of codon usage

frequency and contribution of codons to hidden stops.

Taxonomic category Taxonomic level x> Degrees of freedom x? distribution (P)
Bacteria Phylum 42.52649 3 3.10195E-09
Class 91.79372 6 1.2844E-17
Family 70.24941 9 1.3605E—11
Viruses Phylum - - -
Class 25.69775 0.000102122
Family 67.71966 25 8.34509E-06
Bacteriophages Phylum - - -
Class/Category 10.15644 2 0.00623099
Family 19.84658 4 0.000535455
Invertebrates Phylum 16.37914 8 0.037263981
Class 57.31249 10 1.16438E—-08
Family 15.66719 0 0.074165287
Plants Phylum 311.5995 4 3.40701E—-66
Class 223.5239 3 3.47483E—-48
Family 48.80149 6 8.17009E-09
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employed chi-square (x2) test for independence of variables on
two categories of our data set, based on significance level (Table 2).
The null hypothesis is that the two variables are independent, i.e.
the number of organisms with and without significant correla-
tion.

We analyzed data from several taxonomic groups such as
bacteria, viruses, bacteriophages, invertebrates and plants for dif-
ferent taxonomic levels such as phylum, class and families where
significant positive correlation exists. The P-value is less than
the significance level (0.05) in almost all cases (Table 4) there-
fore; we rejected the null hypothesis and conclude that the
two categories of positively correlated organisms are interre-
lated.

Outcome of chi-square (x2) test indicates biased distribution
of hidden stops selection in diverse taxonomic groups and levels.
Also results are statistically significant (P<0.05; Table 4). The dis-
tribution of hidden stops usage has been limited to specific classes,
families, phyla, in analyzed taxonomic groups, where correlations
were positive. Based on this analysis we propose the phylogenomic
selection of ambush mechanism.

Recently it has been proposed that mutation pattern is a major
player in determining frame-shift stop codon frequencies rather
than selection. Such conclusion has been proposed in an extensive
study with reference to overlapping genes (Rogozin et al., 2002;
Fukuda et al., 2003; Johnson and Chisholm, 2004; Makalowska et
al,, 2005; Belshaw et al., 2007; Cock and Whitworth, 2007; Lillo and
Krakauer, 2007; Sabath et al., 2008). Similarly, previous studies on
microsatellite (bi-, tri-, tetra-, penta-, and hexa-nucleotide) repeats
proposed that these repeats arouse from specific selection against
frame-shift mutations. Additionally, the excess of tri- and hexa-
nucleotide coding repeats have been suggested to be controlled
primarily by mutation pressure (Cox and Mirkin, 1997; Metzgar et
al.,, 2000).

These data collectively illustrate how selection and mutation
pressures could be examined and employed to identify several
evolutionary aspects of genomic data. Phylogenomic selection
of hidden stops is just one such mechanism. Such controversial
hypotheses on adaptive-selective and neutral aspects indicates that
there is a need to carry out extensive analyses on compositional
factors such as length distribution of overlaps, proper use of start
and stop codons in all phases, frequency of regulatory elements,
microsatellite repeats, and other related evolutionary aspects, with
the availability of additional genomic data.

4. Final Remarks

We propose the phylogenomic selection of hidden stops based
on our statistical analyses on nuclear and mitochondrial genomic
data. It has been found that hidden stops have been under positive
selection for minimization of frame-shifted translational errors.
Strongest impact of this event was found in viruses and bacteria.
Invertebrates and plants also indicated a phylogenetic trend up
to some extent. Least impact was observed in several categories
of vertebrates, indicates, that this ancient putative event has been
transpired and been utilized in very early stages of the evolution.
However, some recent controversial hypotheses put an effort to
perform an all-embracing neutralist/selectionist debate on hidden
stops, and their evolutionary implications.
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