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SUMMARY

The nearly universal standard genetic code is one of the strongest indications for the common ancestry of all 
extant life. Yet new code variants representing different combinations of codon reassignments have been 
and continue to be discovered with regular frequency. Recently, many man-made codes have been gener-

ated that direct the incorporation of unnatural amino acids, allowing for biocontainment and viral resistance. 
However, evolutionary and synthetic biologists often seem to be unaware of the developments in the other 
camp’s field. Here we attempt to bridge this gulf and provide an updated overview of different codon reas-

signments and genetic code variants reported to occur naturally in organisms and their organelles, both now 
containing over 50 examples. We review the highly expanded range of departures from the standard genetic 
code, highlighting previously unanticipated code forms and their molecular underpinnings. To account for 
cases when a codon has a different meaning depending on its context, such as in variants with no dedicated 
termination codons discovered over the past decade in protists, we introduce the concept of codon homon-

ymy. Considering this new appreciation for the prevalence of genetic code diversity, we also revisit the ques-

tions of how and why genetic codes get altered in evolution. Finally, we summarize the current status of ar-

tificially redesigned genetic codes, which are increasingly deviating from natural code alterations, opening up 
completely novel translational possibilities.

Introduction

The genetic code is as essential to understanding biology as the 

periodic table is to understanding chemistry. In chemistry, 94 

known elements occur naturally, whereas 25 have been gener-

ated by humans within a bit over a century 1 . For the genetic 

code, things are very different: one version, the canonical or 

standard genetic code, predominates, yet over 50 natural alter-

natives have been identified, although most are rare (Table S1), 

and the rate of discovery is plateauing, despite the enormous 

growth of relevant datasets. However, the number of alternative 

man-made genetic codes is growing rapidly 2–7 . Presumably, 

some novel, naturally occurring alternative genetic codes remain 

to be discovered, but they will be swamped by the number of 

artificial versions generated. Indeed, synthetic biology allows 

us to generate almost endless combinations of the genetic 

code variations with different aims, such as providing barriers 

to viral infections, prevention of unwanted horizontal gene trans-

fer from genetically modified organisms, and incorporation of

non-standard amino acids 8–11 .

The genetic code is a set of rules used by cells to translate in-

formation encoded by mRNAs into the amino acid sequence of 

proteins. The complete elucidation of the standard genetic

code belongs to the key discoveries of the 20 th century. It is 

now textbook knowledge that the coding sequence is inter-

preted during translation as a series of non-overlapping nucleo-

tide triplets, called codons, each designating either one of the 20 

common proteinogenic amino acids, or serving as translation 

termination signals (UAA, UAG, UGA) that are recognized by 

release factors instead of tRNAs 6,12 . Four different nucleotides 

give 64 possible codons, making the standard genetic code 

necessarily degenerate, most amino acids being specified by 

multiple (two to six) synonymous codons (Figure 1). Of course, 

translation guided by the genetic code refers to only a single 

part of the process by which genes are decoded. Other aspects, 

including the maturation of transcripts by cis- and/or trans-

splicing, RNA editing, and 3’-end processing and polyadenyla-

tion 13,14 , can influence the coding region before it is interpreted 

during translation. Of note, translation initiation (that is, start 

codon selection) is also governed by rules independent of the 

genetic code sensu stricto 15–17 . Occasionally, a codon other 

than the ‘standard’ AUG is used to initiate translation in both pro-

karyotes and eukaryotes 18,19 . In such instances, identical initi-

ator tRNAs decode different initiation codons, ignoring ‘normal’

rules of codon–tRNA pairing that operate during elongation 18,19 .

ll

R1104 Current Biology 35, R1104–R1126, November 17, 2025 © 2025 Elsevier Inc.
All rights are reserved, including those for text and data mining, AI training, and similar technologies.

mailto:d.speijer@amsterdamumc.nl
mailto:marekelias1978@gmail.com
https://doi.org/10.1016/j.cub.2025.09.071
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2025.09.071&domain=pdf


Molecular implementation of the standard genetic code is 

understood in great detail because of its virtual universality, 

straightforward logic, and mechanistic elegance: tRNAs car-

rying a specific amino acid have anticodons that base pair 

with the right set of codons. The identity of the amino acid car-

ried by a particular tRNA is defined predominantly by dedicated 

aminoacyl-tRNA synthetases (herein referred to as synthe-

tases), which charge one or several tRNAs with a specific amino 

acid 20 , though an alternative route exists in some cases (Box 1). 

The interaction between the tRNA’s anticodon and mRNA’s co-

dons is commonly extended by wobble base-pairing of the third 

codon/first anticodon position, which allows a tRNA to recog-

nize and bind to multiple (synonymous) codons encoding the 

same amino acid. Consequently, the number of distinct tRNAs 

employed by a given translation system is usually substantially 

lower than the number of codons, but often not near the theo-

retical minimum, because of the existence of so-called isoac-

ceptor tRNA species carrying identical amino acids, but pairing 

with different codons. In eukaryotes we typically find ∼45 iso-

acceptor tRNAs 21 . The copy number of different tRNA genes
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Figure 1. Standard genetic code table.

The standard 64 triplets are shown. Of these, the 
19 triplet combinations that are known to have 
been naturally reassigned anywhere in the tree of 
life are indicated in colours, reflecting where they 
have been found. Of note, UAG reassignment in 
Bacteria is presently restricted only to the poly-

semous decoding as Pyl parallel to the standard 
translation termination; see main text. For 
simplicity, the homonymous UGA decoding as 
Sec, which we consider to be part of the standard 
genetic code (Box 1), is not indicated.

varies as well, with single tRNA-species

genes predominating in prokaryotes

and a steady increase in copy numbers, 

correlating with genome size, in eukary-

otes 22 . A rich assortment of base modifi-

cations further impacts the specificity of 

codon–anticodon pairing, either extend-

ing or restricting the possible combina-

tions allowed 23,24 . Translation of the 

nucleotide sequence is accomplished 

by ribosomes and suites of translation 

factors, linking amino acids in the order 

specified by mRNAs 25 . Amino acid-

charged tRNAs consecutively match 

single codons in the ribosomal A-site, 

followed by peptide-bond formation in 

its P-site, and exit of the de-acetylated 

tRNA via the E-site. Termination of trans-

lation is mediated by release factors, 

binding to stop codons and subse-

quently liberating the completed poly-

peptide from the tRNA that paired with 

the preceding codon.

The operation of the genetic code

described above is, as usual in biology, 

an idealization of the real state of affairs. 

Complicating the picture is inherent molecular noise (reflecting 

the stochastic nature of molecular interactions) that limits de-

coding fidelity. Thus, with a certain frequency, unintended 

amino acids are introduced into nascent polypeptides, transla-

tion terminates prematurely, and/or termination codons are 

read through 26–29 . The frequency of such translation errors 

(the mistranslation rate) may fluctuate, for example, during 

stress or disease 26,30 , but also varies between different organ-

isms. For example, synthetases are normally endowed with ed-

iting domains that selectively remove a non-cognate amino-

acyl-adenylate (pre-transfer editing) or a non-cognate amino 

acid from tRNA (post-transfer editing) 31 . However, certain 

endobiotic or parasitic bacteria and eukaryotes exhibit edit-

ing-domain degeneration, resulting in increased tRNA mis-

charging and mistranslation 32,33 (Box 2). Naturally occurring 

human tRNA gene variants can cause mistranslation as 

well 34 . It is debated whether the increased proteome diversity 

resulting from such mistranslation is adaptive 35 or whether, in 

general, it merely reflects limitations of selection in imposing

higher translational fidelity 36,37 .
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Box 1. The standard genetic code and Theseus’s paradox.

The common definition of the standard genetic code is that it is the most widespread genetic-code variant tabulated as shown in 

Figure 1. However, this representation ignores the commonly occurring UGA homonymy, that is, the alternative context-dependent 

decoding of the codon as Sec (selenocysteine). Conservation and broad phylogenetic distribution of components allowing seleno-

cysteine utilization via UGA recoding attest to its presence already in the last universal common ancestor (LUCA). We thus argue that 

the SECIS element–SelB-dependent UGA decoding forms part of the standard genetic code. From this perspective, organisms (and 

organelles) that secondarily lost this feature exhibit a non-standard genetic-code variant. But what about UAG as the (polysemous) 

stop and pyrrolysine (Pyl) codon? Here the situation is more complicated. The phenomenon occurs in only some archaeal and bac-

terial lineages and seems easily explained by a later origin and subsequent horizontal gene transfer-mediated dissemination, were it 

not for phylogenetic evidence of the Pyl-tRNA synthetase being as ancient as other aminoacyl-tRNA synthetases 195 . Maybe the Pyl 

incorporation machinery and genes relying on it were present in the LUCA’s ancestors, surviving in some descendant lineages but 

not in the LUCA itself. Such ‘sister’ lineages could then have donated the Pyl machinery to some of the LUCA’s descendants before 

going extinct 195 . According to this hypothetical scenario, Pyl encoding would be ancient but not part of the standard genetic code. 

But there are deeper problems with the standard genetic code concept: although codon meaning generally remains constant, un-

derlying components and mechanisms have continued evolving since the LUCA. Release factors in bacteria compared with 

archaea and eukaryotes are non-homologous, despite their roughly similar structure (mimicking a tRNA shape) and sharing a 

conserved motif involved in the liberation of the completed polypeptide chain from the final tRNA 52,53 . In eukaryotes and archaea, 

a single release factor operates whereas, counterintuitively, bacteria and organelles employ two unrelated release factors. Which 

of these two alternative mechanisms is the ancestral one remains unclear; it was even speculated that the LUCA utilized a tRNA-

like RNA terminator, which was later independently replaced by the proteinaceous release factors 53 .

The mechanisms of producing the same aminoacyl-tRNA species may also vary. For glutamine, asparagine, and cysteine, the 

respective aminoacyl-tRNAs are synthesized either directly by dedicated synthetases or indirectly by charging the tRNA with a 

precursor amino acid (glutamate, aspartate, and phosphoserine, respectively) followed by a modification of the aminoacyl moiety 

by a dedicated enzyme 196,197 . Whereas the production of these three aminoacyl-tRNAs occurs via the direct route for use during 

cytoplasmic translation in eukaryotes, prokaryotes and organelles vary in their deployment of direct and indirect pathways, indi-

cating a complex evolutionary history involving horizontal gene transfer and replacements. The synthetase dedicated to the pro-

duction of Gln-tRNA (GlnRS) seems to be a eukaryotic innovation that was subsequently introduced into several bacterial lineages, 

including γ-proteobacteria, replacing the ancestral indirect mechanism 197,198 . It is striking to realize that translation in E. coli, the 

prototypical bacterium, relies on a component invented by eukaryotes! Alternatives exist also when direct pathways of aminoacyl-

tRNA synthesis are compared. For example, there are two unrelated synthetase forms dedicated to lysyl-tRNA synthesis (LysRS) 

that evolved independently within the two major aminoacyl-tRNA synthetase groups (classes I and II). The class II LysRS domi-

nates across the tree of life, whereas the class I LysRS occurs only sporadically in various bacterial and archaeal lineages 153 .

There also exists a wide variety of tRNA modifications, a suite of alterations important for tRNA folding, stability, aminoacylation, as 

well as the decoding function itself 24 . A perfect case in point is the different modifications critical for proper decoding of AUA as 

isoleucine (specifically, those that allow discrimination of AUA from AUG, which encodes methionine). In bacteria, their descendant 

organelles, and archaea, the tRNA Ile employed for this task differs from the tRNA decoding the two other isoleucine codons (AUU, 

AUC). Specific cytidine derivatives at the first (wobble) anticodon position (lysidine in bacteria and organelles, agmatidine in 

archaea) allow pairing with A but not G at the third codon position 199 . However, exceptions exist in Bacteria, such as in the parasite 

Mycoplasma mobile, which lacks the conventional tRNA Ile CAU and its modifying enzyme, instead possessing a unique tRNA Ile UAU 

with an unmodified anticodon that reads AUA, while decoding of AUG by this tRNA is somehow avoided by its ribosome 200 . In 

eukaryotic translation, AUA decoding primarily relies on a tRNA with inosine at the first anticodon position (resulting from adeno-

sine deamination), which also decodes AUU and AUC. In addition, a second tRNA with the anticodon ΨAΨ (Ψ denoting pseudour-

idine introduced by enzymatic conversion of uridine), specifically decoding AUA, is also present. The diverse ways of AUA decod-

ing across the tree of extant life might indicate that this codon was not used by the LUCA, only to be captured by isoleucine 

independently in the bacterial and archaeal stem lineages later 201 . Why and how the eukaryotic mechanism of AUA decoding 

evolved remains an open question.

Apart from these and other major differences in the implementation of the standard genetic code, there is a rampant, albeit less 

conspicuous, turnover of translation apparatus components across the tree of life. For example, tRNAs get replaced by function-

ally equivalent but completely unrelated new ones, including mutated duplicates of tRNAs originally with different anticodon and 

amino acid specificities (alloacceptor tRNAs), a process referred to as ‘tRNA gene recruitment’ or ‘tRNA remolding’ 129,202,203 . Most 

mitochondrial genomes lost genes for many, sometimes all, tRNAs, and the missing ones imported from the cytosol are of eukary-

otic origin (that is, they did not result from gene translocations of original mitochondrial genes to nuclear genomes) 204,205 . Horizon-

tal gene transfer has been a major driver of aminoacyl-tRNA synthetase evolution, causing pervasive xenologous gene displace-

ment, with donors among cellular organisms of varying phylogenetic distance from the recipients as well as viruses 206 . Certain 

green algae utilize the UGA stop codon in their mitochondria despite lacking the cognate mitochondrial release factor (mtRF2a), 

and dual targeting of the cyanobacteria-derived plastidial homolog (pRF2) has been proposed as a mechanism ensuring proper 

UGA decoding in these cases 78 . Altogether, the standard genetic code concept reminds us of the mythical Ship of Theseus: having 

replaced all the planks, is it still the same ship?
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Another category of irregularities complicating the simple logic 

described above includes phenomena exemplified by the phylo-

genetically widespread co-translational incorporation of seleno-

cysteine (Sec). The mechanism relies on a local redefinition of 

default codon meaning, typically of UGA (stop codon), depen-

dent on a specific secondary structure in the mRNA (the SECIS 

element) and a specific translation elongation factor controlling 

the insertion of tRNA Sec into the ribosomal A-site 38 . Processes 

including programmed ribosomal frameshifting, translational by-

passing, or regulated stop-codon readthrough mediated by spe-

cific molecular signals are further examples where the interpreta-

tion of a particular region (often a single codon) of the mRNA 

departs from the standard rules of the organism’s genetic 

code. Here, specific molecular factors or signals impinge upon 

the process of translation 39 . Such phenomena can conveniently 

be grouped under the rubric of ‘recoding’ 40,41 . However, we 

acknowledge that this term is used more fluidly, frequently

referring to a conceptually different situation in which particular 

codons systemically (that is, across all genes in a given species 

or taxonomic clade) diverge from the standard meaning. Such 

changes, more appropriately called codon ‘reassignments’, 

are what distinguish different genetic code variants and will be 

extensively discussed below.

Before embarking on this topic, we feel further clarification and 

expansion of the existing vocabulary used for describing 

different modes of codon interpretation are in order (see also 

Box 2 for a Glossary of key terms). Certain recoding and reas-

signment cases are often described as ‘ambiguous decoding’, 

but as argued elsewhere 42 , this term is vague and describes 

very different phenomena in different contexts. In one scenario, 

a particular codon is systemically interpreted in two (or hypothet-

ically more) parallel ways, regardless of the gene and the position 

of the codon in the coding sequence. The term ‘polysemous 

codon’ was once proposed for such a configuration 43 , and

Box 2. Glossary.

Ambiguous decoding — In the literature the term is often uncritically used to refer to all instances in which particular codons are 

translated with two or more differing outcomes at a level significantly above what could be expected from the intrinsic limits of 

translational reliability. However, underlying mechanisms and outcome distributions can be completely different; that is to say, 

the term ‘ambiguous’ is itself used ambiguously to refer to incomparable phenomena. We distinguish between codon polysemy 

and codon homonymy below.

Orthogonality — This concept originally referred to the ability of a tRNA to interact exclusively with its corresponding synthetase 

while avoiding cross-reactions with additional types of tRNAs and synthetases present in a given organism. This state of affairs has 

to be retained when expanding the genetic code 184 . With the explosive development of artificial coding it is now used to describe 

groups of molecular components (synthetases, tRNAs, mRNAs and ribosomes) restricted to only recognize each other during 

translation, thus avoiding or minimizing cross-reactions with the endogenous translation machinery. Even more broadly, in syn-

thetic biology, for example, when introducing artificial non-canonical amino acids in a living cell, it is used to refer to minimizing

any kind of unwanted interaction with host machinery 207 .

Codon homonymy — We introduce this term to refer to instances where a codon can have multiple meanings that are distin-

guished by a given translation system based on the specific context in which the codon occurs. UGA as a termination codon 

(by default) or as a selenocysteine codon (in the case of mRNAs with SECIS structures) is the classical example of codon homon-

ymy, whereas the systemic (i.e., pangenomic) deployment of certain codons as sense ones (when in-frame) or as termination ones 

(when at the 3’ end of the coding sequence) occurring in multiple protist lineages including various ciliates or the trypanosomatid 

Blastocrithidia is an even more spectacular manifestation of the phenomenon.

Codon polysemy — This refers to instances where a codon has multiple meanings and its translational outcome seems to depend 

on chance. This does not mean the system will always end up in 50:50 distributions but rather that individual codons are not biased 

with regard to the outcome. The term was coined first in 1997, though real examples were found only later, for example, in the yeast 

Ascoidea asiatica.

Codon reassignment — This term applies when, in principle, all instances of a codon have obtained a new meaning in a cell or an 

organelle. Three categories can be recognized: stop-to-sense, sense-to-sense, and sense-to-stop codon reassignments. Codons 

systemically used as ribosomal frameshifting signals, exemplified by in-frame UAA and UAG codons in the ciliate genus Euplotes 

(sensu lato), may be conceptualized to represent a codon reassignment category of its own.

Mischarging — This term denotes the production of a tRNA charged with an amino acyl residue not cognate to the tRNA consid-

ering the organism’s genetic code. Of note, its connotation (‘mischarging’ leads to the incorporation of the ‘wrong’ amino acid) 

obscures the many instances where this mechanism is actually part of an appropriate response. An interesting possibility: reactive 

oxygen species (ROS)-mediated cell damage may trigger significant protective methionine misacylation of non-Met tRNAs, result-

ing in a general increase in methionine incorporation, buffering the oxidative damage 35,208 .

Recoding — This refers to instances in which some triplets are translated differently from the meaning prescribed by the genetic 

code employed by the given translation system. Mechanistically, recoding depends on an interplay between the transcript context 

of the triplet in question and the components of the translational system, as well as regulatory factors external to it, such as avail-

ability of particular metabolites. A codon at a given position may be translated as recoded by default (for example, an UGA codon 

upstream of a SECIS element) or its translation may vary between a standard and recoded one depending on such specific phys-

iological clues.
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with recent reports of what qualifies as bona fide codon poly-

semy 44,45 , we propose that the term should be revived. A 

different situation occurs when codons have distinct meanings 

depending on their context, as exemplified by the aforemen-

tioned UGA decoding as Sec at certain positions in certain 

mRNAs. We propose the term ‘homonymous codon’ be used 

in such cases. Thus, the standard genetic code contains many 

synonymous codons (different codons with the same meaning) 

as well as the homonymous UGA codon (Box 1). Other, spectac-

ular, lineage-specific cases of codon homonymy are discussed 

later.

The genetic code is evolutionarily malleable

How the standard genetic code arose is one of the toughest bio-

logical questions around with no generally accepted scenario 

available. The standard genetic code has been labelled as a 

‘frozen accident’ 46 and considered refractory to changes due 

to its essentiality. However, out of the astronomical number of 

>10 84 alternatives, the standard genetic code is non-random 

and highly optimized (with the level of optimization dependent 

on parameters, for example error robustness, considered 47,48 ), 

albeit not the absolute best 49,50 . Regardless, its composition 

seems to be highly resistant to the impact of point mutations, 

since mutated codons are usually synonymous or specify an 

amino acid with similar biochemical properties 51 . Crucially, the

standard genetic code is itself subject to change. Hence, 

describing it as ‘frozen with occasional melting’ more accurately 

reflects reality: it can evolve under specific circumstances, 

showing minor alterations that are compatible with cell survival. 

As a result, operation of the genetic code varies substantially 

across the diversity of extant life, and at least two different 

axes of this variation can be recognized.

The less conspicuous axis reflects the range of different mo-

lecular solutions resulting in the same outcome (the same codon 

meaning), illustrated by the many different ways in which the 

standard genetic code is implemented at the molecular level in 

different translation systems. The differences concern details 

of the synthesis of particular aminoacyl-tRNAs, specific modifi-

cations of tRNAs required for codon specificity, or the number 

and nature of release factors. For many of these, the dividing 

line goes between bacteria (and their mitochondrial and plastid 

derivatives) and archaea/eukaryotes, indicating deep evolu-

tionary origins and raising the question of which of the solutions 

(if any) were employed by the last universal common ancestor 

(LUCA) versus those that are replacements of original mecha-

nisms. For example, translation termination in bacteria and or-

ganelles relies on two different (yet homologous) release factors, 

RF1 and RF2, recognizing UAG/UAA and UAA/UGA, respec-

tively, whereas archaea and eukaryotes utilize a single, unrelated

omnipotent aRF1/eRF1 to recognize all three stop codons 52,53 .
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Figure 2. Distribution of codon reassignments across all domains of life, organelles and viruses.

All well-documented cases are shown in the form of the affected codon or group of related codons followed by the standard one-letter code of the amino acid in 
the standard genetic code (bracketed) and the amino acid upon reassignment. IUPIAC base codes: N = A+C+G+U; R = A+G; W = A+U. The letter O denotes Pyl; 
asterisks (*) indicate termination codons; the abbreviation f.s. stands for frameshifting signal; and the slash symbol (/) separates two alternative meanings of a 
codon in the case of codon homonymy or polysemy. The homonymous meaning of UGA as a Sec codon, as well as the multiple codons serving as frameshifting 
signals in the Perkinsus mitochondrion (see main text) are omitted for simplicity. Icons schematically depict groups of organisms where the reassignments were 
detected (see graphical legend for details); the reassignments are not necessarily present in all members of a given group. References for the taxonomic 
occurrence of the codon reassignments are provided in Tables S1 and S2. See also Conclusions and outlook for the very recently reported codon reassignment 
cases that could not be included in the figure.
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All this variation is hidden underneath the faç ade of an un-

changed, standard genetic code (Box 1).

The other axis along which the genetic code varies regards 

how different codons are interpreted: the specific amino acid 

(or stop signal) specified by the codon. Ever since its discovery, 

the genetic code was seen as extremely resistant to change 

because of its central role in the production of every single pro-

tein an organism generates. This brake on further evolution has

been described under the heading of ‘proteomic constraint’ 54 .

The concept of genetic code universality collapsed with the 

sequencing of the human mitochondrial genome 55,56 . By 

demonstrating that UGA is read as tryptophan and not as a 

termination signal, AUA is decoded as methionine instead of 

isoleucine, and AGA/AGG (normally specifying arginine) function 

as stop codons, the analysis of the human mitochondrial 

genome showcased all three major types of codon reassign-

ments: stop-to-sense, sense-to-sense, and sense-to-stop. 

Further reports of codon reassignments in other mitochondria, 

as well as in bacteria 57 , eukaryotic nuclear genomes 58 , and vi-

ruses 59 quickly followed, and were later complemented by the 

first instance of a non-canonical genetic code in a plastid 60 

(Tables S1 and S2). A rich landscape of alternative genetic codes

and molecular mechanisms responsible had already been uncov-

ered before the start of the new millennium 23 . Though the pace of 

discovery of new genetic code variants then slowed down, it rose 

again during the past decade mostly as a result of systematic 

screening of ever more taxonomically diverse genomic and tran-

scriptomic data. Based on an exhaustive literature survey, 

we compiled an up-to-date list of known codon reassignments, 

their combinations, and taxonomic occurrence (Figures 2–4 

and Tables S1 and S2). We note that the list of genetic 

codes (or translation tables) provided by the NCBI (https://www. 

ncbi.nlm.nih.gov/Taxonomy/taxonomyhome.html/index.cgi? 

chapter=cgencodes) is not an authoritative resource (despite 

frequently being considered thus), as it covers only about half of 

known genetic code variants, some of which are defined inaccu-

rately (Table S1). As a result, many protein sequences maintained 

in GenBank (and thus various secondary sequence databases), 

especially for mitochondria, do not correspond to reality. Another 

issue: most reported cases of codon reassignments represent 

bioinformatic inferences based on comparative sequence ana-

lyses only and should be treated with caution.

The naturally evolved codon reassignments described so far 

are unevenly distributed across the code chart (Figure 1), with
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Figure 3. Phylogenetic tree of Bacteria with the distribution of known codon reassignments.

For simplicity, the phylogeny is presented with the main lineages in an unresolved polytomy stemming from a single node and species epithets are not provided 
unless there is evidence that different species in the same genus may utilize a different genetic code variant. Individual cases of different codon reassignments 
(circled numbers) are mapped onto the tree to most parsimoniously explain their occurrence in extant taxa; see legend of the tree for details on the reassignments. 
Cases with polysemous UAG serving as both a Pyl and termination codon are omitted from the figure. In Candidatus Providencia siddallii the indicated stop-to-

Trp UGA reassignment concerns only one specific strain (PSAC) and the codon seems to still be used to terminate translation of a few genes (too little is known to 
classify this ambiguity as codon homonymy or polysemy) 109 . References for the codon reassignments displayed are provided in Tables S1 and S2.
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some codons capable of numerous alternative interpretations 

(the record holder currently being UAG with nine possible amino 

acid outcomes, including pyrrolysine) (Table S2), whereas many 

other codons, such as GGN, (so far) only specify the canonical 

amino acid (glycine) (Figure 1). However, this picture may be 

biased, since reassignments of stop codons are more readily 

recognizable due to the corresponding interruption of coding re-

gions when they are conceptually translated with the default 

standard genetic code 61 . Indeed, recent targeted computational 

screens of prokaryotic genomes identified multiple cases of 

sense-to-sense reassignments 62 , and it is plausible that 

comparing DNA sequences with mass spectrometry data will 

unearth more code alterations. Given current knowledge, the 

number of reassigned codons in a particular genetic-code 

variant ranges from one to six, with this high number achieved 

multiple times in mitochondria of different eukaryote lineages 

(Table S1). In Archaea the only deviation from the standard ge-

netic code known so far concerns UAG decoding as pyrrolysine 

(discussed in more detail below).

Obviously, any departure from the standard genetic code re-

sulting in codon reassignment must be underpinned by specific 

changes in the translation system. These changes nearly always 

involve a combination of gains and losses — of whole compo-

nents or their particular functions 63 (Figures 5 and 6 and 

Box 3). The components thus affected include tRNAs (in all 

reassignment types) and release factors (in stop-to-sense or

sense-to-stop reassignments). The role and range of synthetase 

changes are highly understudied: although theoretically ex-

pected to be a critical part of most codon reassignments, very 

few well-documented examples of specific synthetase changes 

associated with particular reassignments are available. Some-

times, a specific tRNA change underpinning a codon reassign-

ment does not result from a mutation of the tRNA gene itself 

but depends on changes in the enzymatic machinery mediating 

post-transcriptional editing or modifications of the tRNA. To our 

knowledge, specific changes of the ribosome or elongation fac-

tors that would directly underlie naturally occurring codon reas-

signments have not yet been described.

The genetic-code zoo

It is beyond the scope of this review to discuss in detail all known 

codon reassignments and the underlying molecular mecha-

nisms, so the reader may wish to consult other reviews 42,49,64,65 

and original reports listed in Tables S1 and S2. Instead, we high-

light those more recent discoveries that have most substantially 

changed our perception of the range of evolutionary diversifica-

tion of the genetic code.

The expanded scope of sense-to-sense codon 

reassignments

Sense-to-sense codon reassignments were long considered to 

be virtually exclusive to mitochondria, the exception being the 

Leu-to-Ser reassignment of CUG in the nuclear genes of
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Figure 4. Phylogenetic tree of Eukarya with the distribution of the known codon reassignments.

Only reassignments (designated by circled numbers) affecting the nuclear genome are shown, mapped onto a simplified phylogeny reflecting the current 
consensus to most parsimoniously explain their occurrence in extant taxa; some smaller eukaryote lineages from which no codon reassignments have been 
reported are omitted from the scheme. For ciliates the different reassignment combinations are listed without providing their phylogenetic context, only indicating 
the specific ciliate taxa in which they have been reported (taxa separated by a semicolon represent independent reassignments). Cases of codon homonymy 
(denoted with an asterisk) and polysemy (the star symbol) are also indicated; f.s. corresponds to frameshifting signal. See the graphical legend and the main text 
for further details. References for the codon reassignments displayed are provided in Tables S1 and S2. A broader range of reassignment combinations with 
putative homonymous decoding of UAG, UAA, or UGA as sense/stop codons than is displayed in the figure has been implied to exist in ciliates by a recent 
study 93 , but further investigations are needed to verify these results.
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Candida albicans and related yeasts 66 . Later, however, plastids 

of certain algae joined this class, as they exhibit the Ile-to-Met re-

assignment of AUA 67,68 . This parallel switch in multiple lineages 

of both mitochondria and plastids is an obvious manifestation of 

the reductive evolution affecting organelles in general, in the 

latter case involving the loss of a unique tRNA Ile and the dedi-

cated enzyme engaged in modifying its anticodon to make it 

cognate to AUA (see Box 3 for details). Sense-to-sense reassign-

ments found in plastids are perhaps less surprising than the 

result of a recent systematic screen of prokaryotic genomes, us-

ing the dedicated computer tool Codetta 62 . This screen re-

vealed, for the first time, sense-to-sense codon reassignments 

in lineages of free-living bacteria, specifically the reassignment 

of some arginine codons to methionine, tryptophan or gluta-

mine 62 . Interestingly, this set of reassignments does not overlap 

at all with the rich repertoire identified in mitochondria (Table S2), 

suggesting that different evolutionary constraints shape the ge-

netic code evolution in bacteria and their organellar descen-

dants. Finally, the story of the CUG codon in yeasts turned out 

to be much more complex than envisioned earlier (detailed

below) 69,70 .

Codon polysemy revisited

A few studies suggested that CUG in Candida and related yeasts 

is decoded ambiguously, with the cognate, newly evolved 

tRNA Ser 
CAG experiencing a considerable level of mischarging 

by leucine. The concept of CUG as a polysemous codon 

(Box 2) was proposed, along with speculation that the resulting

proteome heterogeneity confers selective advantages 43,71,72 .

However, although initial findings supported substantial alterna-

tive CUG decoding as leucine 73 , methodologically more 

advanced analyses later showed CUG decoding to be
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Figure 5. Changes in release factors 
underpinning known stop-to-sense or 
sense-to-stop codon reassignments.

The three different release factors, bacterial RF1 
and RF2 (plus their respective organellar equiva-

lents, mRF1a/pRF1 and mRF2a/pRF2) and the 
eukaryotic eRF1, are identified by name and 
colour. The UGA codon sporadically found in 
mitochondria of certain green algae (many Sce-

nedesminia, including its subgroup Scenedesma-

ceae) might be recognized by dually targeted pRF2 
(dashed outline), but direct evidence is lacking. The 
different star colours indicate the (combinations of) 
mutations resulting in the loss (yellow highlight) or 
gain (turquoise highlight) of codon binding indi-

cated below each release factor (see main text). In 
vertebrate mitochondria a lineage-specific RF1 
paralog (marked with an asterisk) with a specif-

ically altered codon-binding domain mediates 
translation termination at the AGR codons.

‘ambiguous’ at background levels of ribo-

somal mistranslation 44,74 . Although this

proposed CUG polysemy was effectively 

disproved, a different, spectacular case 

was discovered in a member of another 

independent yeast lineage. In Ascoidea 

asiatica, CUG is stochastically decoded

by two different competing cognate 

tRNAs, one charged with leucine and 

the other with serine, resulting in nearly equal representation of 

both amino acids at the corresponding positions 44 . Potential 

codon polysemy resulting from different tRNAs competing for 

the same codons was once envisaged for certain nematodes 

but not corroborated by later proteomic work 75,76 , making the 

situation in A. asiatica unique so far. A strong candidate for 

another case of codon polysemy nevertheless exists in some 

Streptomycetaceae 45,77 . These bacteria possess a member of 

a unique tRNA family (tRNA ProX ) bearing anticodons cognate to 

one of the standard codons for alanine (GCU), threonine (ACU), 

or asparagine (AAU), yet are charged with proline, mediated by 

an unusual paralog of the conventional prolyl-tRNA synthetase. 

Though the ability of different tRNA ProX to mistranslate the 

cognate codons as proline was demonstrated in Escherichia 

coli 77 , their function in the Streptomycetaceae themselves has 

not been addressed directly. Hence, it is not known whether, 

to what extent, and under which conditions they might cause 

GCU, ACU, or AAU polysemy, and what the biological signifi-

cance of this phenomenon might be.

Functional and evolutionary plasticity of organellar 

release factors

The wealth of codon reassignments found in semiautonomous 

organelles relies, to a large extent, on tinkering with translation 

termination (Figure 5). Mitochondria and plastids inherited two 

homologous release factors recognizing stop codons from their 

bacterial ancestors, referred to as mtRF1a/pRF1 (UAG/UAA) and 

mtRF2a/pRF2 (UAA/UGA) 78 . Loss of bacterial RF2 or its organel-

lar counterparts was known to associate with the reassignments 

of UGA as a sense codon. Recently, mitochondria and plastids 

that have lost RF1 were reported and shown to utilize UAG 

(and in one case also UAA) as sense codons 79,80 . This indicates
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that there is no obstacle for a bacterial-type translation system to 

function without RF1, raising the possibility that free-living bac-

teria will eventually be identified with UAG reassigned as a sense 

codon. Indeed, this has already been achieved artificially in 

E. coli 81 . Another recent update is the discovery of the first candi-

date loss-of-function and gain-of-function mutations in the mito-

chondrial release factors mtRF1a and mtRF2a from two 

different protist lineages; these changes are hypothesized to 

restrict or broaden, respectively, codon-recognition specificity 

to allow for the specific stop-to-sense or sense-to-stop codon 

reassignments observed in these protists 79,82 . A different 

instance of employing non-standard termination codons 

(AGA and AGG) has evolved in vertebrate mitochondria. Early 

on, several mechanisms were proposed, but recently the

vertebrate-specific mtRF1a paralog (confusingly called mtRF1) 

was robustly demonstrated to mediate translation termination

at these codons 83–85 .

The meaning of UAA and UAG may be decoupled in 

eukaryotes

Numerous stop-to-sense reassignments to different amino acids 

(Gln, Glu, or Tyr) were reported for UAG and UAA in the nuclear 

genomes of various protist lineages, mostly ciliates, before 

2017 23,42 . In all those cases, representing at least 13 indepen-

dent genetic code switches, the meaning of the two codons re-

mained coupled, as if a functional constraint tied their fates. 

However, although additional cases of coupled UAG/UAA reas-

signment continue to be reported from protist nuclear ge-

nomes 86,87 , at least seven distinct protist lineages are now
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Figure 6. Types of molecular changes at the tRNA level mediating codon reassignments.

Note that the tRNAs are drawn such as to show the anticodon in the 3’-to-5’ direction, whereas the codons are indicated in the 5’-to-3’ direction. (A–C) Three 
alternative tRNA alterations that mediate UGA decoding as tryptophan in different organisms or translation systems, including mutation of the anticodon (A; for 
example, in human mitochondria), cytidine deamination-based editing of the anticodon (B; in trypanosomatid mitochondria), and mutation in the anticodon stem 
loosening the top base pair (C; for example, in cytoplasmic translation of the trypanosomatid genus Blastocrithidia). Note that stop-to-sense codon reassign-

ments also require alterations in release factors (Figure 5). (D) Mutations in a tRNA may change the amino acid it is charged with, thus mediating a sense-to-sense 
reassignment; here exemplified by a case reported from an uncultivated lineage of the bacterial class Bacilli. (E) A sense-to-sense amino acid reassignment is 
mediated by changes affecting two tRNAs, one having its codon specificity restricted (top) and the other broadened (in certain invertebrate mitochondria; 
bottom). Changes in nucleotide modifications (both tRNAs) and mutation in the anticodon (one of the tRNAs) are involved; ‘Q’ denotes the modified G nucleotide 
queuosine. Further IUPAC base codes: H = A+C+U; Y = C+U; N = A+C+G+U (see also Figure 2). (F–H) Examples of sense-to-sense codon reassignments 
involving loss of the original cognate tRNAs combined with newly emerged decoding mechanisms. In the latter two cases the tRNAs with new functions represent 
a duplicated copy of the original tRNA indicated in the figure. (F) The Ile-to-Met AUA reassignment occurring in some mitochondria and plastids relies on an 
alteration of the existing tRNA Met , for example, by formylation of its first anticodon position as displayed here. (G) CUG in the yeast order Alaninales is decoded as 
alanine by a tRNA evolved from a standard tRNA Ala by anticodon mutation. (H) The CUN codon box is decoded as threonine by an unusual tRNA evolved by 
transmogrification of tRNA His (in mitochondria of S. cerevisiae and relatives).
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Box 3. Molecular changes behind codon reassignments.

The general framework for understanding the evolutionary steps leading to codon reassignment considers combinations of two 

types of evolutionary changes — losses and gains — affecting the translation machinery in variable sequences of events 63 . Below, 

we present examples that have been elucidated for particular codon reassignments. In this context, loss of a component of the 

translation system would include cases where the component has been exclusively repurposed for novel functions.

Changes affecting release factors (Figure 5). Here, loss-type events include complete loss of a release factor, only possible in 

bacterial and organellar translation systems featuring RF1 and RF2 with partially overlapping functions, or mutations changing the 

codon-binding region of RFs such that their affinities for particular stop codons are diminished. These are expected to underpin 

stop-to-sense reassignments, and indeed outright losses of bacterial (RF2) and organellar release factors (RF1 or RF2), as well as 

mutations in eRF1 likely restricting its codon specificity, have been widely documented 78,209–213 . A notable example of the latter is 

the Ser70 mutation in eRF1, which is associated with the stop-to-Trp UGA reassignment in Blastocrithidia 92,94,102,212 . Candidate 

mutations restricting the codon-recognition specificity have been also reported in mitochondrial release factors. In mitochondria of 

two lineages of the green algal phylogroup Scenedesminia, UAG was independently reassigned as a sense codon (for leucine or 

alanine), but in this case mtRF1a could not be lost due to an earlier mtRF2a loss. Instead, a specific parallel mutation in the highly 

conserved codon-binding site, presumably decreasing the affinity of the protein for UAG, was noticed in mtRF1a of both line-

ages 82 . Another unique mutation in the codon-binding region of mtRF2a in Labyrinthulea protists likely diminishes the interaction 

with UAA reassigned to tyrosine 79 . Finally, a mutant form of the bacterial RF2 was engineered in E. coli to decrease its binding to 

UGA as part of a synthetic biology project 165 . Gain-type changes affecting release factors are required for sense-to-stop reassign-

ments, which are presently known only from certain mitochondria (but see Conclusions and outlook). Here the emergence of a new 

release factor is well established (the vertebrate-specific mtRF1 paralog recognizing the AGR codons) 85 , and candidate ‘gain-of-

function’ mutations extending the set of codons recognized were identified in mtRF1a and mtRF2a of Scenedesminia and Laby-

rinthulea, respectively, to explain the use of non-standard termination codons (UCR in the former, UUA and AGR in the latter) 79,82 .

However, any proposed roles for mitochondrial release factor mutations in codon-recognition changes await experimental confir-

mation.

Changes affecting tRNAs (Figure 6). Like with release factors, tRNAs can be lost, or mutations can prevent translation of pre-

viously cognate codons leading to loss-type changes associated with sense-to-stop and sense-to-sense reassignments, both 

having precedents. For instance, in certain invertebrates, the standard mitochondrial tRNA Lys that decodes AAA/AAG as lysine 

has the anticodon mutated to CUU, which (together with a newly gained modification) makes it cognate to AAG only, while 

AAA is reassigned, decoded as asparagine by a tRNA Asn with a change in modification, which extends its codon-binding specificity 

beyond AAY 214 (Figure 6E). However, genuine tRNA losses seem to be much more common in codon reassignments. An obvious 

example has been mentioned in the main text as part of the Ile-to-Met reassignment in organelles: the recurrent loss of the AUA 

codon-specific tRNA Ile , together with the loss of an enzyme (known as TilS) that makes it cognate to AUA instead of AUG by con-

verting cytosine at the first anticodon position to lysidine 215 . tRNA loss is naturally also associated with sense-to-stop reassign-

ments, exemplified by the loss of the tRNA Ser 
UGA from mitochondria of Scenedesminia, where the corresponding UCR codons 

now signal translation termination 82 . Mirroring loss-type changes affecting tRNAs, gain-type ones may include emergence of novel 

tRNAs (via gene duplication and divergence rather than de novo) or acquiring the ability to pair with a particular codon by the tRNA. 

The stop-to-Trp UGA reassignments provide examples of different gain-type tRNA changes with this effect. These include muta-

tion of the anticodon of the canonical tRNA Trp 
CCA to UCA expanding its decoding capacity from UGG to UGA, as well as the emer-

gence of tRNA Trp 
UCA by transmogrifying a duplicated alloacceptor tRNA originally decoding a non-Trp codon and charged with a 

different amino acid 129 . In trypanosomatid mitochondria UGA decoding as tryptophan relies on the emergence of an organelle-tar-

geted cytidine deaminase, which edits the anticodon of standard tRNA Trp 
CCA also imported from the cytosol to UCA 216,217 . As 

mentioned above, another tRNA change has recently been described for Blastocrithidia and Condylostoma as part of the mech-

anism decoding UGA in their nuclear genes 92,94,102,218 . Here the top of the standard five nucleotide pairs forming the anticodon 

stem of tRNA Trp 
CCA is loosened (‘unpinned’) due to mutation, dramatically increasing the efficiency of the tRNA as a UGA decoder. 

Notably, the same tRNA Trp 
CCA alteration seems to have been adopted by other eukaryotes that have independently reassigned 

UGA to Trp in their nuclear genomes (the ciliates Blepharisma and Loxodes, and an Amoebophrya sp.) 104,218 . As codon–anticodon 

pairing is highly influenced by post-transcriptional tRNA modifications, acquiring new modifications may also take part in codon 

reassignments. The invertebrate mitochondrial AAA-decoding tRNA Asn mentioned above is one such case. Another example is 

provided by the aforementioned Ile-to-Met AUA reassignment in mitochondria: although decoding by a non-standard cognate 

tRNA Met 
UAU does exist (in tunicates or bivalves) 219 , a more common mechanism relies on the elongator tRNA Met 

CAU that would 

normally decode AUG only. However, its codon specificity can be extended by modifications, which vary between taxa. In opis-

thokonts these include either 5-formylcytidine at the first anticodon position or a combination of an unmodified first position with 

N 6 -threonylcarbamoyladenosine directly downstream of the anticodon 220 . How AUA decoding works in mitochondria of non-opis-

thokont taxa or in plastids remains to be established. In principle, a sense-to-sense codon reassignment may result from direct 

mutation of an extant (non-duplicated) tRNA that makes it a substrate of a different synthetase (without mutating the anticodon). 

This route seems to be rare, but a compelling example has been reported recently: tRNA Met 
CCU evolved from tRNA Arg 

CCU in an 

uncultivated bacterial lineage explaining its Arg-to-Met AGG reassignment 62.

(Continued on next page)
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known to exhibit nuclear UAG as a sense codon (encoding Gln, 

Leu, or Ser), while retaining UAA exclusively as a termination 

codon 88–91 (Figures 2 and 4 and Table S1). This shows that 

eRF1 can be modified such that it retains its ability to recognize 

UAA while lowering its UAG affinity. Functional discrimination be-

tween UAG and UAA is also at play in the trypanosomatid genus 

Blastocrithidia or the ciliate Peritromus kahli. Here UAA is 

homonymous, retaining its translation termination function along 

with encoding Glu or Gln, respectively, whereas UAG is fully reas-

signed to that same amino acid 92–94 . Finally, UAG and UAA en-

coding two different amino acids (Glu and Lys, respectively),

have recently been documented in an uncultivated ciliate 95 .

Viral manipulation of the host genetic code 

Bacteriophages utilizing UAG as a sense codon (usually for Gln) 

have been described, with a surprisingly high proportion of them 

found in gut microbiomes 96 . Strikingly, UAG reassignments have 

not been reported from bacteria. In addition, UGA as a sense 

codon has been reported not only from phages infecting bacte-

rial hosts with the corresponding reassignment, but also from

phages infecting hosts with the standard genetic code 97–99 .

Hence, these phages, as well as those with UAG as a sense 

codon, must tweak the genetic code of their hosts to get their 

proteins properly translated. To this end, they frequently specify 

‘suppressor’ tRNAs cognate to the reassigned stop codons, cor-

responding aminoacyl-tRNA synthetases, and/or release factors

recognizing the other two (non-reassigned) stop codons 96,97,99 .

The reassigned codons are typically confined to genes ex-

pressed at the late stage of phage infection, that is, only after 

the phage has reprogrammed its host. If any such phages use 

UAG or UGA as a genuine termination codon in the early-ex-

pressed genes (with stop codon recognition still being governed 

solely by the host’s native translation system), this would imply 

the existence of a unique codon homonymy case, where the 

meaning of the codon varies between two gene categories. 

Genetic codes without codons exclusively dedicated to 

termination

Nuclear genomes of several unrelated protist lineages departed 

from the standard genetic code in a truly unexpected way: 

they lack dedicated termination codons. Originally identified

independently in certain ciliates 100,101 and Blastocrithidia 102, 

analogous code variants were subsequently found in additional 

ciliate lineages 93,95,103 as well as in a parasitoid dinoflagellate 

of the genus Amoebophrya 86,104 . In all cases, one, two, or all 

three common termination codons exhibit homonymy, speci-

fying an amino acid when occurring in-frame and serving as a 

stop signal when at the end of the coding region. In at least 

some of these cases, such homonymous codons are depleted

in the sequence preceding the bona fide stop codon 92,94,100,103 ,

underscoring that the position along the mRNA defines the 

context determining the alternative interpretation of such co-

dons. How this form of codon homonymy is implemented at 

the molecular level remains essentially unstudied. One of the 

likely explanations assumes a specific interaction between 

eRF1 (complexed with its regulator eukaryotic release factor 3, 

eRF3) and poly(A)-binding proteins. Such interactions could 

tether eRF1 to the end of the coding sequence near the genuine 

stop codon while hindering interaction with the upstream in-

frame stop codons 65,100,105 . The recent establishment of Blas-

tocrithidia nonstop as a genetically tractable model opens up 

new possibilities for experimental investigations into this ques-

tion 106 . A code variant lacking dedicated termination codons 

has recently been reported from mitochondria of radiolarian pro-

tists, with UAG and UGA fully reassigned and UAA having a dual 

sense/stop meaning 107 . We note that codons with dual sense/ 

stop meaning have been observed also in code variants that 

retain one or two standard termination codons, as is the case 

in the nuclear genome of certain ciliates 93 , the plastid of a green 

alga 108 , and a bacterial endosymbiont of insects 109 . It remains to 

be determined if all these cases represent codon homonymy or 

whether the translation apparatus, especially in the organelle 

and endosymbiont examples, may read the dual-meaning co-

dons in a manner more reminiscent of codon polysemy.

The peculiar case of pyrrolysine

The discovery of co-translational insertion of pyrrolysine (Pyl) as 

the 22 nd amino acid marks one of the most spectacular exten-

sions of the concept of the genetic code 110,111 . However, despite 

more than two decades of research, important questions 

regarding the evolution and mechanistic implementation of Pyl

Box 3. Continued

Changes affecting aminoacyl-tRNA synthetases. Compared with the role of changes in release factors and tRNAs, very little is 

known about the role of synthetases in codon reassignments. Some synthetases do not rely on the anticodon sequence as a tRNA 

identity element, so in principle no alteration to their structure is needed to let them efficiently charge tRNAs base pairing with co-

dons specifying other amino acids. This seems to be the case for SerRS or AlaRS, explaining how CUG (normally encoding leucine) 

can be decoded as serine or alanine with novel cognate tRNAs in yeasts displaying the different CUG reassignments 221 . In other 

cases, mutations in synthetases modifying their anticodon recognition are expected if they are to charge tRNAs with non-standard 

anticodons. This is, for instance, the case for cytosolic GlnRS in numerous eukaryotes having reassigned UAR (or UAG alone) to 

glutamine, but to our knowledge these have not been subject to dedicated studies. A rare exception is the mitochondrial ThrRS in a 

yeast clade (including S. cerevisiae) exhibiting a reassignment of the CUN codon box from leucine to threonine. These yeasts 

possess a CUN-decoding tRNA that represents a highly mutated duplicate of a canonical tRNA His charged by the same ThrRS 

as the conventional tRNA Thr 
UGU decoding the standard ACN threonine codon box 222 . Experimental evidence showed that the 

mitochondrial ThrRS acquired mutations broadening its substrate specificity with the emergence of this novel tRNA 223 . Also 

notable are the discoveries in certain bacteria of novel orthogonal tRNA/synthetase pairs (consisting of mutated paralogs of stan-

dard pairs) that mediate ‘deliberate mistranslation’ of certain non-proline codons as proline 45,77 or UGA decoding as cysteine 

instead of its standard decoding as selenocysteine 119 . All the aforementioned changes affecting synthetases are of the gain-

type, while we are unaware of any loss-type changes (other than those associated with ‘trivial’ synthetase replacements by func-

tionally equivalent ones).
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utilization remain open. Its patchy distribution in the archaeal and 

bacterial domains is compatible with multiple contrasting evolu-

tionary scenarios of when Pyl utilization evolved and how its 

extant phylogenetic distribution was established (see Box 1 for 

further details). In mechanistic terms, Pyl is encoded by the 

UAG codon in a manner seemingly comparable with Sec encod-

ing by UGA. However, cis-acting determinants analogous to 

SECIS that would allow the translation system to discriminate 

UAG instances specifying Pyl from those supposed to serve as 

translation stops have been postulated, but could not be corrob-

orated 112 . Instead, it seems more likely that Pyl encoding 

emerges from the competition of the cognate tRNA Pyl 
CUA with 

the respective release factor (aRF1 in archaea, RF1 in bacte-

ria) 112,113 . This interpretation has very recently been supported 

by experimental evidence indicating that UAG in a model Pyl-uti-

lizing archaeon is decoded ‘ambiguously’ (as Pyl or translation 

stop in a certain ratio of translation events) 114 . Hence, following 

the terminology advocated here, the encoding of Pyl (at least in 

the organisms where it was studied in some detail) represents 

a case of codon polysemy, unlike the stop/Sec UGA homonymy. 

The polysemous UAG decoding is very likely associated with 

fitness costs that seem to be mitigated in different ways. Pyl-uti-

lizing bacteria were reported to use UAG as a common termina-

tion codon, but at least some of them express the machinery to 

decode it as Pyl only if specific substrates for Pyl-containing en-

zymes are present 115 . An analogous mechanism has also been 

reported from some Pyl-utilizing archaea 114 . In addition, the us-

age of UAG as a termination codon in these organisms tends to 

be low. Extreme cases of archaea using all UAG codons to 

encode Pyl have been reported recently; these thus exhibit a

full-fledged codon reassignment 116 .

Codons with a triple meaning

The early elucidation of Sec decoding of UGA, followed by the 

discovery of Pyl encoded in a context-dependent manner by 

UAG, and finally the cases of position-specific stop-codon reas-

signments described above provide ample evidence that a 

codon may signal translation termination as well as encode an 

amino acid in the context of the same translation system. That 

a homonymous codon may encode two different amino acids 

was first demonstrated in the ciliate Euplotes, in which UGA 

specifies cysteine (Cys) but also supports Sec insertion using 

the common SECIS-dependent pathway 117 . Interestingly, 

various bacterial lineages have switched from UGA to other co-

dons supporting Sec insertion (still using the same general 

mechanism), including UAG and UAA, but also several amino 

acid-encoding codons 118 . Although these codons retain their 

standard meaning in these bacteria, they additionally become 

homonymous in the stop/Sec or sense/Sec configuration. Strik-

ingly, UGA has been retained as a Sec codon also in at least 

some of the aforementioned eukaryotes in which this codon 

serves two other context-dependent roles: signalling translation 

termination and encoding tryptophan 86,94,100 . Thus, UGA has 

become triply homonymous in these organisms. A different 

case of a codon with triple meaning was reported from various 

bacteria, possessing a tRNA similar to the Sec-specific one, 

yet charged (or predicted to be) with cysteine, along with the 

standard tRNA Sec . The ability of some of these tRNAs to decode 

UGA in the SECIS-dependent manner has been demonstrated in 

E. coli, suggesting that they allow the respective bacteria to

produce selenoproteins alternatively with selenocysteine or 

cysteine in the active site, perhaps dependent on environmental 

cues 119,120 . This would imply UGA homonymy (stop/sense in a 

transcript context-dependent manner) and polysemy (Sec/Cys 

at the same particular positions) at the same time.

Natural genetic codes with non-triplet features

An absolute core feature of the standard genetic code is its 

triplet nature: coding occurs as a continuous series of non-

overlapping triplet codons in a single reading frame. However, 

even this aspect can be tweaked by a type of recoding called 

‘programmed ribosomal frameshifting’ 121 , albeit rarely. Strik-

ingly, ribosomal frameshifting has become systemic (that is, 

pangenomic) in the ciliate genus Euplotes 122,123 , the nuclear 

genes of which frequently contain in-frame UAG or UAA triplets 

that, instead of terminating translation, signal +1 or +2 frame-

shifting, depending on the preceding codon. Thus, this genetic 

code has an inherent non-triplet feature that is apparently ex-

panding across the genome by neutral evolution 124 . In fact, 

this non-canonical genetic code also lacks codons dedicated 

exclusively to translation termination (see above), as UGA is 

fully reassigned to encode Cys and UAG and UAA function as

stop codons only at the very end of coding sequences 122,123 .

An analogous situation has been reported from the mitochon-

drion of Perkinsus (a genus of parasitic alveolates) 125 . The syn-

thesis of all three mitochondrially encoded proteins requires +1 

or +2 ribosomal frameshifting events (one to ten per gene) at 

positions corresponding to specific codons that are otherwise 

unused in the Perkinsus mitogenome and thus constitute dedi-

cated frameshifting signals.

How and why genetic codes get altered in evolution

The instances of changed codon meaning observed in nature re-

sulted from a series of evolutionary steps, the exact order of 

which and the forces driving them varying among the different 

cases. However, specific clues are not always available to allow 

for a precise historical reconstruction. Still, theoretical reasoning 

about the possible evolutionary trajectory leading to codon reas-

signment and the existence of cases that seem to represent in-

termediate stages have led to several alternative, not necessarily 

mutually exclusive, scenarios that likely hold for most real-life in-

stances.

The first explicit scenario explaining codon reassignment, 

‘codon capture’ 126 , was conceived to minimize fitness burdens 

for the evolving lineage. Now known as ‘codon disappear-

ance’ 63 , it assumes that codons first disappear from a genome 

(for example, because of long-term mutational bias and/or 

genome streamlining), followed by loss of their decoding mech-

anism (that is, mutation or deletion of the tRNAs and/or release 

factors involved). Next, a newly evolved decoding mechanism 

imposes new meaning for the codons upon their reappearance. 

Complete disappearance of codons is not unrealistic, exempli-

fied by the complete absence of UGA from organellar genomes 

of diverse eukaryotes 68,127,128 . The most frequent cause of UGA 

disappearance is the common trend towards lowering the GC 

content of organellar (and other endosymbiont) genomes, result-

ing in UGA replacement by UAA. Interestingly, some protist mito-

chondria without UGA still retain the cognate mtRF2a, although 

mtRF1a would theoretically suffice to terminate translation 

here 78 . In other cases, for example, in the mitochondria of
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most green algae, both UGA and mtRF2a are absent (perhaps

reflecting their loss in the common ancestor of Chlorophyta) 78 .

This makes these genomes primed for change: in some chloro-

phyte lineages UGA has reappeared as a stop codon (decoded 

by dually targeted pRF2 or possibly a modified mtRF1a) or 

became a Trp codon with the emergence of a cognate 

tRNA 78,82,129–131 . The latter outcome might stem from the 

same AT-biased mutational pressure that initially led to UGA 

disappearance, reintroducing the codon at the expense of the 

standard Trp codon UGG. Although decreasing the GC content 

is perhaps the most common primary cause of stop-to-Trp UGA 

reassignments 128 , an α-proteobacterial insect endosymbiont 

with an extremely small genome, yet a high GC content (Candi-

datus Hodgkinia) (Figure 3), provides a notable counterex-

ample 132 . An analogous evolutionary trajectory can result in 

the (for some reasons much rarer) stop-to-Trp reassignments 

of the UAG codon, spectacularly exemplified by the extremely 

AT-rich plastid genome of a non-photosynthetic parasitic

plant 133 .

Another codon reassignment scenario envisages an ambig-

uous intermediate with codons that can be decoded alternatively 

by both the original and newly evolved decoders 134 . A striking 

example has been mentioned above: the yeast A. asiatica with 

stochastic decoding of CUG by cognate tRNA Leu 
CAG and 

tRNA Ser 
CAG 

44 . The tRNA co-occurrence might be ancestral in 

the order Ascoideales, but most descendants (unlike 

A. asiatica) have since lost tRNA Leu 
CAG completely or retained 

a mutated form with an unknown function 70,135 . An ambig-

uous-intermediate narrative was once invoked as an explanation 

for the non-monophyletic distribution of the stop-to-Gln reas-

signment of UAA/UAG (UAR) in the nuclear genomes of ulvo-

phytes, assuming a reversion to the standard genetic code state 

in a phylogenetically nested lineage exhibiting the standard UAR 

meaning 136 . However, the refinement of the ulvophyte phylog-

eny and the discovery of a different genetic code change in a 

previously uncharacterized ulvophyte lineage (the stop-to-Ser 

reassignment of UAG in Scotinosphaera 89 ) speak in favour of 

multiple completely independent genetic code changes in ulvo-

phyte evolution (Figure 4).

Opposite the ambiguous intermediate we find the unassigned-

codon scenario 63 . The original decoder (tRNA or release factor) 

of a codon gets lost or mutated, leaving it to be decoded sub-

optimally, for example, by near-cognate tRNAs, before an alter-

native decoding mechanism eventually arises. Though missing 

decoders as required by the unassigned-codon model have 

been reported in specific cases 128 , such examples are often 

misleading. A case in point: the AGA and AGG codons in verte-

brate mitochondria. Cognate tRNAs are absent and these co-

dons appear only at the end of certain mitochondrial ORFs. It 

was initially thought that ribosomes stalled upon the appearance 

of these codons in the A-site would undergo a –1 frameshift, 

enabling termination via the standard mechanism 137 , but as 

already mentioned, mtRF1 was eventually found as an AGA/ 

AGG-specific release factor, terminating translation upon 

encountering these codons 83–85 . Changes in tRNA regions 

outside the anticodon with unanticipated effects on codon bind-

ing (for example, tRNA Trp 
CCA in Blastocrithidia, certain ciliates, 

and an Amoebophrya sp.) (Box 3) or post-transcriptional tRNA 

alterations (by editing and/or nucleotide modifications) not

readily predicted in silico, might be involved in decoding some 

other seemingly unassigned codons. Further studies into the 

real status of such codons, and possible alternative decoding 

mechanisms, are required.

In 2016, a tRNA-loss-driven scenario was proposed, in which 

‘‘a tRNA or a release factor is mutated or lost, such that decoding 

of the cognate codon is heavily disturbed or even abol-

ished’’ 42,69 , which would, according to the authors, explain 

most known reassignments 42 . In essence, this represents an 

incarnation of the unassigned-codon model proposed a decade 

earlier. The scenario was primarily invoked to explain codon re-

assignments in yeasts, which were assumed to have evolved as 

follows: first, a single loss of tRNA Leu 
CAG in a common ancestor 

of a broad clade of yeasts, including S. cerevisiae (in other 

words, the unassigned-codon-like situation); next, indepen-

dently emerging CUG-decoding tRNAs in different descendants 

that, when charged with leucine, preserved the standard genetic 

code (as in S. cerevisiae), but when charged with serine or 

alanine gave rise to stop-to-Leu or stop-to-Ala CUG reassign-

ments. However, detailed sequence analyses favour at least 

seven independent losses of the ancestral tRNA Leu 
CAG gene, 

coupled with the emergence of alternative CUG decoders, with 

at least one lineage, the aforementioned order Ascoideales, 

following the ambiguous intermediate rather than the unas-

signed-codon scenario 70,135 .

In light of the previous discussion, it becomes clear that formu-

lating general conceptual frameworks for understanding devia-

tions from the standard genetic code and reconstructing the cir-

cumstances and order of events leading up to their real-life 

cases are two different things. Most convincing are historical re-

constructions of various mitochondrial codon reassignments 128 ,

although usually we cannot be completely certain which of the 

models discussed above was followed. In particular, we may 

never know whether the codon was completely missing from 

the genome (the codon-disappearance model) or whether it 

was extremely rare, yet still used when the loss or gain events 

affecting its decoding happened. Further illustrating these diffi-

culties, is position-specific codon decoding (codon homonymy) 

of the sort observed in Blastocrithidia or Condylostoma a result 

of an ambiguous-intermediate scenario 61 ? This depends on 

whether the stop codons now present as in-frame sense codons 

were present when eRF1 still recognized them. However, if the 

hypothetical mechanism tethering eRF1 specifically to the end 

of the open reading frame (see above) evolved first, then the 

stop codons may have started to invade the coding sequences 

under circumstances more reminiscent of the codon disappear-

ance or unassigned codon models. Notably, it was hypothesized 

that the ability of the translation system to ‘ignore’ in-frame stop 

codons had already evolved in the common ancestor of all cili-

ates 100 . It could then serve as a preadaptation allowing the sys-

tem to implement the diverse stop-to-sense reassignments that 

have evolved in ciliates in a massively parallel manner (Figure 4). 

A conceptually similar but mechanistically different case of 

preadaptation might have facilitated the departure from the 

standard genetic code in the lineage leading to the genus Blas-

tocrithidia. The predecessor of this and related trypanosomatids 

lost key components of the nonsense-mediated RNA decay 

pathway 138,139 , possibly paving the way for the later spread of

in-frame stop codons in Blastocrithidia 94,140 .
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Furthermore, when speaking about codon reassignments we 

usually just compare these to the standard genetic code, 

ignoring the possibility that the extant state may result from a 

more complex history than simply switching from one meaning 

to another. Convincing cases have indeed been documented 

of secondary codon reassignments evolving from codons that 

themselves had already departed in their meaning from the stan-

dard genetic code. For example, the arginine AGA/AGG codons 

were most likely reassigned to serine in the mitochondrion of the 

common ancestor of bilaterian animals, but one or both further 

changed their meaning in particular bilaterian lineages to encode 

other amino acids or even to serve as termination codons 

(Figure 2) 23,128 . Another case might be the UAA/UAG (UAR) co-

dons in the nuclear genome of peritrich ciliates encoding gluta-

mate 141 , which is usually classified as a stop-to-sense reassign-

ment. The fact that peritrichs are phylogenetically nested among 

ciliate lineages all decoding UAR as glutamine suggests that

evolutionarily this represents a sense-to-sense reassignment 95 .

Notably, such secondary codon reassignments may in principle 

lead to a reversion to the standard genetic code, as seems to be 

the case of AUA decoded normally as isoleucine in mitochondria 

of certain bilaterian invertebrates despite the fact that AUA en-

codes methionine in most bilaterians and is likely the ancestral

state for the whole group 23,128 .

Finally, a salient question emerges: are codon reassignments 

adaptive, conferring a specific advantage to the organism, or do 

they reflect a non-adaptive evolutionary modality? The codon 

disappearance scenario can in principle be selectively neutral, 

with the directionality of the change dictated by a sustained 

mutational pressure. In contrast, the intermediate stages ap-

pearing under the ambiguous-intermediate and unassigned-

codon models are expected to suffer from reduced fitness, re-

sulting from the production of proteins with ‘wrong’ amino acids 

or inefficient decoding of particular codons during translation. 

Reversion to the original state (in terms of the codon meaning, 

but not necessarily the same mechanism achieving it) is an 

outcome perhaps generally favoured by natural selection and 

may be the most common fate, although directly observing 

such cases is nearly impossible. However, the selective disad-

vantage of intermediate stages in the ambiguous-intermediate 

or unassigned-codon scenarios may be relatively slim if the num-

ber of codons concerned or the number of proteins affected is 

low, an idea encapsulated by the proteomic constraint 

concept 54 . In general, the strength of selection may be at least 

transiently reduced depending on population genetic parame-

ters (especially the effective population size, N e ), allowing for fix-

ation of slightly deleterious genetic variants by genetic drift 142 . A 

striking demonstration of genetic drift beating out weak selection 

in the context of genetic code evolution was recently provided by 

the analysis of the spreading of the frameshift sites (manifesting 

a non-triplet genetic code feature, see above) in the Euplotes ge-

nomes 124 .

Hence, codon reassignment as a result of neutral evolution is 

perhaps the prevailing situation, or at least the null model. 

Acknowledging this underscores the current general reap-

praisal of non-adaptationist explanations of evolutionary 

changes, as epitomized by the constructive neutral evolution 

theory 143 . Still, genetic code changes resulting from selection 

remain at least a theoretical possibility. The so-called ‘genome

streamlining hypothesis’ (a term not used by the authors of the 

original idea themselves) supposes that codons can get reas-

signed due to an adaptive simplification of the translation ma-

chinery that results from selection for a smaller genome, which 

is assumed to operate mainly in endosymbionts and para-

sites 144,145 . Codon reassignments selected for as a mechanism 

of suppressing the effect of accidentally arising, in-frame stop 

codons or to better match amino acid requirements of mito-

chondrial proteins were also put forth 146,147 . An interesting hy-

pothesis was proposed for the common Ile-to-Met reassign-

ment of the AUA codon in mitochondria: specifically, that the 

resulting increase of the methionine content in mitochondrial 

proteins confers advantageous protection against oxidative 

stress 148 . The aforementioned recurrent loss of tRNA Leu 
CAG in 

yeasts might be explained as a reaction to a killer-plasmid-en-

coded toxin specifically targeting this tRNA 70,149 . Indeed, this 

putative example of a genetic code change resulting from an 

interaction with an infectious agent might be just a specific 

case of a more general evolutionary response, especially to 

the threats posed by viruses 150 . Although viruses infecting a 

particular host will most often adapt to a genetic code change 

by co-evolving with the host lineage, organisms with a non-ca-

nonical genetic code may be protected against colonization by 

new viruses switching from other hosts.

Artificial genetic codes: going beyond the natural limits 

Although the range of known, naturally occurring departures 

from the standard genetic code is stunning, the number of alter-

natives that are mechanistically plausible is presumed to be or-

ders of magnitude larger. Such possible alterations include not 

only additional combinations of any of the proteinogenic amino 

acids or the translation-termination signals with particular co-

dons, but also a whole major category of changes that would 

entail an expansion of the list of amino acids co-translationally in-

serted into nascent polypeptides beyond the known 22 natural 

ones (or 23, if one considers that bacteria and organelles co-

translationally incorporate formylmethionine, making the text-

book cliché technically incorrect). Although bioinformatic 

screening of prokaryotic genomes did not identify non-standard 

amino acids 151,152 , it is worth noting that genes for unusual 

tRNAs and extra paralogs of various synthetases with hitherto 

unexplored functions have been frequently found 153,154 . Further-

more, a synthetase that charges a tRNA with a non-proteino-

genic amino acid (phosphoserine) is in fact known to exist natu-

rally, although it functions only as part of an indirect synthesis of 

cysteinyl-tRNA 155 . In addition, it has been known for decades 

that synthetases can build in structural analogues of their 

cognate amino acids 156 . An example is the methionine analogue 

azidohomoalanine, used in experimental studies with E. coli, 

although in order to achieve significant levels of its incorporation, 

methionine auxotrophs had to be starved of methionine 

first 157,158 . Using similar approaches allowed specific amino-ter-

minal incorporation of the non-canonical methionine analogues 

homopropargylglycine and norleucine in almost half of a heterol-

ogously expressed protein in the yeast S. cerevisiae 159 . Indeed, 

over 90 non-canonical amino acids recognized by natural syn-

thetases and loaded onto tRNAs have been documented 160 ,

and most of these are translationally competent. Hence, the 

jury is still out on whether a mechanism for a physiologically
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relevant (adaptive) tRNA-based insertion of non-canonical 

amino acids into proteins has evolved in any organism. 

However, what evolution has possibly failed to achieve, hu-

man creativity has managed to implement in the burgeoning syn-

thetic biology field. Employing an ever-expanding range of ap-

proaches, synthetic biologists are capable of creating artificial 

genetic codes featuring unprecedented codon–amino acid cou-

plings, highly specific genetic encoding of non-canonical amino 

acids, and even expanding the set of codons beyond the 64 nat-

ural ones. Admittedly, most such manipulations have so far been 

accomplished only in E. coli, but possibilities for manipulating 

the genetic code in mammalian cells are expanding rapidly, 

too. A number of reviews covering different aspects of this field 

have been published recently 2,3,5,6,11,161–163 , so below we pro-

vide only a brief overview of artificial genetic codes, comparing 

and contrasting them with the natural ones where relevant. 

One concern in implementing an artificial genetic code is to 

provide codons that would express the desired non-natural 

meaning. The more conventional approach employs a codon 

that is naturally absent from the genome or that is liberated 

for non-natural use by compressing the code of the model sys-

tem. The latter is achieved by systematic replacement of the 

desired codon across the genome with a synonymous 

codon 164 and the deletion or modification of its cognate 

decoder (tRNA or release factor) 161 . The codon then may be re-

introduced into a system with the new meaning, thus emulating 

a codon reassignment event following the codon disappear-

ance scenario (see above). For example, such liberation of 

UAG and UGA stop codons was achieved in E. coli by replacing
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Figure 7. Artificial manipulation of the 
genetic code.

Several cases of incorporation of standard amino 
acids into proteins via non-natural codons, as well 
as of incorporation of non-canonical amino acids 
or even hydroxy-acids via standard or non-natural 
codons are shown. Efficiencies/specificities can 
range from polysemous codons with low artificial 
incorporation (compared with their natural de-

coding) to dedicated codons with high incorpo-

ration rates. Icons depict the systems used: hu-

man, yeast, bacterial cells, cell free extracts 
(represented by the flask icon); the viral icon in-

dicates examples of phage display with non-nat-

ural amino acids. CbzK, chemically caged lysine 
analogue; TCOK-a, axial isomer of trans-cyclo-

octene-caged lysine 172 . GXU and CYA (X = NaM 
and Y = TPT3; chemical structure shown in Fischer 
et al. 171 ) exemplify unnatural base pairs. NaM and 
TPT3 can interchangeably form part of the mRNA 
or the tRNA. NaM can pair with itself. Not all con-

figurations work, however. *The chemical struc-

tures of the β-amino acids, α,α-disubstituted 
amino acids and β-hydroxy acids involved can be 
found in the Extended Data Figure 2 of Dunkel-

mann et al. 173 . # An early example: α-hydroxy acid 
p-hydroxy-L-phenyllactic acid 177 . Using cell-free 
extracts, many more different α-hydroxy acids can 
be incorporated 176 . Further information about 
abbreviations, references, and other details can 
be found in the extended list of Table S3.

them with UAA combined with deletion 

of RF1 and introducing specific muta-

tions into RF2, respectively 81,165 . It is 

noteworthy that this artificially engineered loss-of-function 

RF2 mutation preventing UGA decoding has no known naturally 

evolved parallels (Figure 5). Genome-wide compression of the 

genetic code, including elimination of multiple codons, has so 

far been reported only for E. coli 8,9,164,165 , but there are no 

obvious reasons why even more massively reconfigured bacte-

ria, and eventually other organisms, could not be viable. The 

prime candidate is the yeast S. cerevisiae 166 , and work is also 

in progress to implement a codon-compressed plastid genome

in the model green alga Chlamydomonas reinhardtii 167 .

An alternative, more adventurous approach to genetic code 

expansion relies on introducing non-standard codons into the 

genetic system. At least three options are being developed 

and tested: four-base (quadruplet) codons, of which 256 ver-

sions are potentially available 168–170 ; expanding the genetic al-

phabet by additional nucleotides that can form specific base 

pairs (parallel to G:C and A:T/U) and thus extra codons 11,171 ; 

and post-transcriptional implementation of codons containing 

the non-standard nucleoside pseudouridine (Ψ) in an RNA-

codon expansion strategy, recently implemented in mammalian 

cells 172 . The latter method relies on specifically designed guide 

snoRNAs that govern post-transcriptional conversion of uridine 

to Ψ in in-frame stop codons introduced at desired positions of 

target mRNAs, converting them to the non-standard ΨAG, 

ΨAA, or ΨGA codons that are then decoded by specifically de-

signed cognate tRNAs.

Of course, not all manipulations of the genetic code bring in 

non-canonical amino acids, and the outcomes of such manipu-

lations may resemble naturally evolved genetic-code variants by
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having particular codons reassigned to one of the standard 

amino acids. For instance, the two serine codons, UCA and 

UCG, were artificially reassigned to encode alanine, histidine, 

leucine or proline in a codon-compressed E. coli strain provided 

with chimeric tRNAs charged with one of the mentioned amino

acids yet having an anticodon cognate to UCA and/or UCG 9 .

Notably, such specific reassignments of these codons are un-

known from nature (Table S2). However, the main motivation 

behind tinkering with the genetic code and one of the most 

important promises of synthetic biology was the possibility of ge-

netic code expansion to allow the incorporation of non-canonical 

amino acids. Currently, an extensive collection of over 300 such 

amino acids has been adopted by synthetic biologists (Figure 7 

and Table S3), even including β-amino acids, which are notori-

ously difficult to incorporate during normal translation 163,173–175 .

Further illustrating the extraordinary flexibility of ribosomal trans-

lation, α-hydroxy and α-thio acids can also be used, locally re-

placing peptide bonds with (thio)ester bonds in the protein 

backbone 176–178 . Such (amino) acids can be inserted co-transla-

tionally into growing polypeptide chains in both prokaryotes and

eukaryotes and give proteins a wide range of new chemistries 11 .

So far, up to four non-canonical amino acids have been effi-

ciently incorporated in parallel by using a combination of liber-

ated triplet codons and added quadruplet codons 173 .

As a result, DNA sequence-defined, non-natural biopolymers 

with many novel functions may now be produced by ribosomal 

translation. For instance, site-specific integration of non-ca-

nonical amino acids enables: the use of photoactive amino 

acids for investigation of protein interactions; the use of isoto-

pically labelled amino acids to facilitate protein structure 

studies; development of therapeutic vaccines aimed at 

breaking immunological tolerance against native proteins 

causing disease; production of therapeutic proteins designed 

to selectively target diseased tissues or tumour cells; as well 

as preventing protein degradation, stabilizing drugs, and build-

ing better catalysts, with new applications on the hori-

zon 11,174,179,180 . In principle, the seemingly unlimited possibil-

ities promised by synthetic biopolymers, primarily in medicine 

and bio-catalysis, could also produce fully bio-contained or-

ganisms with complete protection from viruses and organisms

with the standard genetic code 11,174,179,180 .

The key ingredient for genetic encoding of non-canonical 

amino acids is the ability to develop orthogonal molecular ma-

chineries that will ensure the desired decoding of the target co-

dons, mainly tRNA–synthetase pairs. The number of such pairs 

not interfering with the use of the canonical set is increasing 

rapidly, providing the foundation for an ever-growing use of 

such compounds 181–183 . So far, up to five such mutually orthog-

onal pairs have been introduced in parallel into E. coli 181 . Gener-

ally, the best orthogonal tRNA–synthetase pairs are derived from 

organisms as evolutionarily distant as possible from the organ-

ism in which they are to be used, taking advantage of their exten-

sively diverged identity elements 5,184 . Truly transformative for 

the field was the leveraging of the unique combination of proper-

ties of the tRNA Pyl –synthetase pair, now used in diverse variants 

as the chief artificial orthogonal molecular machinery in the field 

(reviewed in 185 ). In principle, its absence from large swaths of the 

tree of life secures a good chance of orthogonality in various 

target organisms. By default, the tRNA Pyl recognizes the UAG

stop codon, which thus dominates among the codons used 

for genetic incorporation of non-canonical amino acids 

(Figure 7). Crucially, the synthetase tolerates anticodon changes 

in its substrate tRNAs, broadening the set of codons that can be 

exploited in this way, and has a large, promiscuous (low speci-

ficity) active site that is naturally able to charge tRNAs with mul-

tiple non-canonical amino acids. Over the years this ability has 

been further manipulated to extend the range of possibilities, 

with regard to both non-canonical amino acid incorporation as

well as orthogonality 181,186,187 .

Instead of only capitalizing on the evolutionarily derived diver-

gence, physical separation might be used to obtain ‘spatial 

orthogonality’. Examples of this can be found in what have 

been called semisynthetic eukaryotic cells, which allow the inter-

ference with the host translation machinery to be minimized by 

means of phase separation and spatial targeting. Using an 

RNA-targeting system it is possible to bring together a dedicated 

tRNA and an mRNA engineered to encode non-canonical amino 

acids in close proximity in a membraneless, orthogonally trans-

lating, synthetic designer ‘organelle’ 188 . As one of the greatest 

challenges in the field, certain strategies for genetic code expan-

sion, such as the one employing quadruplet codons, require an 

implementation of a specially designed orthogonal ribosome 

operating in parallel with natural ribosomes and engineered to 

translate only orthogonal mRNAs 189,190 . Amazed by the sophis-

tication of this technology, we close this brief excursion into one 

of the most fascinating areas of the scientific enterprise.

Conclusions and outlook

It is highly likely, especially with the large-scale genomic and 

proteomic studies of unicellular eukaryotes currently being per-

formed, that new independently evolved instances of known nat-

ural code variants and novel codon reassignments will be 

discovered. However, we can also detect a clear tendency to-

wards diminishing returns. It is worthwhile to point out that 

although 19 triplets have been found to be naturally reassigned, 

more than twice as many (45) have not (Figure 1). Reassignment 

is not random either: notably, all codons beginning with G appear 

untouched. The group of 19 is highly atypical: three of them are 

stop codons and 14 make up part of the three groups of six 

codon sets, encoding arginine, leucine and serine. The termina-

tion codons might be easier to change as, in principle, they come 

along only once per reading frame, whereas the extreme redun-

dancy of six triplets encoding the same amino acid might 

accommodate occasional triplet loss in the latter group. Thus, 

proteomic constraints can be conquered along the lines 

described in this review, but most triplet meanings seem resis-

tant to change. Underneath, however, completely different fac-

tors are often involved in such maintenance of meaning, as na-

ture frequently exchanges random parts of complex molecular 

machineries 191 . This review has focused on examples that re-

sulted in reassignment. Practically all of these alterations can 

be understood in a neutral framework, but selective advantages 

might be occasionally involved.

If random processes are able to change some genetic code 

meanings, then targeted development should open up codes 

to much more extensive manipulations. In fact, with regard to 

the advent of artificial codes, a revolution seems to be on 

the horizon. A crucial first step will be to create a 64-codon
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non-degenerate code. This will allow us to encode and produce 

highly specific multi-functional artificial proteins with chemical 

capabilities and technological and therapeutic applications that 

are difficult to fully grasp at present. Indeed, the nature and 

extent of artificial codes might be hampered more by our limited 

imagination than by the adaptability of the translational appa-

ratus. The future looks fruitfully flexible.

After this review was finalised and while it was being 

edited, several important studies in this research area became 

available. A study found new code variants in mitochondria of 

Pedinophyceae (green algae) and plastids of peDinoflagellates 

(having pedinophyte-derived secondary plastids), including 

the first sense-to-stop reassignments reported for plastids 192 

(Tables S1 and S2). Another novelty: non-standard genetic co-

des are also employed by some of the large eukaryotic viruses 

of the phylum Nucleocytoviricota, including ones not yet re-

ported for viruses 193 . And in the field of artificial genetic codes, 

Chin and co-workers generated an E. coli genome replacing 

every instance of six sense and one stop codon with synony-

mous codons. The resulting organism uses only 55 codons to

encode the 20 canonical amino acids 194 .
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6. Sö ll, D. (2015). A tRNA-guided research journey from synthetic chemistry 
to synthetic biology. RNA 21, 742–744. https://doi.org/10.1261/rna. 
050625.115.

7. Passioura, T., and Suga, H. (2014). Reprogramming the genetic code 
in vitro. Trends Biochem. Sci. 39, 400–408. https://doi.org/10.1016/j. 
tibs.2014.07.005.

8. Robertson, W.E., Funke, L.F.H., de la Torre, D., Fredens, J., Elliott, T.S., 
Spinck, M., Christova, Y., Cervettini, D., Bö ge, F.L., Liu, K.C., et al. (2021). 
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42. Kollmar, M., and Mü hlhausen, S. (2017). Nuclear codon reassignments in 
the genomics era and mechanisms behind their evolution. BioEssays 39, 
1600221. https://doi.org/10.1002/bies.201600221.

43. Suzuki, T., Ueda, T., and Watanabe, K. (1997). The ‘polysemous’ codon — 
a codon with multiple amino acid assignment caused by dual specificity of 
tRNA identity. EMBO J. 16, 1122–1134. https://doi.org/10.1093/emboj/ 
16.5.1122.
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50. Rozho� nová , H., Martı́-Gó mez, C., McCandlish, D.M., and Payne, J.L. 
(2024). Robust genetic codes enhance protein evolvability. PLoS Biol. 
22, e3002594. https://doi.org/10.1371/journal.pbio.3002594.

51. Freeland, S.J., and Hurst, L.D. (1998). The genetic code is one in a million. 
J. Mol. Evol. 47, 238–248. https://doi.org/10.1007/pl00006381.

52. Kisselev, L. (2002). Polypeptide release factors in prokaryotes and eu-

karyotes: same function, different structure. Structure 10, 8–9. https:// 
doi.org/10.1016/S0969-2126(01)00703-1.

53. Burroughs, A.M., and Aravind, L. (2019). The origin and evolution of 
release factors: implications for translation termination, ribosome rescue, 
and quality control pathways. Int. J. Mol. Sci. 20, 1981. https://doi.org/ 
10.3390/ijms20081981.

54. Massey, S.E. (2008). The proteomic constraint and its role in molecular 
evolution. Mol. Biol. Evol. 25, 2557–2565. https://doi.org/10.1093/mol-

bev/msn210.

55. Anderson, S., Bankier, A.T., Barrell, B.G., de Bruijn, M.H.L., Coulson, A.R., 
Drouin, J., Eperon, I.C., Nierlich, D.P., Roe, B.A., Sanger, F., et al. (1981). 
Sequence and organization of the human mitochondrial genome. Nature 
290, 457–465. https://doi.org/10.1038/290457a0.

56. Barrell, B.G., Bankier, A.T., and Drouin, J. (1979). A different genetic code 
in human mitochondria. Nature 282, 189–194. https://doi.org/10.1038/ 
282189a0.

57. Yamao, F., Muto, A., Kawauchi, Y., Iwami, M., Iwagami, S., Azumi, Y., 
and Osawa, S. (1985). UGA is read as tryptophan in Mycoplasma capri-

colum. Proc. Natl. Acad. Sci. USA 82, 2306–2309. https://doi.org/10. 
1073/pnas.82.8.2306.

58. Preer, Jr., J.R., Preer, L.B., Rudman, B.M., and Barnett, A.J. (1985). De-

viation from the universal code shown by the gene for surface protein 
51A in Paramecium. Nature 314, 188–190. https://doi.org/10.1038/ 
314188a0.

59. Renaudin, J., Pascarel, M.C., and Bové , J.M. (1987). Spiroplasma virus 4: 
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M., and � Cepi� cka, I. (2024). Single cell transcriptomics reveals UAR codon

reassignment in Palmarella salina (Metopida, Armophorea) and confirms 
Armophorida belongs to APM clade. Mol. Phylogenet. Evol. 191, 107991. 
https://doi.org/10.1016/j.ympev.2023.107991.
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131. Hulatt, C.J., Suzuki, H., Dé tain, A., Wijffels, R.H., Leya, T., and Posewitz, 
M.C. (2024). The genome of the Arctic snow alga Limnomonas spitsber-

gensis (Chlamydomonadales). G3 (Bethesda) 14, jkae086. https://doi. 
org/10.1093/g3journal/jkae086.

132. McCutcheon, J.P., McDonald, B.R., and Moran, N.A. (2009). Origin of an 
alternative genetic code in the extremely small and GC–rich genome of a 
bacterial symbiont. PLoS Genet. 5, e1000565. https://doi.org/10.1371/ 
journal.pgen.1000565.

133. Su, H.J., Barkman, T.J., Hao, W., Jones, S.S., Naumann, J., Skippington, 
E., Wafula, E.K., Hu, J.M., Palmer, J.D., and dePamphilis, C.W. (2019). 
Novel genetic code and record-setting AT-richness in the highly reduced 
plastid genome of the holoparasitic plant Balanophora. Proc. Natl. Acad. 
Sci. USA 116, 934–943. https://doi.org/10.1073/pnas.1816822116.

134. Schultz, D.W., and Yarus, M. (1994). Transfer RNA mutation and the 
malleability of the genetic code. J. Mol. Biol. 235, 1377–1380. https:// 
doi.org/10.1006/jmbi.1994.1094.
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183. Jann, C., Giofré , S., Bhattacharjee, R., and Lemke, E.A. (2024). Cracking 
the code: reprogramming the genetic script in prokaryotes and eukary-

otes to harness the power of noncanonical amino acids. Chem. Rev. 
124, 10281–10362. https://doi.org/10.1021/acs.chemrev.3c00878.
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