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The famous Jacob Monod phrase “Anything found to 
be true of E. coli must also be true of elephants” reflects 
the prevalent mind-set of biochemists and molecular 
biologists at the time when the genetic code was being 
deciphered. Indeed, the chemistry and molecular 
mechanisms of genetic information inheritance and its 
decoding from nucleic acids into proteins seemed to be 
the same for all forms of life. This culminated in Francis 
Crick’s ‘frozen accident’ hypothesis for the origin of 
the genetic code1, according to which the genetic code 
(FIG. 1a) is not only universal but also unchangeable and 
unevolvable. Ironically, the time of the hypothesis for-
mulation also marked the beginning of a series of exper-
imental observations of various exceptions from what 
are known as the standard rules of the genetic decoding, 
leading to a ‘melting’ in perceptions of the universality of 
the genetic code2–19 (FIG. 1b).

We are now aware of more than 20 natural variant 
genetic codes20 and it is very likely that there are more 
to discover. Two non-universal proteinogenic amino acids 
(selenocysteine (Sec)11 and pyrrolysine (Pyl)16) have 
been discovered in addition to the 20 amino acids in 
the standard genetic code, and the possibility that more 
exist cannot be dismissed21. Numerous mRNAs have 
evolved special sequence elements to alter the meaning  
of specific codons or to result in ribosomes shifting 
reading frame or even bypassing long untranslated 
regions22. Alterations in genetic decoding are expected 
to exist in almost all organisms, and bioinformatics 
screens of bacterial genomes are revealing thousands 

of genes the decoding of which requires ribosomal 
frameshifting23–25, and metagenome analyses of environ-
mental samples point to many organisms with variant 
genetic codes26.

Nature also continues to surprise us with novel types 
of alternative genetic decoding. The most recent discov-
eries pose provocative questions and suggest heretical 
ideas: could the genetic code of an organism change dur-
ing the lifetime of the organism? Could a parasite hijack 
the genetic code of its host? Could there be genetic codes 
with non-triplet features? In this Review, we provide a 
brief overview of the known classes of alternative genetic 
decoding and their implications for entire genomes 
and individual mRNAs (TABLE 1). We begin with global 
changes of codon meaning on the scale of the entire 
genetic code (codon reassignments) and continue with 
local changes that are specific to particular sites in certain 
mRNAs (codon redefinition). We also describe processes 
that disrupt the continuity of triplet decoding, such as 
ribosomal frameshifting and translational bypassing. 
Along the way we expand existing terminology to accom-
modate the growing complexity of the phenomenon  
of alternative genetic decoding.

Global codon reassignments
Variant genetic codes resulting from fixed codon reas-
signments. The NCBI Genetic Code database cur-
rently provides a list of 21 distinct genetic code tables. 
Examination of these tables reveals two patterns: the 
high abundance of mitochondrial variant codes and 
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Genetic code
A correspondence between 64 
triplet combinations of four 
nucleotides and their standard 
amino acid or stop meanings.

Variant genetic codes
Genetic codes that differ from 
the standard genetic code 
shown in Figure 1a.

Proteinogenic amino acids
Amino acids that are 
incorporated into proteins 
co‑translationally.

Ribosomal frameshifting
A process in which a ribosome 
changes its reading frame.
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Abstract | The non-universality of the genetic code is now widely appreciated. Codes  
differ between organisms, and certain genes are known to alter the decoding rules in a 
site-specific manner. Recently discovered examples of decoding plasticity are particularly 
spectacular. These examples include organisms and organelles with disruptions of triplet 
continuity during the translation of many genes, viruses that alter the entire genetic code 
of their hosts and organisms that adjust their genetic code in response to changing 
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fixed codon reassignment that involves stop codons. The 
only known non-mitochondrial sense codon reassign-
ment is a CUG codon change from Leu to Ser in some 
yeast of the Candida genus27. The prevalence of mito-
chondrial reassignments is probably due to the small 
number of potentially affected genes, but could also 
be due to the properties of mitochondria and chloro-
plasts that are discussed in BOX 1. The prevalence of stop 
codon reassignment is due to the naturally infrequent 
occurrence of stop codons and their comparatively high  
evolutionary flexibility (BOX 2).

Alterations to the molecular machineries required for 
codon reassignment. The global rules of genetic decoding 
are defined by the molecular components of the translation 
machinery. Recognition of sense codons and stop codons 
differ. Whether a particular sense codon is decoded 
as a specific amino acid depends on two molecules,  
a tRNA that recognizes that codon and an aminoacyl- 
tRNA synthetase (aaRS) that charges the tRNA with the 
amino acid (FIG. 2). Therefore, a change of sense codon 
standard meaning should involve either modification 
of existing tRNAs and/or aaRSs or their loss or gain 
through gene duplications or horizontal gene transfer.

Stop codons are recognized by class I release factor 
(RF) proteins that directly interact with mRNA inside the  
ribosome and trigger hydrolysis and the release of  
the nascent peptide. Thus, which codon is recognized 
as a stop codon primarily depends on the structure 
of the RF proteins and lack of competition from cog-
nate tRNAs. In most bacteria and organelles, there are 
two release factors that recognize stop codons semi- 
specifically: UGA and UAG are each recognized by 
only one specialized factor and UAA is recognized 
by both28. All known cases of codon reassignment in 
bacteria involve a loss of RF2, which recognizes UGA 
codons. This may not be accidental: a recent study of 
a large number of metagenomic sequences revealed 
many bacterial genes with reassigned stop codons 
that are exclusively UGA codons, suggesting that RF1, 
unlike RF2, may be indispensable for bacteria in the 
wild26. In the majority of characterized cases, UGA 
is reassigned to code for Trp5,29,30, but in uncultured 
SR1 bacteria found in marine and fresh-water envi-
ronments, as well as in human microbiota, UGA was 
recently shown to encode Gly26,31.

Evolutionary routes to codon reassignment. There are 
several non-mutually exclusive models for the process 
of codon reassignment20. The codon capture model32 
involves the disappearance of a rare codon accompanied 
by a loss or change of function of its decoder (for exam-
ple, UGA and RF2). The next step is the reappearance 
of the codon and its preferential decoding by a different 
molecule (for example, near-cognate reading of UGA 
by tryptophan tRNA, for which the cognate codon is 
UGG), followed by optimization of the new decoding. 
This model is supported by the existence of organisms 
with exceptionally rare codons in which the expression 
of the corresponding tRNAs is inessential for growth, 
for example, UUA in some Streptomyces species33. An 

Nature Reviews | Genetics

Ribosomal frameshifting in a 
human gene14

The twenty-second proteinogenic 
amino acid pyrrolysine16

Regulated genetic code18

The twenty-first proteinogenic 
amino acid selenocysteine11

RF2: frameshifting in a 
housekeeping gene12

Ribosomal frameshifting in viruses 
and transposons8–10

Pervasive stop 
codon readthrough 
in fruitflies17

Variant genetic codes in 
bacteria and cilliates5–7

Avery–MacLeod–McCarty 
experiment:
DNA is a carrier of 
genetic information

Crick central dogma:
DNA makes RNA makes protein

Nirenberg–Khorana experiments:
cracking the genetic code

Watson–Crick base pairing: 
templated replication of DNA

Crick–Brenner experiments:
the genetic code is triplet

Crick’s frozen accident:
The code is universal and 
unchangeable

Stop codon readthrough3

Translational
bypassing13

Trans-translation15

Byps19

1944

1953

1958

1961

1966

1968

1971

1979

1985

1986

1988

1995

1996

2002

2011

2012

2014

Freezing

Melting

Gly (G)

GGU
GGC
GGA
GGG

Asp (D)

Glu (E)

GAU
GAC
GAA
GAG

Ala (A)

GCU
GCC
GCA
GCG

Val (V)

GUU
GUC
GUA
GUG

AGU
AGC
AGA
AGG

Asn (N)

Lys (K)

Ser (S)

Arg (R)

AAU
AAC
AAA
AAG

Thr (T)

ACU
ACC
ACA
ACG

Ile (I)

Met (M)

AUU
AUC
AUA
AUG

Arg (R)

CGU
CGC
CGA
CGG

His (H)

Gln (Q)

CAU
CAC
CAA
CAG

Pro (P)

CCU
CCC
CCA
CCG

Leu (L)

CUU
CUC
CUA
CUG

Cys (C)
UGU
UGC
UGA
UGG

U
C
A
G

U
C
A
G

U
C
A
G

U
C
A
G

Tyr (Y)

Stop (∗)
Stop (∗)

Trp (W)
Stop (∗)

UAU
UAC
UAA
UAG

Ser (S)

UCU
UCC
UCA
UCG

Phe (F)

Leu (L)

G

A

C

U

UUU
UUC
UUA
UUG

GACU

Fi
rs

t l
et

te
r Third letter

b

Second lettera

Leaky frameshift mutant2

Variant genetic codes 
in organelles4

Figure 1 | Freezing and melting of genetic decoding. a | The standard genetic code. 
b | A timeline illustrating major events that shaped our current understanding of genetic 
decoding. Early discoveries that led to the formation of the universal principles of 
genetic decoding are shown in blue. More recent findings that have revealed evolvability 
and the flexibility of genetic decoding are shown in red.
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Codon redefinition
A local change of codon 
meaning that is dependent on 
the context in which it occurs.

Translational bypassing
A process in which ribosomes 
skip three or more nucleotides 
without decoding.

Fixed codon reassignment
A complete unconditional 
change of the standard 
meaning of a codon.

Standard meaning
The way the translational 
machinery interprets a codon 
(coding for a proteinogenic 
amino acid or a signal for 
translation termination) unless 
it occurs in a specific context.

Codon capture
An evolutionary event in which 
a codon that disappears from  
a genome reappears in its 
descendant and acquires a 
different standard meaning, 
thus leading to a variant 
genetic code.

example of extreme codon scarcity is the CGG codon 
that occurs only once in all protein-coding genes of 
Candidatus Carsonella ruddii34.

The ambiguous intermediate hypothesis35 proposes 
the existence of an intermediate ambiguous state, in 
which a codon has two meanings. A classic example of 
an ambiguous state is in Candida albicans in which the 
CUG-decoding tRNA can be aminoacylated by either 
seryl-tRNA synthetase or leucyl-tRNA synthetase. As a 
result, Leu and Ser are stochastically distributed in the 
Candida albicans proteome at positions corresponding 
to CUG codons36,37. Ambiguous decoding can be benefi-
cial. In response to oxidative stress in mammalian cells 
specific phosphorylation of methionyl-tRNA synthetase 
leads to increased methionylation of non-cognate  
tRNAs, which increases the amount of methionine in 
the proteome for protection against reactive oxygen 
species38,39. A recent example of a species of bacteria 
that uses two different genetic codes depending on the 
carbon source is described below. This suggests that a 
transition from one code to another does not require 
a ‘walk through a valley of low fitness’, as can be imag-
ined in the case of ambiguous decoding that leads to 
the synthesis of presumably harmful aberrant proteins. 
However, the organisms could have increased fitness in 
an environment with oscillating conditions by altering 
their proteomes to suit the changes. A scenario in which 
an organism evolves a regulated genetic code in response 

to a changing condition and fixes the new variant once 
the new condition becomes stable is plausible.

Regulated codon reassignment. Pyl is one of the two 
non-universal proteinogenic amino acids (the other is 
Sec) that are not specified by the standard genetic code. 
Pyl is found in methanogenic bacteria and archaea16 
and is incorporated at UAG codons. Unlike Sec incor-
poration (see below), Pyl incorporation uses standard 
elongation factors and does not require a specialized 
RNA structure40, although it has been reported that in 
certain contexts RNA structure affects the efficiency of 
Pyl incorporation41.

The extreme scarcity of UAG codons and alterations 
in the mRNA recognition domain of release factors in 
methanogenic archaea suggest that UAG is not an effi-
cient stop codon and that it is mostly used for the con-
stitutive incorporation of Pyl42. The frequency of UAG 
codons in Pyl-utilizing bacteria is much higher and simi-
lar to that of other stop codons. Moreover, as both release 
factors are present, UAG is expected to be recognized as 
a stop codon.

A recent discovery18 provides a clue as to why certain 
bacteria maintain UAG as a codon for Pyl and as an effi-
cient stop codon. Acetohalobium arabaticum, which lives 
in a saline marine environment, can use several differ-
ent sources of energy, including trimethylamine43. When 
trimethylamine is available, A. arabaticum expresses an 

Table 1 | Classification of different types of alternative genetic decoding events

What is affected?* 
(individual codons, 
protein length or both)

Competes with standard 
translation in a concurrent 
or temporal manner?‡

Examples

Global genomic distribution§

Sense codon No Codon reassignments that lead to variant genetic codes,  
see http://www.ncbi.nlm.nih.gov/Taxonomy/Utils/wprintgc.cgi

Yes Decoding of CUG as serine and leucine in some Candida species27

Stop codon  
(protein length is 
affected)

No Codon reassignments that lead to variant genetic codes,  
see http://www.ncbi.nlm.nih.gov/Taxonomy/Utils/wprintgc.cgi

Yes The meaning of UAG as a stop or Pyl in the genetic code of Acetohalobium arabaticum 
is dependent on the energy source18. During infection a phage-encoded RF2 alters the 
genetic code of its host26

Protein length Yes or No Ribosomal frameshifting in ciliates of the Euplotes genus158 and translation bypassing 
in mitochondria of Magnusiomyces capitatus19 are pervasive. However, it is not yet clear 
whether these processes are in competition with standard translation

Local genomic distribution§

Sense codon No No known natural examples

Yes Sec insertion in Euplotes species81

Stop codon  
(protein length is 
affected)

No Sec insertion at mRNAs encoding selenoproteins with multiple Sec residues  
is likely to be highly efficient76,77

Yes Sec insertion; stop-codon readthrough

Protein length No No known natural examples

Yes Ribosomal frameshifting; translational bypassing

Pyl, pyrrolysine; RF2, release factor 2; Sec, selenocysteine.*An alternative decoding event may alter the meaning of a single codon with no effect on downstream 
codons. It can also alter the length of the protein sequence by combining protein sequences that are encoded in overlapping or disjointed open reading frames 
(ORFs). A change of codon meaning from stop to sense ultimately creates an elongated proteoform. ‡The alternative decoding event could occur in competition 
with standard translation (concurrent or temporal) or it could be a principal process. §Alternative decoding may affect the expression of all or most genes within a 
genome (globally distributed) or only a subset of individual mRNAs that bear specific stimulatory elements (local events).
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Ambiguous intermediate
An evolutionary state in the 
history of an organism evolving 
a variant genetic code in  
which a particular codon has 
two standard meanings.

Regulated codon 
reassignment
A conditional change of the 
standard meaning of a codon.

Recoding
A process of context‑ or 
condition‑specific alteration  
of genetic decoding.

Stop codon readthrough
A redefinition of a stop codon 
to a sense codon irrespective 
of functional implications of the 
identity of the incorporated 
amino acid.

Proteoforms
Groups of sequence‑related 
proteins arising from the  
same mRNA.

SECIS element
(Sec insertion sequence 
element). An mRNA secondary 
structure that functions as  
a stimulatory element for 
selenocysteine (Sec) 
incorporation.

operon that is required for Pyl incorporation, but in the 
absence of trimethylamine the expression of this operon 
is turned off. Thus, A. arabaticum is capable of regulating 
the meaning of the UAG codon in response to environ-
mental conditions18. This marvellous example illustrates 
the ability of an organism to change its genetic code by 
using regulated codon reassignment without rewiring 
its genome.

Another startling example of a regulated genetic code 
has been proposed in a large metagenomic study of stop 
codon reassignments, which identified a bacteriophage 
that encodes RF2 in its genome, as well as a tRNA that 
recognizes UAG codons26. These bacteriophages infect 
bacteria lacking RF2 (with UGA being a sense codon). 
During the early stage of infection the virus expresses 
genes using the host genetic code in which UGA is a 
sense codon and UAG specifies stop. During the later 
stages of infection when the virus needs to shut off host 
protein synthesis and redistribute cellular resources to 
viral particle production, the virus expresses its RF2 
and UAG-recognizing tRNA genes, thus changing the 
genetic code to one in which UGA specifies stop and 
UAG is a sense codon26.

Local codon redefinition
The meaning of a codon can be changed in the context 
of a specific mRNA or at a specific location within the 
mRNA. To distinguish it from codon reassignment, this 
phenomenon is often termed codon redefinition and is 
considered to be a class of recoding events44 (see FIG. 2). 
Naturally, because codon redefinition takes place in the 
context of a single or a subset of mRNAs, these mRNAs 
should have specific properties or sequence elements 
that distinguish them from other mRNAs.

Stop codon readthrough. Stop codon readthrough is useful 
when there is a need to synthesize proteoforms with vari-
ant carboxy-terminal ends from the same mRNA (FIG. 3). 
Such a situation is highly beneficial for viruses in which 
stop codon readthrough can be used to economically 
encode a second product with a C-terminal extension 
(see REFS 45,46 for reviews). Until recently, stop codon 
readthrough had been reported only in a very small 
number of cellular chromosomal genes47–51. However, 
emerging evidence indicates that stop codon readthrough 
can be abundant during cellular gene translation. 
Phylogenetic analysis of protein-coding genes in 12 
Drosophila species revealed that sequences downstream of  
annotated stop codons have evolved under constraints 
of protein-coding selection in almost 300 genes17. This 
indicates that the encoded protein rather than the nucleo-
tide sequences of these regions are important for fruit-
fly fitness and therefore that these sequences are likely 
to be translated during certain stages of the Drosophila 
spp. life cycle. These predictions were confirmed by 
ribosome-profiling experiments that revealed an even 
greater number of Drosophila spp. genes with detectable 
stop codon readthrough52. Although frequent stop codon 
readthrough in these species may be an exception, the 
number of human genes with documented stop codon 
readthrough is also increasing53–56.

Translational termination is slower and less accurate 
than elongation. Moreover, its efficiency and accuracy 
are context dependent57–59. Thus, low-efficiency stop 
codon readthrough can be achieved in the absence of any 
sophisticated stimulatory structures. Sequence constraints 
as short as six nucleotides downstream of a stop codon 
are sufficient to achieve a readthrough efficiency that is 
significantly higher than background levels60. Selection for 
a weak termination context downstream of stop codons 
is evident among many stop codon readthrough genes; 
however, a higher efficiency of readthrough often involves 
additional elements such as RNA secondary structures61.

Selenocysteine incorporation. Sec is one of the two non-
universal proteinogenic amino acids and its incorpora-
tion into proteins is another type of codon redefinition. 
Sec is specified by UGA codons and, as with stop codon 
readthrough, this results in the synthesis of a protein 
with a C-terminal extension relative to the product 
of termination (FIG. 3). However, synthesis of differ-
ent lengths of alternative proteoforms is not the main 
purpose of Sec incorporation, as only the longest pro-
teoforms are believed to be functional. Rather, Sec is 
often incorporated into the catalytic centres of certain 
enzymes to improve their biochemical properties62,63.

The mRNAs of selenoproteins are specified by a 
special RNA secondary structure known as a SECIS  
element (Sec insertion sequence element). The structures 
of SECIS elements and their locations differ between 
bacteria and eukaryotes. They occur within the coding 
region of mRNAs in bacteria64 but are present in the 3ʹ 
untranslated regions (UTRs) in eukaryotes65, although 
yet another auxiliary structure (the Sec codon redefini-
tion element (SRE)) occurs within the coding regions 
of some eukaryotic selenoprotein-encoding mRNAs66,67.

Box 1 | Decoding plasticity in mitochondria

Global alterations of genetic decoding are frequent in mitochondria. Most known 
codon reassignments are found in mitochondria20, and pervasive translational 
bypassing of byps elements was also discovered in mitochondria19. Why are 
mitochondria so prone to changes to their genetic decoding? There could be several 
explanations, which are not mutually exclusive.

First, mitochondrial genomes are very small: the transfer of genetic material 
between mitochondrial and nuclear genomes predominantly occurs in one 
direction174, leading to extreme mitochondrial genome reduction. The genetic code 
used for decoding a small genome is easier to modify because a change in a codon 
meaning would affect fewer codons and fewer genes. Second, endosymbiosis 
isolated mitochondria from the outer world, making horizontal gene transfer (HGT) to 
mitochondria extremely unlikely to occur. Free-living microorganisms could use HGT 
to improve their genomes to suit particular environments by obtaining genetic 
material from other inhabitants of the same environment. However, to use the foreign 
genetic material, the recipient needs to use the same genetic language as the donor. 
This may create evolutionary pressure to maintain a universal genetic code. This 
pressure is unlikely to exist for organelles that cannot use HGT. Third, mitochondrial 
genome evolution is asexual, thus there is no mechanism for eliminating mildly 
harmful mutations, in contrast to evolution that involves sexual reproduction175.  
All these features allow for an increased diversity of molecular processes among the 
mitochondria of different organisms. However, some specific codon reassignments  
in mitochondria may also be beneficial. AUA reassignment from isoleucine to 
methionine occurred independently at least twice during eukaryotic evolution19.  
The resultant increase in methionine content in the mitochondrial proteome may 
protect mitochondria from their highly oxidative environment176.
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The SECIS element is obviously insufficient for this 
process to take place in any organism. The organism also 
needs to be able to synthesize Sec and to incorporate 
it into proteins. These steps involve the expression of a 
number of genes, including those coding for a special-
ized Sec-tRNA, as well as specialized elongation factors 
that bring Sec-tRNA to the ribosome and auxiliary fac-
tors that allow the recruitment of the Sec-tRNA to only 
SECIS-containing mRNAs (see REFS 68–72 for reviews). 
Acquisition of the Sec machinery in bacteria could be 
conceivably due to frequent horizontal gene transfer 
from bacteria in which the required genes are organized 
on a single operon73. In eukaryotes, spontaneous simul-
taneous transfer of all genes required for Sec specifica-
tion is unlikely; therefore, the predominant mode for the 
evolution of this trait is its loss, as is evident in certain 
yeast, nematodes74 and insects75.

The decoding of UGA as a Sec is not 100% effi-
cient, although it is expected to be highly efficient 
in selenoprotein P mRNA in which Sec is incorpo-
rated at multiple locations76. For example, seleno-
protein P in sea urchin has 28 Sec residues77. If we 
assume that the efficiency of Sec incorporation at 
each UGA is 90%, only approximately 5% (0.928) of 
the ribosomes that translate selenoprotein P mRNA 
would be able to synthesize the full-length protein, 
and the remainder would terminate on one of the 28 
UGA codons. Therefore, it has been hypothesized 
that Sec incorporation is only inefficient at the first 
UGA codon. Sec incorporation at this codon might 
serve as a checkpoint for the availability of factors that 
are required for Sec incorporation. The efficiency of 
all subsequent Sec incorporations would be close  
to 100%78.

The sensitivity of Sec incorporation to the avail-
ability of selenium varies among different selenopro-
tein mRNAs66. This allows the synthesis of particularly 
important selenoproteins at the expense of less impor-
tant ones under conditions of selenium deficiency. 
Interestingly, the same Sec insertion machinery can 
be used to incorporate standard Cys at UGA codons, 
albeit inefficiently79. This mechanism provides the pos-
sibility of synthesizing low levels of a full-length but 
Sec-depleted variant of a ‘selenoprotein’ even in the 
absence of selenium. Although less active, enzymes 
with a cysteine instead of Sec retain some activity62,63: an  
inefficient enzyme is better than no enzyme at all.

Sec is not always specified by a stop codon. In ciliates 
of the genus Euplotes, which possess the Sec machinery, 
the UGA stop codon is reassigned to code for cysteine80. 
Despite this reassignment, the SECIS structure in the 
3ʹ UTR of Euplotes spp. mRNA can, at UGA codons 
in specific locations in mRNAs, direct a proportion of 
the ribosomes to insert Sec instead of cysteine in the  
growing polypeptide81.

Clearly, UGA did not evolve to encode Sec after being 
globally reassigned to a sense codon in Euplotes spp.. In 
an ancestor of Euplotes spp. with UGA specifying stop, 
UGA was redefined in some mRNAs to specify Sec and 
only then was UGA-stop reassigned to UGA-Cys in the 
entire genetic code. Therefore, even this sense-to-sense 

Box 2 | The multitude of stop codon meanings

Stop codons are clearly the most versatile codons. Nearly all codon reassignments in 
non-mitochondrial genomes involve stop codons. Stop codons are frequently found 
in +1 frameshifting sites, a stop codon is required for translational bypassing in T4 
bacteriophage gene 60 and all known codon redefinitions involve stop codons (with 
the conspicuous exception of selenocysteine (Sec) insertion in Euplotes species81). 
See the figure for various examples of altered stop codon meanings. Stop codons  
are shown as red circles, and the different types of altered meanings are shown in 
green (for amino acid incorporations or translational bypassing) and grey (for 
frameshifting).

What makes stop codons so flexible? First, stop codons are the rarest codons in 
coding sequences. Genes that do not use alternative decoding in their expression 
need only a single stop codon. As a result, stop codons occur less frequently than 
most sense codons by an order of a magnitude. Furthermore, stop codon usage is 
often skewed177 and, as a result, a particular stop codon can be exceptionally rare. 
Thus, a codon reassignment of a stop codon may affect only a few codons in the 
genome. In addition, alteration of stop codon meaning is unlikely to dramatically 
change the properties of protein products. Stop codons are as frequent outside of 
coding regions as any other triplet, thus if a stop codon is decoded as a sense codon 
a corresponding protein will be extended by only a few amino acids, as another stop 
codon is likely to be found downstream.

The other important difference in the decoding of stop codons is that they are 
recognized by release factor proteins rather than by RNA molecules. In fact, the 
reason why they are recognized by proteins could also be due to their comparatively 
high evolvability. Release factors in eukaryotes and archaea do not share a common 
ancestor with those in bacteria, suggesting that the protein-based termination of 
translation is a relatively recent phenomenon and the last universal common 
ancestor (LUCA) used a different mechanism (perhaps RNA based) for the 
termination of protein synthesis. Because the termination of translation relies on 
protein factors, the mechanism of mRNA recognition is substantially different. 
Although release factors still recognize stop codons as triplets, they interact with 
larger regions of mRNA and thus the efficiency and accuracy of termination is more 
sensitive to the sequence downstream than in the case of strictly triplet tRNA 
decoding. As a result, the strength of stop codons varies substantially depending on 
the sequence downstream of stop codons57–59. Particularly weak codons are often 
used for stop codon readthrough or ribosomal frameshifting because the weak 
termination provides greater opportunities for competing processes.
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codon redefinition is a product of two evolutionary 
events, both involving a modification of stop codon 
meaning (BOX 2). However, this provokes the question 
of whether other sense-to-sense codon redefinitions 
may exist. It is comparatively simple to find codon 
redefinition events that involve stop codons owing to 
their dramatic effect on the decoded products (FIG. 3). 
It is easier to detect protein products for which size is 
substantially altered; it is also possible to use phyloge-
netic approaches for finding cases of stop codon redefi-
nition, as the nucleotide sequence downstream of the 
redefined stop codons is likely to exhibit signatures of 
protein-coding evolution17. Sense-to-sense codon redefi-
nition in Euplotes spp. was primarily discovered to satisfy 
scientific curiosity regarding how Sec is incorporated in 
Euplotes spp. in which UGA is not a stop codon, hence 
investigators knew exactly where to look81. If there are 
other cases of sense-to-sense codon redefinition, we do 
not know where to search for them. The benefit of rede-
fining the meaning of a codon from one standard amino 
acid to another standard amino acid at some positions 
of specific mRNAs is unclear, as the same could often 
be accomplished with less than three point mutations 
in DNA. The advantage of sense codon redefinition is 
obvious only in the case of the incorporation of non-uni-
versal proteinogenic amino acids. Although we cannot 
exclude the possibility that there is a twenty-third pro-
teinogenic amino acid21, so far it has not been found82,83.

Ribosomal frameshifting
Irrespective of the meaning of individual codons in a var-
iant genetic code, most proteins in all modern organisms 
are expected to be decoded as uninterrupted sequences 
of nucleotide triplets, with no gaps or overlaps between 
the codons. Ribosomal frameshifting (FIG. 3) is often 
described as programmed ribosomal frameshifting (PRF) 
when it occurs at a specific location in the mRNA, imply-
ing that the sequence of mRNA ‘programs’ frameshift-
ing to occur. There is a minority of genes the expression 
of which requires PRF for the synthesis of encoded 
proteins. Frameshifting may also affect the expression 
of other genes that encode proteins in the standard 
triplet manner. In this case, the synthesis of encoded 
full-length protein would be abolished. Because of the 
opposing effects of frameshifting on gene expression, 
we propose that productive PRF and abortive PRF need 
to be distinguished and separately defined, therefore  
we describe them in different subsections below.

Productive PRF. The requirement for ribosomal 
frameshifting is especially common in viral decoding, 
where it is sometimes used for the same purpose as stop 
codon readthrough; that is, to generate proteoforms with 
alternative C termini and different functional properties.

Owing to the sensitivity of ribosomal frameshifting 
to cellular conditions it is often used for regulatory pur-
poses. In this case, the synthesis of a functional product 
depends on ribosomal frameshifting, whereby the prod-
uct of standard translation is usually dysfunctional and 
the efficiency of frameshifting is regulated. One such 
example is the decoding of bacterial release factor 2 (RF2) 
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Figure 2 | Components that shape alternative genetic decoding. The figure 
illustrates a distinction between codon reassignment and recoding, which are 
sometimes confused in the literature. Collective representation (assembled from 
several examples from different organisms) of stop codon reassignment (part a)  
and recoding (part b) is shown. Different ways by which codon meaning can be 
reassigned, as exemplified by the AGA codon (part a), are shown. This codon is 
known to have four different meanings depending on the variant genetic code used 
in the corresponding organism. Codon reassignment can originate as a result of 
changes in tRNAs, aminoacyl-tRNA synthetases (aaRSs) or release factors (RFs), 
although it may also involve other components, as exemplified by AGA reassignment 
to stop codon in vertebrate mitochondria. Codon reassignment affects the 
expression of all genes in the organism that use the reassigned codon. Two recoding 
events are shown (part b). Codon redefinition (left) is exemplified with a schematic  
of selenocysteine (Sec; single letter code U) insertion at UGA codons in eukaryotes, 
which requires a Sec insertion sequence (SECIS) element in the 3ʹ UTR, a specialized 
tRNA, an elongation factor eEFSec and auxiliary protein SECIS-binding protein 2 
(SBP2). Ribosomal frameshifting (right) is shown as a collective representation of 
several frameshifting events. Shine–Dalgarno interactions with ribosomal RNA 
stimulate frameshifting in bacterial release factor 2 mRNA decoding. A stimulatory 
downstream RNA pseudoknot structure is present in many eukaryotic antizyme 
mRNAs. Frameshifting in antizymes is also known to be sensitive to polyamine 
concentration. These examples illustrate how (in contrast to codon reassignment), 
recoding events are dependent on favourable sequence contexts that locally alter 
the interpretation of the codon sequences.
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Programmed ribosomal 
frameshifting
(PRF). Ribosomal frameshifting 
that is programmed (by a 
sequence context) to occur  
at a specific mRNA location.

Productive PRF
Programmed ribosomal 
frameshifting (PRF) that is 
required for the production of 
a functional protein product.

Abortive PRF
Programmed ribosomal 
frameshifting (PRF) that  
results in the synthesis of 
dysfunctional protein products 
or in the downregulation of 
functional protein synthesis.

Purifying evolutionary 
selection
The removal of 
disadvantageous traits.  
In the case of protein‑coding 
sequences it results in a  
higher rate of synonymous 
substitutions relative to 
non‑synonymous substitutions.

mRNA, for which the product of its translation, the RF2 
protein, inhibits frameshifting and thus downregulates its 
own expression through a negative feedback loop12. This 
mechanism is highly conserved and operates in the vast 
majority of bacteria84,85. In eukaryotes, frameshifting in 
antizyme mRNAs is dependent on the concentration of 
polyamines14 the synthesis and uptake of which is regu-
lated by antizyme proteins, and this mechanism operates 
in all sequenced antizyme genes with the exception of 
antizyme in Tetrahymena spp.86. It was recently discov-
ered that the mechanism of response to antibiotics also 
involves frameshifting in some bacteria87.

Thus far, numerous examples of productive PRF 
have been well documented and extensively studied 
and may be found in all or almost all organisms (see 
REFS 22,45,88–93 for selected comprehensive reviews). 
However, recent years have been particularly fruitful for 
discovering novel cases of productive PRF owing to the 
abundance of sequenced genomes, which have allowed 
powerful comparative sequence analyses. These compar-
ative analyses can provide clear evidence of frameshifting 
functionality by detecting purifying evolutionary selection 
acting on either the sequence that is required for efficient 
ribosomal frameshifting or the protein-coding region 
that requires upstream frameshifting for its expres-
sion94. This approach permitted the identification of a 

number of novel ‘hidden’ genes in viruses that require 
a frameshifting event for their expression95–101, including 
one in influenza A102,103.

Similar analyses of bacterial genomes revealed 
numerous genes that are under the control of riboso-
mal frameshifting; these genes predominantly occur in 
transposable elements and prophages23–25. As in bacteria, 
the majority of eukaryotic nuclear genes that are known 
to use frameshifting in their expression are in trans-
posable elements or their derivatives104. In humans, for  
example, only five genes that require frameshifting  
for their expression are currently known: three ornith-
ine decarboxylase antizyme paralogues (OAZ1, OAZ2 
and OAZ3)86 and two transposon-derived genes PEG10 
(REF. 105) and PNMA3 (REF. 106). Although it is likely that 
many cases of productive PRF are still undiscovered, it 
is also likely that productive PRF is very rare among 
non-mobile chromosomal genes in most organisms 
(see below for a noticeable exception involving pervasive 
frameshifting in Euplotes spp.). For instance, comparative 
sequence analysis of insect genomic sequences revealed 
only four genes with overlapping coding regions that 
might be expressed through PRF107. Only one of these 
genes, which encodes a homologue of the human tumour 
suppressor adenomatous polyposis coli (APC), was con-
firmed to use ribosomal frameshifting for the expression 
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Frameshifting site
(Also known as frameshift site 
and shift site). A sequence in 
which ribosomal frameshifting 
takes place. It includes codons 
in the A‑ and P‑sites of the 
ribosomes just before and after 
the frameshifting. It is useful to 
describe the sequence of the 
frameshifting site denoting 
codons in the original and new 
frames, for example,  
C.UU_A.GG_C. Such 
representation unambiguously 
reflects the direction (minus or 
plus) as well as the mechanism  
of frameshifting (+1, +2,  
and so on)

Stimulatory element
An mRNA element that is 
required for the efficient local 
alteration of genetic decoding.

P‑site
The ribosomal site that 
accommodates the 
peptidyl‑tRNA carrying  
the growing polypeptide chain.

Isoacceptor
One of a group of tRNA 
species carrying the same 
amino acids but with different 
anticodon sequences

of an alternative proteoform108. The ribosome profiling 
(ribo-seq) technique 109 allows the determination of the 
positions of the translating ribosomes on mRNA in vivo 
and with sub-codon resolution. Thus, it can be used for 
detecting which reading frame is translated in mRNA. 
Ribo-seq data obtained in yeast and in human cultured 
cells did not reveal abundant ribosomal frameshifting, 
although it confirmed some of the previously identified 
cases and revealed a number of sequences that are trans-
lated in more than one frame110. Low sequence cover-
age in early ribo-seq data limited the predictive power  
of this technique, although perhaps future applications of 
similar methods will become more fruitful at identifying  
novel instances of ribosomal frameshifting.

Abortive PRF. Ribosomal frameshifting does not neces-
sarily lead to the synthesis of functional products. When 
frameshifting occurs it leads to the synthesis of aberrant 
products owing to limitations of translation accuracy. 
Thus, it is expected that frameshift-prone sequences 
should be avoided in most coding regions. Indeed, a 
strong evolutionary selection is observed that elimi-
nates sequences that are strongly prone to frameshift-
ing in protein-coding genes111. Such selection is also 
observed for some112, but not all, weakly frameshift-
prone sequences113–115, and in both cases they are 
frequently found among coding regions112–115. These pat-
terns of occurrence suggest that abortive frameshifting 
at low frequency might also be beneficial for regulatory 
purposes under certain conditions. Such frameshifting 
has been shown to reduce the stability of those mRNAs 
where it occurs, thus downregulating the expression 
of the encoded proteins116. Moreover, such abortive 
frameshifting regulated by miRNAs was reported in a 
human gene, the HIV-1 co-repressor CCR5 (REF. 117).

Frameshifting sites, stimulators and attenuators. Perhaps 
one of the reasons why ribosomal frameshifting is wide-
spread as a local decoding alteration is its responsiveness 
to the sequence elements within an mRNA. Most cases 
of ribosomal frameshifting require a combination of a 
frameshifting site (a specific mRNA sequence in which 
frameshifting takes place) and a stimulatory element (a 
sequence in the same mRNA that increases the efficiency 
of frameshifting).

With the exception of the cases described below, 
frameshifting sites alone are insufficient to trig-
ger efficient frameshifting and they require one or 
more stimulatory elements embedded in the mRNA. 
Stimulatory elements can be of diverse types. In bac-
teria, mRNA complementary to ribosomal RNA may 
facilitate frameshifting in the +1 as well as in the –1 
directions118–120. Nascent peptides are also known to 
modulate ribosomal frameshifting121,122. The largest 
class of stimulators are RNA secondary structures: 
stem-loops123–125, simple126 and relatively complex RNA 
pseudoknots containing extra stems127–129, or triple 
helices130,131, kissing loops132, G-quadruplexes133,134 or 
long-range interactions135,136 (see REFS 22,137–139 for 
reviews). mRNA interacts with various cellular compo-
nents, and these interactions may alter the stimulatory 

properties of particular structures or sequences. Both 
protein molecules140 and nucleic acid molecules117,141,142 
have been shown to modulate frameshifting in trans. 
The dependence of frameshifting on stimulatory ele-
ments, as well as the responsiveness to cellular condi-
tions, provides translation with a powerful regulatory 
mechanism. Fine regulation can be achieved through 
the balance between positive and negative regulators; 
therefore, it is reasonable, though nonetheless sur-
prising, that in addition to stimulators, there are also 
attenuators of frameshifting129,143,144. The remarkable 
way in which such an attenuator operates was described  
in the Saccharomyces cerevisiae OAZ1 antizyme gene, 
where it has been proposed that a nascent peptide in 
the exit tunnel promotes ribosome stalling at the end 
of antizyme open reading frame 2 (ORF2) in the pres-
ence of high polyamine levels. A hypothesis is that 
the resultant ‘pile up’ of ribosomes promotes the ter-
mination of ribosomes at the ORF1 stop codon, thus  
reducing frameshifting efficiency143.

Frameshifting at triplet repeats. The frameshift-
ing observed during the translation of certain triplet 
repeats145–148 cannot be described as a combination of a 
frameshifting site and its stimulator. In this case, it is 
difficult to clearly distinguish the stimulator from the 
frameshifting site because frameshifting can take place at 
more than one location in the sequence, which can also 
serve as a stimulator. Decoding a long sequence of con-
secutive codons corresponding to the same tRNA could 
lead to the depletion of the charged tRNA in the vicin-
ity of the ribosome, meaning that the frameshifting on 
such repeats is sensitive to tRNA concentration148. This 
is consistent with a role for frameshifting as a sensor of 
cellular conditions.

Universal frameshifting. In some circumstances, stim-
ulators are not needed for efficient frameshifting. In 
S. cerevisiae, up to 40% efficient +1 frameshifting can 
occur at C.UU_A.GG_C (underscores denote codon 
boundaries in the initial reading frame and dots denote 
codon boundaries in the shifted reading frame)149. The 
high efficiency of frameshifting can be explained by a 
simple kinetic model: upon tRNA slippage from CUU 
to UUA at the P‑site, translation could quickly con-
tinue in the new frame owing to a high concentration 
of tRNA cognate for the +1 frame GGC, and transla-
tion in the original frame is slowed owing to the scarcity 
of tRNA cognate to zero frame AGG150. Frameshifting 
at C.UU_A.GG_C was initially found to be used in 
transposon Ty1 (REF. 151) and was also later found to be 
required for the synthesis of ABP140 (REF. 152). A few 
codons in addition to CUU were found to promote 
unusually efficient frameshifting when in the P-site153. 
For all these codons, tRNAs with optimal codon– 
anticodon base pairing are lacking in S. cerevisiae, and 
there is evidence that frameshifting is strongly promoted 
by the incorporation of near-cognate isoacceptor tRNAs 
at corresponding codons154.

Therefore, +1 ribosomal frameshifting at these hepta-
meric high-efficiency frameshift sequences is a specific 
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A‑site
The ribosomal site that 
accommodates either the 
aminoacyl‑tRNA carrying  
the next amino acid to be 
added to the growing 
polypeptide chain or a  
release factor.

Byps
Non‑coding gaps in mRNAs  
of mitochondria (in 
Magnusiomyces capitatus and 
related species) that escape 
decoding through frequent 
translational bypassing.

Trans‑translation
A process in which a single 
protein is translated from two 
mRNA molecules as templates.

feature of S. cerevisiae and could be regarded as a fea-
ture of its genetic code. This feature affects the evolution 
of all genes in the genome because the occurrence of 
strong frameshift-prone heptameric sequences would 
be highly detrimental to the accurate protein synthesis 
of genes that do not require frameshifting. As a result, 
these frameshift-prone heptamer sequences are the  
rarest heptamers in coding regions of S. cerevisiae111.

Another case for frameshifting as a universal feature 
of the genetic code has been proposed for vertebrate 
mitochondria in which there are no tRNAs that rec-
ognize AGA and AGG codons. These were believed to 
be stop codons in the genetic code of vertebrate mito-
chondria. Temperley et al.155 suggested that AGG and 
AGA codons are not recognized by termination fac-
tors, but that they instead promote –1 frameshifting 
at N_NN.U_AG.G and N_NN.U_AG.A (where N is 
any nucleotide). This places the A‑site of the ribosome 
at the overlapping UAG stop codons. If this is true, the 
vertebrate mitochondrial genome could be described as 
non-triplet, with AGG and AGA codons as signals for 
–1 frameshifting rather than specifying amino acid or 
stops. However, evidence has also been provided that 
AGG and AGA may be recognized as stop codons by 
mitochondrial release factors156.

More recently, the frameshifting-based model has 
been challenged by a study suggesting that the nascent 
peptide chain is released from the stalled ribosome with 
the aid of ICT1, a general rescue factor of stalled ribo-
somes in mammalian mitochondria157. Irrespective of 
whether Temperley’s elegant hypothesis is right, it pro-
vides an intriguing scenario for the existence of genetic 
codes with non-triplet features.

Pervasive frameshifting. Ribosomal frameshifting is 
usually very infrequent. This is true even in organisms 
with universally strong frameshifting patterns, such as 
C.UU_A.GG_C in S. cerevisiae, because despite their 
high frameshifting efficiency these heptamers occur only 
rarely in the genome. By contrast, ribosomal frameshift-
ing in Euplotes spp. ciliates is widespread. Analysis of 
the sequence and expression of several Euplotes genes 
revealed that the frequent presence of frameshifting was 
strongly associated with A.AA_U.AA_N and its minor 
variant A.AA_U.AG_N. It has been estimated that 
frameshifting is likely to occur in the decoding of 10% 
of all Euplotes genes158. As described above, the Euplotes 
genetic code is a variant one with the UGA stop codon 
reassigned to cysteine. The current explanation for  
the high frequency of frameshifting in Euplotes is that the  
alteration of the mRNA-recognition properties of  
the Euplotes release factors required for the reassignment 
also weakens the recognition of UAG and UAA codons. 
Inefficient termination at these codons could favour 
an alternative event, ribosomal frameshifting at AAA 
codons159. It remains unclear, however, whether all occur-
rences of A.AA_U.AA_N and A.AA_U.AG_N sequences 
lead to frameshifting in Euplotes, and the efficiency of 
this process is also unknown. Whether these sequences 
are the only sequences to promote frameshifting  
in Euplotes is not known.

Unusual disruptions of triplet continuity
Translational bypassing. What happens during the 
translation of bacteriophage T4 gene 60 could be 
described as a +50 frameshift, as two codons that encode 
a pair of adjacent amino acids in its protein product 
are separated by a 50-nucleotide-long non-coding gap 
(FIG. 3). Ribosomes suspend translation at a specific gly-
cine codon and resume translation at another glycine 
codon that is 50 nucleotides downstream. This case was 
discovered in 1988 (REF. 13) (FIG. 1b), and until recently 
was the only known example of translational bypassing 
(also known as ribosomal hopping). Intensive research 
into the molecular mechanism of translational bypass-
ing revealed a complex nexus of stimulatory elements 
within the mRNA, including an enigmatic requirement 
for a stop codon at the start of the non-coding gap to 
be dynamically folded into an RNA secondary struc-
ture and a role for the specific sequence of the nascent 
peptide160–164.

The rarity of this case, combined with the complex-
ity of the sequence elements involved, seeded doubt 
about the existence of other examples of translational 
bypassing. However, likely candidates have recently 
been identified in bacteriophages infecting Streptomyces 
species165, with the most striking examples of transla-
tional bypassing found in the mitochondria of the yeast 
Magnusiomyces capitatus19. The transcriptome of these 
mitochondria contains dozens of untranslated regions of 
various sizes, which were termed byps to indicate their 
relationship to the translational bypassing in decod-
ing bacteriophage T4 gene 60. The exact sequences of 
byps vary, although they share certain features with 
the primary as well as the secondary RNA structure19. 
Bypassing at M. capitatus byps does not occur when the 
corresponding sequences are expressed in Escherichia 
coli and hence is likely to require specific features of the 
M. capitatus translational machinery19. Byps are prob-
ably mobile genetic elements and it is likely that the 
M. capitatus translational machinery evolved the ability 
to avoid them during translation so that the insertion 
of byps into a coding region would not be deleterious19.

Trans-translation. The term trans‑translation describes 
the translation of two messenger RNAs into a single 
polypeptide (FIG. 3). Most bacteria use trans-translation 
to manage truncated mRNAs that lack stop codons. 
Ribosomes that stall at the end of truncated mRNAs 
are recognized by elongation factor EF-Tu in a com-
plex with a molecule known as tmRNA (transfer and 
messenger RNA). tmRNA functions as a tRNA, as it 
is charged with an amino acid that is then transferred 
onto the nascent peptide in the stalled ribosome. It also 
functions as an mRNA, as it contains a short ORF that 
is decoded after its incorporation into the ribosome. 
The tmRNA ORF encodes a signal for protein degrada-
tion, thus allowing the cell to destroy potentially toxic 
products of truncated mRNAs and also to recycle the 
stalled ribosomes (see REFS 166,167 for reviews and 
the database of tmRNA sequences168). This system is 
remarkably conserved in bacteria and has been lost 
only in a few highly reduced genomes169. Therefore, 
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StopGo
(Also known as Stop‑Carry on). 
A process in which the 
production of a polypeptide 
chain is interrupted at a 
specific place while triplet 
mRNA decoding continues. 
This results in the production 
of two protein products from a 
single open reading frame.

trans-translation may be described as a global fea-
ture of genetic decoding in organisms with tmRNA, 
as it universally adds a particular peptide sequence to 
any protein product of a translated ORF that lacks a 
stop codon.

StopGo. StopGo (also known as Stop-Carry on) allows 
two separate peptides to be produced from the same 
ORF (FIG. 3). It was first characterized in an aphtho-
virus, foot-and-mouth disease virus (FMDV), where it 
occurs during the decoding of a polyprotein-encoding 
mRNA170,171. In this case, ribosomes decode codons 
according to the standard genetic code and in a triplet 
manner. However, the continuity of decoding is dis-
rupted by a break at a specific location. The function of 
this event is parallel to the proteolytic cleavage at specific 
sites in other viral polyproteins, but with StopGo there is 
no requirement for a protease.

Conclusions and future perspectives
In this Review, we have focused on alternative genetic 
decoding that occurs during translation elongation. 
Parallel mechanisms can also be used during tran-
scription or translation initiation, and we discuss these 
briefly in BOX 3. However, the remarkable flexibility of 
genetic decoding is evident from the examples discussed. 
Genetic decoding can be globally altered as a result of 
modifications to the translation machinery or locally 
altered in specific mRNAs that evolve special sequence 
elements to alter their decoding and to regulate their 

own translation. A crucial aspect of alternative genetic 
decoding is its relevance to synthetic biologists who can 
take advantage of genetic decoding plasticity to con-
struct regulatory and sensory genetic modules. Synthetic 
organisms with genetic codes that are not found in 
nature are also now being generated172,173.

It is unlikely that we are aware of all the ways in which 
genetic decoding can be altered in nature, and future 
discoveries will undoubtedly continue to surprise and 
inspire us. Comparative sequence analysis may help us to 
reveal alternatively decoded genes that are currently hid-
den from our sight because they do not fit the standard 
gene models that are used for the identification of protein- 
coding genes. However, it is unlikely to reveal the entire 
spectrum of recoded genes. The power of comparative 
sequence analysis is limited by the range of species. With 
higher eukaryotes a problem lies in deconvoluting the 
signatures of evolution in protein-coding regions in 
the presence of alternative splicing. Complementary 
experimental techniques for the genome-wide analy-
sis of protein synthesis, such as ribosome profiling, 
have also emerged. Although for many recoded genes 
it may be difficult to find conditions in which they are 
expressed, combinations of genome-wide phylogenetic 
and biochemical approaches are already accelerating 
the discovery of new cases. The growing repertoire of 
alternative genetic decoding events will ultimately chal-
lenge the way in which we annotate genes and genomes 
and how we represent protein-coding information in 
sequence databases.
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b  Parallels between alternative initiation and stop codon readthrough
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RNA

RNA

RNA

DNA
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a  Parallels between transcriptional slippage and translational
frameshifting

Box 3 | Transcriptional recoding and alternative initiation of translation

The focus of this Review is on alternative decoding events that take  
place during translation elongation or termination. However, there are  
many pre-translational events (occurring co-transcriptionally or post- 
transcriptionally) that alter genetic decoding in similar ways. C-to-U and 
A-to-I RNA editing may change the meaning of a codon template in DNA (see 
REFS 178–180 for reviews). Pseudouridinilization of mRNA181 affects decoding 
in a complex way and could result in the readthrough of stop codons 
containing a pseudouridine182.

Programmed transcriptional realignment (PTR) affects decoding similarly to 
programmed ribosomal frameshifting (PRF), and these two mechanisms are 
easily interchangeable, potentially via a single nucleotide mutation (see the 
figure, part a). The use of PRF and PTR in orthologous genes was first revealed 
in dnaX183.

Alternative initiation of translation is analogous to stop codon readthrough 
in the sense that both generate multiple proteoforms, but with variant amino 
termini in the case of alternative initiation and carboxyl termini in the case of 
stop codon readthrough (see the figure, part b). Alternative translational 
initiation is a widespread phenomenon with important implications for gene 
expression. Many human genes contain evolutionarily conserved 
protein-coding non-AUG-initiated extensions in their 5′ leaders184, and 
repeat-associated non-AUG initiation is implicated in human 
neurodegenerative disorders185–187.
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