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Abstract

The near universality of the genetic code is frequently cited as evidence for universal common ancestry. On the other hand, critics
of universal common ancestry frequently point to exceptions to the universal code as evidence against it. However, there has
never been a comprehensive investigation into the character and distribution of variant genetic codes and their implications for
the debate over universal common ancestry. This paper develops a framework for understanding codes within a common design
framework, based crucially on the premise that some genetic code variants are designed and others are the result of mutations to
translation machinery. We found that these two sources of variant codes can be distinguished by considering organismal lifestyle,
taxonomic rank, evolutionary feasibility, codon rarity and complexity of distribution. These different approaches to distinguishing
the codes give highly correlated results, demonstrating impressive explanatory power for our framework. In contrast, we find that
evolutionary theory has difficulty explaining the character and distribution of variant genetic codes.
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Most genomes use the canonical, or universal, genetic
code. That is, they use the same mapping between
codons and amino acids or stop codons. (There are
differing start codons or non-standard amino acids like
selenocysteine or pyrrolysine; however, for our purposes,
we will consider only the mapping between codons and
standard amino acids or stop codons) So then, most
genomes decode their codons according to the canonical
genetic code.

Those genomes that use a non-canonical or variant
genetic code use codes highly similar to the canonical
code, differing in only a few codon mappings. This near-
universality of the genetic code is frequently invoked as
crucial evidence for common descent [1–7]. Critics of evo-
lutionary theory often focus on the variant codes, arguing
that they undermine evolutionary theory [8, 9]. However,
there has been no comprehensive attempt to investigate
the character and distribution of variant genetic codes
and what they mean for the origin of the codes.

Upon first investigation, evolutionary theory appears
to have a compelling account of the character and dis-
tribution of variant codes. Evolutionary theory suggests
that if genetic code evolution is possible it should be
very rare. This would explain why most genomes follow
the standard code and why the exceptions only vary in
a few codons. It would also explain the following details
about the variant codes. Most variations are found in
mitochondria, whose very small genomes would make
code evolution easier. Many variations are also found
in highly reduced genomes, such as those of endosym-
biotic bacteria. No variations are found in the nuclear
genomes of complex multicellular organisms like plants
and animals. The distribution of many codes can be
easily explained by identifying certain points on the tree
of life where codons were reassigned and then inherited
by all of their descendants.

Evolutionary theories of code evolution have been
proposed, including the codon capture model [10], the
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ambiguous intermediate model [11] or the loss-driven
codon reassignment model [12]. Critics have pointed
out that these models require highly improbable events
such as the fixation of highly deleterious mutations or
the total disappearance of a codon. They argue that
this undermines evolutionary theory’s ability to explain
the existence of variant codes. However, our primary
purpose here is not to critique evolutionary theory’s abil-
ity to explain code evolution but rather to develop an
alternative understanding of the character and distri-
bution of variant codes. Towards that end, Section 1
will develop a common design framework for variant
codes. Section 2 will discuss a survey of all known vari-
ant genetic codes in bacterial, nuclear, and mitochondrial
genomes. Section 3 will flesh out the common design
framework, demonstrating its explanatory power for the
distribution and character of variant genetic codes by
demonstrating five different, highly correlated criteria
for distinguishing designed and evolved codes. Section 4
will look at evolutionary theory’s interpretation of this
data and demonstrate that, despite initial appearances,
it has poor explanatory power for the character and
distribution of variant genetic codes.

1. FRAMEWORK
In this work, we put forward a framework that seeks to
explain the character and distribution of variant genetic
codes within a common design framework. Common
design is the idea that commonalities in living things
are due to having been designed by a common designer
rather than having descended from a common ancestor.
It is important to note that advocates of common design
do not hold to species fixity: the independent design
of every extant species. Instead, they accept a limited
form of common ancestry where extant species thought
to be closely related do, in fact, descend from a common
ancestor. Limited common ancestry is often described
as an orchard model. In contrast to the single tree
of life under standard evolutionary theory, numerous
independent trees connect limited groups of species.

Our previous work has begun to develop a common
design model, in particular accounting for the existence
of higher taxa [13, 14]. That work explains the higher
taxa in terms of modules connected by a dependency
graph. We will not go into the details of that model here,
except to note that it attempts to explain the apparent
nested hierarchy pattern found in biological life. Inso-
far as variant genetic codes follow the nested hierarchy,
we appeal to the dependency graph model as an expla-
nation. Nevertheless, familiarity with the dependency
graph model should not be required for readers of this
paper unless they are specifically concerned about the
hierarchical pattern.

The first of three tenets of our framework is that the
canonical genetic code has been well optimized and is

thus an ideal choice for most genomes. Research into
the optimized nature of the genetic code has a long
history [15–17]. It is important to appreciate that the
genetic code is not merely optimized according to one
criterion but according to many different criteria. For
example, similar codons are assigned to similar amino
acids, minimizing damage caused by misreadings or mu-
tations [18]; the number of stop codons is optimized to
trade off between read-through errors and premature
terminations [19]; and the identity of the stop codons
is optimized to increase the probability of appearing in
frame-shifted gene sequences [20]. Various other opti-
mized criteria have been observed, and more probably
remain to be discovered.

It is important to appreciate the role of design trade-
offs. There are numerous different criteria by which
the quality of the genetic code could be measured. By
necessity, improving the genetic code according to one
criterion will require degrading it according to other crite-
ria. A designer must identify the best trade-offs to select
the ideal genetic code. Life is diverse, but all lifeforms
primarily use the same twenty amino acids, many of the
same proteins and similar translation machinery. As
such, for most genomes, the trade-offs between different
codes are similar. Thus, the canonical code is usually an
ideal choice.

The second of the three tenets of our framework is
that a slightly tweaked version of the canonical code is
better for some organisms. Recall that the canonical ge-
netic code reflects a particular set of trade-offs that make
sense for most genomes. Nevertheless, some genomes
will be different in some way, altering the ideal trade-off.
Utilizing a different genetic code with a somewhat differ-
ent set of trade-offs in those genomes would make sense.
Furthermore, there are likely many codes similar to the
canonical genetic code with slightly different trade-offs.
As such, the designer can improve some genomes by
adopting a minor variation on the canonical genetic code
for those genomes.

The third of the three tenets is that mutations in
some organisms have damaged the translation machinery,
causing them to misinterpret the code they were designed
to use. Consequently, these organisms now translate the
genetic code differently and thus operate on a variant
genetic code. Such codes were not designed but instead
evolved. This tenet is expected to be controversial among
critics of evolutionary theory, who have tended to defend
the impossibility of any sort of evolutionary code change.
As will be explained in Section 3.3, we have laboratory
evidence for these sorts of changes being possible. Ad-
ditionally, we will see that, in some cases, these variant
codes are better understood as flawed interpretations of
the standard code than distinct variant codes.

In summary, three tenets define our basic framework.
Firstly, the canonical genetic code is well-engineered and
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suitable for most genomes. Secondly, variations on the
canonical genetic code are sometimes a better choice
for specific genomes. Thirdly, some extant species have
acquired new genetic codes through mutations to their
translation machinery. Together, these tenets provide a
framework for explaining the distribution and character
of the genetic codes within common design.

2. CODE VARIANTS

There is no comprehensive database or review paper
collecting all known variant genetic codes. The NCBI
taxonomy lists the genetic codes for all species in the
taxonomy [21]; however, these listings often do not re-
flect the state of the literature. In order to construct a
comprehensive collection of variant codes, we collected
papers either publishing newly discovered codes or re-
viewing previously published code discoveries. From this,
we constructed a database consisting of all genomes for
which the genetic code has been reported in the litera-
ture. We used a simple parsimony rule to infer the codes
used by organisms for which no code has been reported.
Generally, we have followed the NCBI hierarchy to pro-
vide a phylogeny, but where the papers that reported
a code gave a different phylogeny, we have followed the
phylogeny presented in those papers.

In addition to recognized variant codes, many eu-
karyotes utilize extensive stop codon readthrough [22–
24]. Despite sometimes decoding what is usually a stop
codon as an amino acid, these organisms are generally
still considered to follow the standard code. However,
this variegated interpretation is also found in some organ-
isms that follow “stopless” codes, which reassign all three
stop codons. In such organisms, at least some canonical
stop codons still function as stop codons but only some
of the time. The difference between the stopless codes
and the standard code with extensive readthrough is one
of degree rather than kind. A comprehensive study of
genetic codes would ideally include the consideration of
species with extensive readthrough. However, we will
have to leave that to future research.

Eukaryotic organisms have both a nuclear genome
and organelle genomes. Mitochondrial genomes are par-
ticularly important as they exhibit many well-studied
variant codes. Other variant codes, such as those in plas-
tids, are also known, but only a few examples have so
far been discovered [25]. Due to a lack of data on those
other codes, this paper focuses on bacterial, eukaryotic
nuclear and eukaryotic mitochondrial genomes and will
disregard the variant codes found in other organelles.

In this paper, we use the IUPAC notation as shown in
Table 1. Table 2 lists the variant codes collected through
a literature review.

Table 1: IUPAC base notation used throughout this paper.

A Adenine
C Cytosine
G Guanine
U Uracil
Y Cytosine or Uracil (C or U)
R Adenine or Guanine (A or G)
N Any (A or G or C or U)

3. EXPLANATORY POWER
3.1 Introduction
This section will develop five different criteria proposed
to distinguish evolved and designed codes within our
common design framework. Though approximate, these
criteria should each give us some idea of which codes
are designed and which are evolved. Crucially, the dis-
tinction we are trying to make is to determine which
codes are likely to be evolved or designed within the
context of our proposed framework, not whether or not
it is feasible to explain them evolutionarily. We will find
that despite taking different approaches, these different
criteria correlate well with each other.

Sections 3.2–3.6 develop the five criteria. Firstly, we
expect that evolved codes should be found in taxonomic
ranks below the level of family (the “Low Level Taxon”
criterion), whereas designed codes will be found at or
above the level of family (see Section 3.2). Secondly, we
expect that any evolved code should be explicable in
terms of some simple mutation to the translation ma-
chinery of the cell (the “Simple Mutation” criterion) (see
Section 3.3). Thirdly, we expect that evolved codes are
only found in endosymbiont genomes (the “Endosym-
biont” criterion) (see Section 3.4). Fourthly, we expect
that evolved codes involve a sufficiently small number of
codons such that the change would not be too deleteri-
ous (the “Low Codon Usage” criterion) (see Section 3.5).
Fifthly, we expect that evolved codes follow a simple
phylogenetic distribution (the “Simple Distribution” cri-
terion) (see Section 3.6).

Section 3.7 will show that these different criteria are
well correlated. Section 3.8 will look at those cases that
fit less well, showing how they make sense within the
framework. Section 3.9 will briefly look at possible de-
sign trade-offs that might explain why different genomes
might benefit from different codes.

3.2 Low Level Taxon
There is a wide range of taxonomic ranks for genetic code
variations. Some are restricted to a particular species,
while others are characteristic of high-level taxa up to
the level of an entire kingdom. This is important to
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Table 2a: Known variant codes for bacteria and protists (nuclear)
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bacteria
1 UGA (Stop → Gly) Gracilibacteria [26] (phylum) No No No Yes No No

Absconditabacteria [26] (phylum)
2 UGA (Stop → Trp) Stammera capleta [27] (species) Yes Yes Yes Yes Yes Yes
3 UGA (Stop → Trp) Hodgkinia cicadicola [28] (species) Yes Yes Yes Yes Yes Yes
4 UGA (Stop → Trp) Nasuia deltocephalinicola [29] (species) Yes Yes Yes Yes Yes Yes
5 UGA (Stop → Trp) Zinderia quadrilineatus [30] (species) Yes Yes Yes Yes Yes Yes
6 UGA (Stop → Trp) Mycoplasmatales [26] (order) No Yes Yes Yes Yes No

Entomoplasmatales [26] (order)
7 CGR (Arg → Trp) Absconditabacteria [26] (phylum) No No No No No No
8 CGG (Arg → Trp) Anaerococcus [26] (genus) Yes Yes Yes Yes Yes Yes
9 CGG (Arg → Gln) Peptacetobacter [26] (genus) Yes Yes Yes Yes Yes Yes
10 CGG (Arg → Trp) Bacillales sp. [26] (related species) Yes Yes Yes Yes Yes Yes
11 AGG (Arg → Met) Bacillales sp. [26] (related species) Yes Yes Yes Yes Yes Yes

protist (nuclear)
12 UGA (Stop → Trp) Blastocrithidia sp. [31] (related species) Yes Yes Yes Yes Yes Yes

UAR (Stop → Glu) Yes Yes Yes Yes Yes Yes
13 UGA (Stop → Trp) Amoebophrya sp.* [32] (species) Yes Yes Yes Yes Yes

UAR (Stop → Gln) Yes Yes Yes Yes Yes
14 UAR (Stop → Gln) Hexamitinae [33] (subfamily) Yes Yes Yes Yes Yes Yes
15 UAR (Stop → Gln) Streblomastix [34, 35] (genus) Yes Yes Yes Yes Yes Yes
16 UAR (Stop → Gln) Amoeboaphelidium protococcarum* [36] (species) Yes Yes Yes Yes Yes
17 UAG (Stop → Gln) Iotanema spirale* [37] (species) Yes Yes Yes Yes Yes
18 UAG (Stop → Leu) Rhizaria sp. exLh* [37] (species) Yes Yes Yes Yes Yes

* The distribution of this variant is highly unclear due to limited reports on related genomes.
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Table 2b: Known variant codes for ciliates (nuclear), algae (nuclear) and fungi (nuclear)
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ciliate (nuclear)
19 UGA (Stop → Trp) Plagiopylea* [38] (order) No No No No No

UAR (Stop → Gln) No No No No No
20 UGA (Stop → Trp) Blepharismidae [35, 39–42] (family) No No No No No No
21 UAA (Stop → Lys) Oligohymenophorea sp. PL0344* [38] (order) No No No No No

UAG (Stop → Glu) No No No No No
22 UAR (Stop → Gln) Nassulidae [38] (family) No No No No Yes No
23 UAR (Stop → Gln) Karyorelictea [39] (class) No No No No No No
24 UAR (Stop → Gln) Condylostomatidae [39–42] (family) No No No No No No
25 UAR (Stop → Gln) Cyrtolophosididae [41, 42] (family) No No No No Yes No
26 UAR (Stop → Gln) Oligohymenophorea [35, 40–43] (class) No No No No No No
27 UAR (Stop → Gln) Choreotrichia [40–42] (subclass) No No No No No No

Stichotrichia [35, 40–42] (subclass)
Oligotrichia [40–42] (order)

28 UAR (Stop → Glu) Sessilida [40–42] (order) No No No No No No
29 UAR (Stop → Tyr) Cyclotrichida [40–42] (order) No No No No Yes No
30 UGA (Stop → Cys) Euplotida [35, 40–42] (order) No No No No No No

algae (nuclear)
31 UAR (Stop → Gln) Trentepohliales* [44] (order) No No No No No
32 UAR (Stop → Gln) Dasycladales [44] (order) No No No No No No
33 UAR (Stop → Gln) Cladophorales [44] (order) No No No No No No

Blastophysa [44] (genus)

fungi (nuclear)
34 CUG (Leu → Ser) Metschnikowiaceae [45] (family) No No No No No No

Debaryomycetaceae [45] (family)
35 CUG (Leu → Ser) Saccharomycopsidaceae [45] (family) No No No No No No

Ascoideaceae [45] (family)
36 CUG (Leu → Ala) Pachysolenaceae [46] [45? ] (family) No No No No No No

* The distribution of this variant is highly unclear due to limited reports on related genomes.
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Table 2c: Known variant codes for protists (mitochondrial) and algae (mitochondrial)
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protist (mitochondrial)
37 UGA (Stop → Trp) Acanthamoeba castellanii* [43] (species) Yes Yes Yes Yes
38 UGA (Stop → Trp) Amoebidium parasiticum* [43] (species) Yes Yes Yes Yes
39 UGA (Stop → Trp) Cafeteria roenbergensis* [43] (species) Yes Yes Yes Yes
40 UGA (Stop → Trp) Prymnesiophyceae [43] (subclass) No Yes Yes Yes No
41 UGA (Stop → Trp) Thalassiosirales [35, 43] (order) No Yes Yes Yes No
42 UAR (Stop → Tyr) LAB14 [48] (uncultivated) Yes No Yes No

AGR (Arg → Stop) No No Yes No
43 UAG (Stop → Tyr) Aplanochytrium [48] (genus) Yes Yes Yes Yes Yes
44 UUA (Leu → Stop) Labyrinthulomycetes [48] (class) No No Yes Yes No

AUA (Ile → Met) No No Yes Yes No
45 AGR (Arg → Ser) MAST8b [48] (uncultivated) No No Yes No

AUA (Ile → Met) No Yes Yes No

algae (mitochondrial)
46 UGA (Stop → Trp) Chondrus crispus* [35, 43] (species) Yes Yes Yes Yes
47 UGA (Stop → Trp) Porphyra purpurea* [43] (species) Yes Yes Yes Yes
48 UGA (Stop → Trp) Pedinomonas minor* [43, 49] (species) Yes Yes Yes Yes
49 UGA (Stop → Trp) Pycnococcaceae* [49] (family) Yes Yes Yes No

UUR (Leu → Stop) No No Yes No
AUA (Ile → Met) No Yes Yes No

50 UGA (Stop → Trp) Oligohymenophorea [43] (class) No Yes Yes Yes No
51 UAG (Stop → Ala) Hydrodictyaceae [50] (family) No No Yes No No

Neochloridaceae [50] (family)
52 UAG (Stop → Leu) Scenedesmaceae [50] (family) No Yes Yes No No
53 UCR† (Ser → Stop) Bracteacoccaceae [50] (family) No No Yes No No

Selenastraceae [50] (family)
Scenedesmaceae [50] (family)
Hydrodictyaceae [50] (family)
Neochloridaceae [50] (family)
Chromochloridaceae* [50] (family)

54 CGG (Arg → Leu) Sphaeropleaceae* [48] (family) No Yes No No
55 CGG (Arg → Leu) Chromochloridaceae* [48] (family) No Yes No No

AGR† (Arg → Met) No Yes No No

* The distribution of this variant is highly unclear due to limited reports on related genomes.
† Some codons covered by the reassignment are unused.
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Table 2d: Known variant codes for fungi (mitochondrial) and metazoans (mitochondrial)
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fungi (mitochondrial)
56 UGA (Stop → Trp) Dikarya [43, 51] (subkingdom) No Yes Yes Yes No
57 UGA (Stop → Trp) Chytridiomycetes [43, 52] (class) No Yes Yes Yes No
58 AUA (Ile → Met) Eremothecium [45, 51] (genus) Yes No Yes No No

CUN (Leu → Ala) Yes No No No No
59 AUA (Ile → Met) Saccharomyces [45, 51] (genus) Yes No Yes No No

Nakaseomyces [45, 51] (genus)
60 CUN (Leu → Thr) Kluyveromyces [51] (genus) Yes No No No No

Lachancea [51] (genus)
Saccharomyces [51] (genus)
Nakaseomyces [51] (genus)

animal (mitochondrial)
61 UGA (Stop → Trp) Metazoa [43, 51, 53–57] (kingdom) No Yes Yes Yes No

Choanoflagellata* [43] (genus)
62 UAG (Stop → Tyr) Clathrina clathrus† [58] (species) Yes Yes Yes Yes Yes
63 UAG (Stop → Tyr) Leucetta chagosensis† [58] (species) Yes Yes Yes Yes Yes
64 UAA (Stop → Tyr) Radopholus similis [59] (species) Yes Yes Yes Yes Yes

Radopholus arabocoffeae [59] (species)
65 UAA (Stop → Tyr) Cephalodiscus hodgsoni* [54] (species) Yes Yes Yes Yes
66 AGR (Arg → Stop) Vertebrata [51, 54, 60] (subphylum) No No No No No
67 AGR (Arg → Ser) Bilateria [43, 51, 53, 54] (group of phyla) No No No No No
68 AGR (Arg → Ser) Calcarea [58] (class) No No No No No
69 AGR (Arg → Ser) Hexactinellida [61] (class) No No No No No
70 AGR (Arg → Gly) Tunicata [43, 51, 54] (subphylum) No No No No No
71 CGN (Arg → Gly) Hexasterophora [58] (subclass) No No No Yes No
72 AUA (Ile → Met) Catenulida [53] (class) No No Yes No No
73 AUA (Ile → Met) Annelida [43, 51] (phylum) No No Yes No No

Mollusca [43, 51] (phylum)
Brachiopoda [43, 51] (phylum)

74 AUA (Ile → Met) Ecdysozoa [43, 51, 59] (group of phyla) No No Yes No No
75 AUA (Ile → Met) Chordata [33, 43, 51, 54, 60] (phylum) No No Yes No No
76 AAA (Lys → Asn) Trematoda [43, 51, 53] (class) No No Yes No No

Cestoda [51, 53] (class)
Monogenea [51, 53] (class)
Rhabditophora [53] (class)

77 AAA (Lys → Asn) Echinodermata [43, 51, 54] (phylum) No No Yes No No
78 AGG (Arg → Lys) Various Arthropods [51, 56, 57] (various ranks) No Yes No No
79 AGG (Arg → Lys) Pterobranchia [54, 55] (class) No No Yes Yes No

* The distribution of this variant is highly unclear due to limited reports on related genomes. †The source suggests that UAG (Stop
→ Tyr) is found throughout the subclass on the basis of two distantly related species. However, inspection of GenBank reveals other

mitochondrial genomes in the subclass make little use of UAG, suggesting it generally remains a stop codon.
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any framework accepting limited common ancestry since
these frameworks hold that many low-level taxonomic
groups evolved from a common ancestor. As such, variant
codes within these low-level taxonomic groups must have
evolved rather than been designed. This gives us our first
and most inflexible criterion for differentiating designed
and evolved codes.

At what taxonomic level does descent apply? We
propose that this is usually about the taxonomic rank
of family. This aligns with a common suggestion in
baraminology [62], the basic types as defined by Siegfried
Schere [63, 64], the family line proposed by Behe [65] and
what Ernst Mayr describes as “what a lay person would
designate a ‘kind of animal’” [66]. Consequently, we think
that codes that are characteristic of families or higher
taxa are usually designed. However, codes restricted
to taxa below families (such as genera or species) are
usually evolved. Thus, we can use the taxonomic rank
as a first approximation of whether or not a code was
designed or evolved. Nevertheless, this criterion is only
an approximation; we expect some exceptions to exist.

There are a number of codes marked with an as-
terisk in Table 2 to indicate uncertainty in how widely
distributed the reassignment is within that taxon. For
particular high-level taxa, only members of a single genus,
often a single species, have been studied to determine
their genetic code. Discovered reassignments may be
restricted to that single species or may, in fact, exist
across that high-level taxon. Thus, for such cases, we
have not included either Yes or No for the “Low Level
Taxon” criterion in Table 2, since its status is unknown.
For example, some members of the genus Ameobophyra
reassign all of the stop codons; however, we found no
reports of the genetic codes used by any other members
of its class, Aphelidea, and so its distribution is uncer-
tain. We have listed the code reassignment as applying
to the taxa that make sense within our framework. We
await further research to clarify the distribution of these
variant codes.

3.3 Simple Mutation
Within our framework, we expect that some variant
genetic codes have arisen by mutations to the translation
machinery. This requires the existence of mutations
that could explain the reassignments of evolved codes.
Mutations that alter a cell’s interpretation of its genetic
code have been studied since the genetic code was first
being deciphered [67–73]. However, in our framework
other codes are designed. It is plausible that many
designed reassignments would require intricate changes
to translation machinery, which would be beyond the
reach of mutation and selection.

There are three areas of research that give us par-
ticular insight into how a genome’s interpretation of
the genetic code might be altered by mutation. Firstly,

stop-suppressor mutations can occur [69]. These were
originally discovered due to their ability to allow cells
to successfully translate a gene despite it containing a
premature stop codon, hence the term stop-suppressor.
Further research revealed that these mutations modified
copies of tRNAs in the genome so that their anticodons
matched the premature stop codons. The codons were
still interpreted as stop codons most of the time, allowing
these cells to continue functioning normally. However,
the relevant codon was sometimes interpreted as a sense
codon, allowing the gene to still partially function.

Secondly, other researchers have inserted tRNAs with
modified anticodons targeting existing sense codons [70–
72]. These modified tRNAs are ineffective compared
to the native tRNAs targeting those codons but, nev-
ertheless, successfully induce limited amounts of gene
production with the codon translated according to a
reassigned meaning.

Thirdly, researchers have disabled release factors, no-
tably in an experiment in E. coli [73]. This prevented the
cell from recognizing one of the stop codons, in this case,
UAG. Despite the loss of the UAG stop codon, the cell
was able to survive and reproduce. It was found that the
absent stop codon was transcribed using near-cognate
tRNAs as tyrosine, glutamine and tryptophan, allowing
translation to proceed. The UAG codon was only used
to terminate about 7% of the genes in E. coli. Of those
genes, only seven were essential genes. All seven of those
genes had another stop codon within 60 codons of the
now non-functional UAG stop codon. As such, the loss
of the UAG stop codon was not fatal.

These lines of research demonstrate that it is possible
to alter a genome’s interpretation of the genetic code
through simple mutations. In particular, we see alter-
ations by either mutating the anticodon of a tRNA or
by disabling a release factor. However, this research also
tells us which genetic code modifications are possible us-
ing a single, simple mutation and which are much harder
to accomplish. In particular, there are three features
required to facilitate the easiest case of a genetic code
modification: near cognate tRNAs, redundant tRNAs
and limited tRNA competition.

The first feature requires that a codon can only be
reassigned to an amino acid with near-cognate tRNAs.
That is, a codon can only be assigned to a meaning that
is already assigned to a similar codon. By similar, we
mean near-cognate, which means that it agrees in two of
the three codon positions. Thus, for example, the UAA
codon could be reassigned to glutamine because CAA,
near-cognate to UAA, is already assigned to glutamine.
However, UAA could not be reassigned to alanine because
none of the codons assigned to alanine (GCU, GCC, GCA,
and GCG) are near-cognate to UAA.

Why must reassignment have this feature? Reassign-
ing codons to noncognate tRNAs is possible but would
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require multiple changes. A single change to an existing
tRNA can only modify one position of the anticodon.
As a consequence, the newly modified tRNA must be
near-cognate to the original tRNA. Any newly matched
codons must have been near-cognate to the tRNA already.
Likewise, if a tRNA or release factor is disabled or im-
paired, experimental research indicates that the codons
end up being matched with near-cognate tRNAS, espe-
cially those that differ only in the wobble position [73].
Consequently, in any simple case of a mutation to the
translation machinery, any reassignment will be to near-
cognate tRNAs.

The second feature is a requirement for the modi-
fied tRNA to be redundant. If there is only a single
tRNA translating a particular codon, modifying that
tRNA to instead match other codons will leave the origi-
nal codon untranslatable. This would be fatal in most
cases but would not occur in most bacterial or nuclear
genomes—these typically have redundant tRNAs. How-
ever, mitochondrial genomes typically contain a minimal
number of tRNAs and therefore lack redundant tRNAs.
This makes it difficult to modify tRNAs in mitochondrial
genomes. It would be possible to overcome this difficulty
if a tRNA were duplicated and then modified. Never-
theless, that is a more complicated scenario, beyond the
reach of a single, simple mutation.

The redundancy requirement can be also be avoided if
the tRNA can be modified so that it matches new codons
while continuing to match the original codons. This is
most readily possible if the new and old codons differ
only in the wobble position. In the case of mitochondria,
a single tRNA is often used to match all four codons that
only differ in the wobble position. As such, the lack of
redundant tRNAs does not provide a strong barrier to
reassignments within a box, i.e. four codons that share
all about the wobble position.

However, at least AGG (Arg → Lys) [55, 57] and
AGR (Arg → Gly) [74] appear to be matched by tRNAs
that match codons that differ in more than just the
wobble position. The mechanics of AGG (Arg → Lys)
are not clear. However, in the case of AGR (Arg → Gly)
this is accomplished by RNA editing introducing a non-
standard base, not a simple mutation [74]. We conclude
that these kinds of reassignments require something more
than the single, simple mutations considered here.

The third feature is the requirement for limited com-
petition. Typically, if a tRNA is modified to match new
codons, other translation machinery will already match
those codons. Furthermore, research has shown that
additional modifications to the tRNA are necessary in
order to fine-tune it to match its new codons [70]. As
such, a tRNA that has merely had its anticodon changed
will be at a disadvantage relative to the existing tRNAs.

However, we can identify two scenarios where that
competition will be at a minimum. The first is where a

stop codon ceases to be recognized by a release factor.
The most plausible outcome is that the codon then be-
comes translated by the most closely related tRNA. In
the case of UGA, this suggests that it should be trans-
lated by the tRNA for the UGG codon and thus be
decoded as tryptophan. In the cases of UAA and UAG,
these should be translated by the tRNA for UAY and
thus be translated as tyrosine. As such, reassignments
such as UAA (Stop → Tyr), UAG (Stop → Tyr) and
UGA (Stop → Tyr) appear plausible.

The second case that minimizes competition is a
tRNA mutation that targets codons with a guanine in
the wobble position. Due to wobble base pairing, most
nucleotides in the wobble position bind to multiple nu-
cleotides on the codon. The one exception is cytosine,
which only binds to guanine. This makes it easier for
a tRNA to specifically target a codon with a guanine
in the wobble position than other codons. Additionally,
these same codons are often matched using uracil, which,
while it can match guanine via wobble base pairing, is
at a disadvantage relative to cytosine. This gives an
advantage to a new tRNA targeting the guanine codon
using a cytosine nucleotide in the anticodon. As such,
it is possible that a mutated tRNA targeting a codon
with guanine in the wobble position could compete well
enough to reassign a codon.

A third similar case is that of stop-suppressor muta-
tions. Stop-suppressor mutations involve tRNAs being
mutated to match stop codons. However, these tRNAs
are in competition with the release factors. This prevents
a stop suppressor from actually reassigning a codon be-
cause it will still be interpreted as a stop codon the vast
majority of the time. The stop codons in these cases
are not actually reassigned; they are simply occasionally
translated as an amino acid. As such, these mutations
do not provide a simple mutation that explains a stop
codon reassignment.

However, stop-suppressor mutations would explain
genomes that tolerate stop codons in genetic sequences
while still also translating them as stop codons. Re-
search shows that a number of non-ciliate protists with
reported alternative codes avoid using the reassigned
codons in crucial proteins or show a general bias against
the reassigned codons [31–33, 35, 36], suggesting that
using those codons is deleterious. Most likely, the codons
are still sometimes interpreted as stop codons or are at
least relatively inefficient in their new roles. Some of
these protists have “reassigned” all of the stop codons
to amino acids; the protists function because, despite
this reassignment, they will nevertheless still interpret
some of those codons as stop codons [31, 32]. All of this
suggests that these organisms still interpret the standard
stop codons as stop codons; they simply have very high
read-through rates.

These findings for non-ciliates differ from those in
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ciliates. Many ciliates also reassign stop codons. Some
ciliates even reassign all stop codons but have been ob-
served to use a carefully controlled system in which
canonical stop codons are interpreted as stop codons
near the end of RNA transcripts [41, 42]. Unlike the
non-ciliate protists, they do not appear to have merely
increased their read-through rates. Instead, they have
either reassigned codons entirely or adopted a sophisti-
cated mechanism to differentiate different meanings for
the same codon.

Table 3 summarizes the difficulties faced by each
observed reassignment. The reassignments that do not
face any of the three issues identified are those that are
most readily explained by mutations.

There is another class of reassignments that have not
been considered: the introduction of a new stop codon.
We do not know what changes would be required to recog-
nize a new stop codon. It would appear to require changes
to the release factors, but release factors are much less
well understood than tRNAs. Some researchers were able
to modify release factors from Euplotes—which normally
decodes UGA as cysteine instead of a stop codon—to rec-
ognize UGA as a stop codon [75]. However, this required
two mutations to the crucial domain for recognizing stop
codons, replacing another domain with the version from
humans and introducing an additional release factor from
humans [75]. This suggests that modifying the release
factor to recognize a new stop codon would be difficult,
even to enable one of the canonical stop codons. Rec-
ognizing an entirely new stop codon is probably more
difficult.

It should be emphasized that our purpose is not
to argue that it is impossible that reassignments other
than those involving a single, simple mutation could
happen evolutionarily. Certainly, more complex scenarios
could be envisioned that might enable a more complex
reassignment. Rather, the reassignments considered in
this section are the easiest reassignments to explain.
Within our framework, these are the reassignments most
likely to be evolved rather than designed.

3.4 Endosymbionts
While not fatal, the mutations discussed in the previ-
ous section would still be deleterious. A change could
avoid being deleterious if the relevant codon was not
used. However, the complete disappearance of a codon is
unlikely outside of rare codons in mitochondrial genomes.
Instead, any plausible account of code evolution requires
the fixation of at least one deleterious mutation.

Evolutionary scenarios that require fixing a strongly
deleterious mutation are generally implausible. However,
there is a special case: endosymbionts, organisms that
live in or on other organisms, are subject to ineffective
natural selection. Nicholson et al. explain this [76]:

Although the mechanism of genome decay

is not entirely clear, it appears to primarily
stem from frequent genetic drifts. Because
parasites live in small, asexual and genetically
bottle-necked populations, they cannot effec-
tively eliminate deleterious mutations that
sporadically occur during DNA replication.
This causes irreversible accumulation of dele-
terious mutations and reduction of parasite
genomes. Thus, it is not that parasites lose
only those genes that are no longer essential
for their survival in the intracellular context.
It is that parasites populations cannot effec-
tively eliminate sporadic deleterious muta-
tions, causing accumulation of these muta-
tions throughout their genomes, including
their most essential genes.

These endosymbionts accumulate mutations in their most
essential genes, including their tRNAs and release factors,
causing them to change how they interpret their code.
We expect, therefore, that codes will only evolve in these
endosymbiont genomes.

Several variant codes are found in bacterial endosym-
bionts. Stamera capleta [27], Hodgkinia cicadicola [28],
Nasuia deltocephalinicola [29] and Zinderia quadrilinea-
tus [30] are all symbionts living in the digestive tract of
insects. Anaerococcus is commonly found as part of the
human microbiome and is associated with several infec-
tions. Peptacetobacter is found in the digestive tract of
various animals. There are two orders (Mycoplasmatales
and Entomoplasmatales) of Mollicutes bacteria that are
parasites of various animals and plants and follow a
variant code.

Two groups of Bacillus bacteria were inferred to uti-
lize variant codes by a computational screen analyzing
an extensive collection of bacterial genomes [26]. One un-
classified bacterial group is explicitly stated to be from
“fecal metagenomes of baboons or humans [26]”. The
accession IDs from the supplementary data suggest a
similar origin is true for the other groups [77–80]. This
suggests that these groups are likewise endosymbionts.

Members of Absconditabacteria are sometimes de-
scribed as parasitic, but they are better described
as predatory. (They eat and consume other bacte-
ria [81, 82].) Gracilibacteria are also sometimes described
as parasitic due to having a reduced metabolism, but
they are poorly understood. Research has shown that
they have a limited metabolism and are associated with
Colwellia, a genus of bacteria [83]. They appear to live
off of Colwellia in some way, although the details are
unclear. Both groups appear not to be symbionts of
plants or animals but instead live off of other bacteria.

Several variant codes are found in protist endosym-
bionts. Amoeboaphelidium protococcarum is an algal
parasite [84]. Iotanema spirale is an endobiotic protist
isolated from gecko feces [85]. The subfamily Hexamiti-
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Table 3: Summary of mutational simplicity for bacterial, eukaryotic nuclear and eukaryotic mitochondrial reassignments.
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UGA (Stop → Trp) Bacterial Yes Yes Yes Yes
UGA (Stop → Gly) Bacterial Yes Yes No* No*
CGG (Arg → Trp) Bacterial Yes Yes Yes Yes
CGG (Arg → Gln) Bacterial Yes Yes Yes Yes
CGR (Arg → Trp) Bacterial No Yes No No
AGG (Arg → Met) Bacterial Yes Yes Yes Yes
UAA (Stop → Lys) Nuclear Yes Yes No* No*
UAG (Stop → Glu) Nuclear Yes Yes No* No*
UAG (Stop → Gln) Nuclear Yes Yes No* No*
UAG (Stop → Leu) Nuclear Yes Yes No* No*
UAR (Stop → Glu) Nuclear Yes Yes No* No*
UAR (Stop → Tyr) Nuclear Yes Yes No* No*
UAR (Stop → Gln) Nuclear Yes Yes No* No*
UGA (Stop → Trp) Nuclear Yes Yes Yes Yes
UGA (Stop → Cys) Nuclear Yes Yes No* No*
CUG (Leu → Ala) Nuclear No Yes Yes No
CUG (Leu → Ser) Nuclear No Yes Yes No
UAA (Stop → Tyr) Mitochondrial Yes Yes Yes Yes
UAG (Stop → Tyr) Mitochondrial Yes Yes Yes Yes
UAG (Stop → Leu) Mitochondrial Yes No No No
UAG (Stop → Ala) Mitochondrial No No No No
UAR (Stop → Tyr) Mitochondrial Yes Yes No No
UGA (Stop → Trp) Mitochondrial Yes Yes Yes Yes
CUN (Leu → Thr) Mitochondrial No No No No
CUN (Leu → Ala) Mitochondrial No No No No
CGG (Arg → Leu) Mitochondrial Yes No Yes No
CGN (Arg → Gly) Mitochondrial Yes No No No
AUA (Ile → Met) Mitochondrial Yes Yes No No
AAA (Lys → Asn) Mitochondrial Yes Yes No No
AGG (Arg → Lys) Mitochondrial Yes No Yes No
AGR (Arg → Gly) Mitochondrial Yes No No No
AGR (Arg → Ser) Mitochondrial Yes Yes No No
AGR (Arg → Met) Mitochondrial No No No No

* These mutations work to produce stop suppression not codon reassignment.
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nae is mixed, containing both parasitic and free-living
protists. However, the most parsimonious account re-
quires that the free-living members of this taxon reverted
to a free-living lifestyle from parasitic ancestors [86]. Stre-
blomastix is a symbiont found in the gut of wood-eating
termites [87]. Rhizaria sp. exLh and Amoebophrya sp.
ex Karlodinium veneficum are parasites named after their
host species.

The ciliates that exhibit various stop codon reassign-
ments are not generally endosymbionts. Some orders of
green algae also reassign some stop codons. The algae
genus Blastophysa listed in Table 2 is endophytic [88].
However, it shares its alternative code with the related
order Cladophorales, and taken together the group is not
characteristically endosymbiotic.

Some families of yeast reassign the CUG codon.
While there are some symbionts included in some of
these groups, the groups are not characteristically sym-
bionts.

Mitochondria, by their nature, are similar to sym-
bionts. They live inside the cells of eukaryotes and are
subject to many of the same effects as symbionts. A ten-
dency to accumulate mutations has also been observed
in mitochondria [89–91]. As such, we expect it to be
possible to evolve a variant code in mitochondria even
if the larger organism were not a symbiont. Neverthe-
less, mitochondrial variant codes might be more likely in
parasitic organisms. Indeed, parasitic nematodes in the
genus Radopholus have been observed to follow a variant
code in their mitochondria [59].

Our purpose here is not to argue that it is impossible
for a genetic code to evolve in a non-endosymbiotic organ-
ism. One can propose more complex scenarios that would
enable another kind of organism to undergo a codon re-
arrangement, but endosymbionts present the easiest case
to explain evolutionarily. Within our framework, these
are the reassignments most likely to be evolved rather
than designed.

3.5 Low Codon Usage
If codes evolve in symbionts, this explains why they
can evolve despite being deleterious. Nevertheless, we
expect that the changes cannot be too deleterious, or
even the relaxed natural selection found in symbionts
would eliminate them. The degree of deleteriousness of a
code-changing mutation is primarily determined by the
number of codon positions affected. A mutation affecting
the translation of many codon positions is likely to be
highly deleterious and even fatal. However, if relatively
few codon positions are affected, the deleteriousness is
minimized. Consequently, we expect evolved codes to
involve the reassignment of codons that have relatively
few uses. However, designed variant codes might have
reassigned codons that would otherwise have many uses.

We can identify two classes of reassignments that

seem unlikely to involve codons with sufficiently low us-
age. The first is reassignments involving multiple codons.
Many reassignments involve changing the meaning of
multiple, related codons. The rarity of similar codons
is often correlated, but the more codons are reassigned,
the greater the disruption of reassigning those codons.
The easiest case, evolutionarily, will be reassigning a
single codon. The second is any reassignment involved
in a eukaryotic genome. Eukaryotes have an order of
magnitude more genes than bacteria [92, 93]. We know
that bacteria like E. coli can survive with a stop codon
disabled [73]. However, this is much less plausible for
eukaryotes.

However, there is an exception to these two classes:
those non-ciliate protists that we argued previously en-
gaged in increased read-through rather than a codon
reassignment. Since the meaning of codons is not actu-
ally reassigned in these genomes, the logic above does
not apply. Instead, the organisms may survive the in-
creased read-through as long as the rate of read-through
is sufficiently low.

Another relevant issue is the frequency of a particular
codon. Some codons are used much less frequently than
others. Obviously, it would be easier to reassign a rarely
used codon. However, it is difficult to distill this into
a simple criterion because the rarity of codons differs
strongly from genome to genome, and there is no clear
way to define what should count as rare. Consequently,
we will have to leave the relative rarity of a codon out of
our consideration.

Our purpose is not to argue that it is impossible to
reassign a codon with higher usage. Certainly, more
complex scenarios can be postulated to account for how
a codon could be reassigned despite being heavily used.
Instead, our point is that these are reassignments are
most likely explained as evolved rather than designed in
the context of our framework.

3.6 Simple Distributions
In an evolutionary code change, we would expect the
distribution of a variant code to follow the phylogeny.
We would expect that an organism underwent a code
change at some point, and now all its descendants utilize
that alternative code. Crucial to this conclusion is the
fact that any sort of successful genetic code modification
is extremely rare. Most mutations that modify the in-
terpretation of the genetic code will make the organism
much less fit, and they will be eliminated by natural
selection. Consequently, invoking multiple genetic code
modifications in closely related taxa is highly implausi-
ble. Given the large number of organisms in life’s history,
we are likely to see other genetic code changes, but we
expect to find them in distantly related organisms.

For designed code changes, we do not expect the dis-
tribution of the code to follow the phylogeny precisely.

Volume 2024 | Issue 1 | Page 12



On the Origin of the Codes

Some degree of fit to an evolutionary phylogeny is ex-
pected under the dependency graph model. However, we
also expect some deviation from that pattern. Similar
organisms would likely benefit from similar changes to
the standard code. However, that would not be expected
to fit a phylogenetic pattern exactly. The pattern would
instead be more complex. See previous work on the
dependency graph model for more exploration of the
patterns expected under that model [13].

Absconditabacteria and Gracilibacteria both follow
UGA (Stop → Gly), but Absconditabacteria also follows
CGR (Arg→ Gln), which requires two code changes early
in the evolution of these phyla. The work that inferred
that Absconditabacteria follows CGR (Arg → Gln) also
found some evidence that CGG had also been reassigned
in closely related Gracilibacteria species. They wrote:

This may reflect a complicated history of
CGG reassignment and possible reversion to
arginine translation. [26]

The distribution of variant codes in ciliates is complex
(see Figure 1). The so-called ciliate code, which follows
UAR (Stop → Gln), originates four different times. A
“stopless” code, which reassigns all three stop codons,
originates three times. Three other codes that reassign
stop codons are also found in the ciliates: UAR (Stop →
Glu), UAR (Stop → Tyr) and UGA (Stop → Cys). In
addition, an unclassified Oligohymenophorea species has
been observed to follow UAA (Stop → Lys) and UAG
(Stop → Glu). The distribution of these codes in ciliates
is complex.

Another complex distribution is in a class of green
algae (see Figure 2). Only one code is involved: UAR
(Stop → Gln). However, it is found in three distinct
groups. The paper publishing the results for this class
called it a complex distribution and sought to explain it
by suggesting that the code originated once but reverted
in one of the orders [44].

Some yeast use a variant nuclear code with a complex
distribution (see Figure 3). Three different groups reas-
sign the CUG codon to two distinct amino acids: serine
and alanine.

The distribution of mitochondrial codes within Sac-
charomycetaceae is also complex (see Figure 4). The
reassignment AUA (Ile → Met) shows up in two distinct
groups. The entire family reassigns the CUN block to
two different amino acids.

The distribution of mitochondrial codes within the or-
der Sphaeropleales is also complex (see Figure 5). Three
distinct groups follow AGR (Arg → Ala). One family
follows AGR (Arg → Met). Two groups reassign the
UAG stop codon, one to alanine and the other to leucine.
Two groups follow CGG (Arg → Leu).

The distribution of mitochondrial codes within meta-
zoans is especially complex (see Figure 6). Most bi-

laterian metazoans follow AUA (Ile → Met), but the
exceptions cut through the taxonomy. A simplistic evo-
lutionary interpretation would suggest that AUA (Ile →
Met) occurred in no fewer than five distinct places in the
metazoan phylogeny. The transition ended up occurring
in all but a couple of lineages. This seems excessively un-
parsimonious, suggesting that we might instead propose,
still with an evolutionary framework, that the AUA (Ile
→ Met) transition occurred at the root of the bilaterian
animals. The change was then reverted twice, once in
the Platyhelminthes and once in the common ancestor
of Echinodermata and Hemichordata. This account may
be more parsimonious, but with a single change and two
reversions, it is not much better.

Furthermore, of the three bilaterian metazoan phyla
that do not follow AUA (Ile → Met), two follow AAA
(Lys → Asn). These two reassignments come in the
two distinct lineages that must have reverted the AUA
(Ile → Met) reassignment. As such, in an evolutionary
interpretation, both lineages must have experienced a
new reassignment shortly after reverting the previous
reassignment.

Most bilaterian metazoans follow AGR (Arg → Ser).
Additionally, two classes of sponges independently follow
this reassignment. In the chordates, one lineage, Cephalo-
cordata, maintains that assignment; another, Tunicata,
follows AGR (Arg → Gly), and the last, Vertebrata,
follows AGR (Arg → Stop).

The most complex distribution belongs to the arthro-
pod mitochondrial genomes (see Figure 7). Many follow
AGG (Ser → Lys), but the distribution is chaotic. An
evolutionary account of the distribution requires at least
20 changes, with the code repeatedly reverting back and
forth between decoding AGG as serine or lysine.

Other genetic code changes are only distantly related
to each other. The four individually listed bacterial
species in Table 1 all belong to the phylum Pseudomona-
data but belong to three classes and four different orders.
Likewise, Anaerococcus and Peptaceobacter both belong
to the order Bacillota but to different classes. The vari-
ant codes found in non-ciliate protists are mostly found
in different phyla with one exception—the phylum For-
nicata—which contains two variant codes but that are
found in different classes. In all of these cases, the variant
codes are found in distantly related organisms, which
makes sense if they are the outcome of a rare modification
to the genetic code in an evolutionary scenario.

It should be intuitively clear that the given exam-
ples defy evolutionary expectations with regards to the
distribution of the genetic code. However, for the pur-
poses of defining a criterion, we use a more precise test.
We consider taxa to be closely related if they have the
same taxonomic rank and a common major parent taxon.
Thus, all orders that belong to a particular class are
considered to be closely related. We consider the dis-
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Ciliophora (3529)

Karyorelictea (100)

Loxodida (38)
Gln Gln Trp

Protostomatida (51)
Gln Gln Trp

Protoheterotrichida (10)
Gln Gln Trp

Heterotrichea (149) Heterotrichida (145)

Condylostomatidae (25)
Gln Gln Trp

Blepharismidae (25)
Stop Stop Trp

Colpodea (133)

Cyrtolophosidida (34)

Cyrtolophosididae (15)
Gln Gln Stop

Platyophryidae (11)
Stop Stop Stop

Colpodida (44)
Stop Stop Stop

Litostomatea (415)

Entodiniomorphida (95)
Stop Stop Stop

Cyclotrichida (24)
Tyr Tyr Stop

Haptorida (144)
Stop Stop Stop

Pleurostomatida (63)
Stop Stop Stop

Nassophorea (62)

Nassulida (19)

Nassulidae (9)
Gln Gln Stop

Furgasoniidae (3)
Stop Stop Stop

Synhymeniida (27)
Stop Stop Stop

Microthoracida (10)
Stop Stop Stop

Spirotrichea (1122)

Tintinnida (211)
Gln Gln Stop

Choreotrichida (36)
Gln Gln Stop

Urostylida (160)
Gln Gln Stop

Sporadotrichida (204)
Gln Gln Stop

Oligotrichia (116)
Gln Gln Stop

Euplotida (171)
Stop Stop Cys

Protocruziidia (9)
Stop Stop Stop

Armophorea (111) Metopida (82)
Stop Stop Stop

Muranotrichea (2) Muranotrichida (2)
Stop Stop Stop

Plagiopylea (22) Plagiopylida (21)
Gln Gln Trp

Oligohymenophorea (1141)

Sessilida (298)
Glu Glu Stop

Mobilida (64)
Glu Glu Stop

Hymenostomatida (326)
Gln Gln Stop

Peniculida (177)
Gln Gln Stop

Philasterida (112)
Gln Gln Stop

Oligohymenophorea sp. PL0344 (1)
Lys Glu Stop

Phylum Class Order Family Species

UAA UAG UGA

Figure 1: The phylogeny of ciliates with nuclear genetic codes. doi: 10.5048/BIO-C.2024.1.f1

Volume 2024 | Issue 1 | Page 14

https://doi.org/10.5048/BIO-C.2024.1.f1


On the Origin of the Codes

Ulvophyceae (3028)

Ulvales (846)
Stop

Chlorocystidales (37)
Stop

Ignatiales (4)
Stop

Trentepohliales (503)
Gln

Dasycladales (38)
Gln

Bryopsidales (870)
Stop

Cladophorales (579)
Gln

Blastophysa (2)
Gln

Class Order Genus

UAR

Figure 2: The phylogeny of Ulvophyceae, a class of green algae with
nuclear genetic codes. doi: 10.5048/BIO-C.2024.1.f2

Saccharomycetales (5461)

Lipomycetaceae (69)
Leu

Trigonopsidaceae (21)
Leu

Trichomonascaceae (359)
Leu

Alloascoideaceae (9)
Leu

Dipodascaceae (391)
Leu

Metschnikowiaceae (377)
Ser

Debaryomycetaceae (968)
Ser

Pachysolenaceae (30)
Ala

Pichiaceae (552)
Leu

Saccharomycopsidaceae (38)
Ser

Ascoideaceae (4)
Ser

Phaffomycetaceae (298)
Leu

Saccharomycetaceae (590)
Leu

Saccharomycodaceae (125)
Leu

Order Family

CUG

Figure 3: The phylogeny of Saccharomycetales with nuclear genetic
codes. doi: 10.5048/BIO-C.2024.1.f3

Saccharomycetaceae (590)

Eremothecium (10)
Met Ala

Kluyveromyces (46)
Ile Thr

Lachancea (33)
Ile Thr

Saccharomyces (188)
Met Thr

Nakaseomyces (14)
Met Thr

Family Genus

AUA CUN

Figure 4: The phylogeny of Saccharomycetaceae with mitochondrial
genetic codes. doi: 10.5048/BIO-C.2024.1.f4

Sphaeropleales (1603)

Sphaeropleaceae (19)
Arg Leu Stop Ser

Bracteacoccaceae (65)
Ala Arg Stop Stop

Chromochloridaceae (3)
Met Leu Stop Stop

Selenastraceae (200)
Arg Arg Stop Stop

Scenedesmaceae (1065)
Ala Arg Leu Stop

Hydrodictyaceae (52)
Arg Arg Ala Stop

Neochloridaceae (22)
Ala Arg Ala Stop

Order Family

AGR CGG UAG UCR

Figure 5: The phylogeny of Sphaeropleales with Mitochondrial
genetic codes. doi: 10.5048/BIO-C.2024.1.f5

tribution to be complex if multiple genetic code mod-
ifications are necessary to account for the distribution
of codes amongst these closely related taxa. Given the
rarity of genetic code modifications, it should be highly
unlikely that any two such closely related taxa would
both happen to undergo one.

Almost all of the examples given above pass this test.
The exception is a few cases in the ciliates’ tree, namely
the order Cyclotrichida and the families Cyrtolophosidi-
dae and Nassulidae. While arguably part of the overall
pattern of complexity in the distribution of variant ge-
netic codes within ciliates, they are not closely related
to other taxa with variant codes, being the only taxon
with a known variant code within their class.

Our purpose here is not to argue that evolution-
ary theory must follow consistent phylogenetic patterns.
More complex scenarios can be postulated that would
account for a deviation from a simple, tree-like pattern.
Indeed, the loss-driven codon reassignment model at-
tempts to explain the propensity for multiple genetic
code mutations among closely related taxa [12]. The
evaluation of the plausibility of such scenarios is beyond
our scope. The point here is that, within our framework,
we would expect an evolutionarily derived code to follow
a simple distribution and many designed codes to follow
a complex distribution.

3.7 Correlation Between Criteria
The previous sections describe five different criteria by
which we expect designed codes to differ from evolved
codes. We have seen that some reassignments are charac-
teristic of high-level taxa, while others are characteristic
of low-level taxa. Some reassignments would require rela-
tively simple modifications to the translation machinery,
while others would require complicated changes. Some
reassignments are found in endosymbiotic organisms,
while others are found in free-living organisms. Some
reassignments involve rare codons, while others involve
common codons. Some reassignments follow phylogenetic
expectations, while others deviate from them.

If our framework is correct, we would expect that
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Table 4: Fisher’s one-tailed exact test p-values for correlation between different criteria. Each reassignment listed in Table 2 is counted as a data
point.

Low Level Taxon Simple Mutation Endosymbiont Rare Codons Simple Distribution
Low Level Taxa 3.65× 10−5 1.50× 10−7 1.10× 10−3 6.37× 10−4

Simple Mutation 3.65× 10−5 1.17× 10−8 7.28× 10−7 1.32× 10−10

Endosymbiont 1.50× 10−7 1.17× 10−8 1.68× 10−10 1.17× 10−8

Rare Codons 1.10× 10−3 7.28× 10−7 1.68× 10−10 1.24× 10−5

Simple Distribution 6.37× 10−4 1.32× 10−10 1.17× 10−8 1.24× 10−5

Table 5: The different criteria compared to a proposed classification. Each reassignment listed in Table 2 is counted as a data point.

Low Level Taxon Simple Mutation Endosymbiont Rare Codons Simple Distribution
Fisher’s exact test p-value 1.77× 10−11 1.14× 10−13 2.03× 10−10 9.71× 10−8 2.52× 10−10

Agreement 93.5% 85.6% 97.5% 67.8% 76.7%
Designed codes 8.7% 21.0% 4.3% 46.8% 33.9%
Evolved codes 100.0% 100.0% 100.0% 100.0% 100.0%

Metazoa (1034090)

Porifera (5208)

Calcarea (358)
Ile Lys Ser

Demospongiae (4461)
Ile Lys Arg

Hexactinellida (159)
Ile Lys Ser

Cnidaria (12127)
Ile Lys Arg

Platyhelminthes (12787)

Trematoda (5509)
Ile Asn Ser

Cestoda (2460)
Ile Asn Ser

Monogenea (2486)
Ile Asn Ser

Rhabditophora (2219)
Ile Asn Ser

Catenulida (58)
Met Lys Ser

Annelida (17266)
Met Lys Ser

Mollusca (34997)
Met Lys Ser

Brachiopoda (292)
Met Lys Ser

Nematoda (15880)
Met Lys Ser

Arthropoda (827682)
Met Lys Ser

Onychophora (426)
Met Lys Ser

Echinodermata (5360)
Ile Asn Ser

Hemichordata (156)
Ile Lys Ser

Chordata (93428)

Tunicata (944)
Met Lys Gly

Cephalochordata (27)
Met Lys Ser

Craniata (92439)
Met Lys Stop

Xenacoelomorpha (561)
Met Lys Ser

Kingdom Phylum Class

AUA AAA AGR

Figure 6: The phylogeny of Metazoa with Mitochondrial genetic
codes. doi: 10.5048/BIO-C.2024.1.f6

these different criteria would agree on whether a codon
reassignment is designed or evolved. We do not expect
exact agreement because our criteria are all somewhat
approximate. Table 4 shows the p-values from Fisher’s
exact test for the correlation between each of the criteria.
We find that all of the criteria correlate with each other
with a highly statistically significant level of support.

Each reassignment listed in Table 2 is counted as a
single data point. Multiple, unrelated codon reassign-
ments within a single taxon are counted as multiple,
distinct reassignments. However, when a taxon reassigns
related codons or when multiple taxa which are consid-
ered to share a common ancestor all follow a variant
code, these are counted as a single reassignment. The
chaotic distribution of the arthropod codes is counted as
a single entry.

It is also useful to compare all of the criteria with a
proposed classification of observed codes as either evolved
or designed. For that proposed classification, we classify
codes as evolved if and only if they are deemed evolved
by all five criteria. That is, codes that are found in
low-level taxa, require only a simple mutation, are found
in symbionts, reassign rare codons, and have a simple
distribution are deemed to have evolved. All other codes
are deemed designed. We take this approach because
the criteria are defined such that every evolved code
should follow them, but for most criteria, it would not
be surprising if some designed codes also followed them.
For example, an evolved code would be expected to only
reassign a rare codon, but a designed code may or may
not reassign a rare codon.

Table 5 presents the comparison of each criteria to
this standard. All criteria show a strongly statistically
significant correlation with that classification. The cri-
teria agree with the overall classification from 67.8% to
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Figure 7: A phylogeny of arthropod species. Green represents
lineages that decode AGG as serine in the mitochondria. Purple
represents lineages that decode AGG as lysine in the mitochondria.
The inferred code for individual species is taken from Abascal et
al [57]. The code for ancestral lineages and taxa without an inferred
code is inferred by parsimony. doi: 10.5048/BIO-C.2024.1.f7

97.5% of the time. Due to the way we defined the clas-
sification, evolved codes exhibit each of the properties
100% of the time. However, there is considerable varia-
tion with respect to how many designed codes fit each
criterion. Partially, this is because, as mentioned, many
of the criteria are such that a designed code may or may
not fit them. We will look more closely at some of the
misfitting examples in Section 3.8.

3.8 Misfits
3.8.1 Introduction
While we show good overall correlation among the cri-
teria and between the criteria (Table 4) and an overall
classification (Table 5), there are some variant codes that
fit less well. A correct theory must be correct in every
case, and, thus, simply pointing out the overall fit is
insufficient. We have to account for the cases that do
not fit as well into our framework. At the same time, our
criteria are approximations. It is thus to be expected
that some cases will not fit as well. We will find that the
misfits are fairly explicable.

3.8.2 Saccharomycetaceae
One of these misfits is the yeast family Saccharomyc-
etaceae, which contains three different mitochondrial code
reassignments. These reassignments look designed ac-
cording to most of our criteria: they require a complex

mutation, involve common codons and have a complex
distribution. However, they are found between the levels
of family and genus—low-level taxa. These reassignments
are responsible for all mismatches between the low-level
taxonomic criteria and the proposed classification.

These results can be reconciled with the framework
if we conclude that Saccharomycetaceae does not share
a single common ancestor. Recall that we proposed
the idea that limited common ancestry applied below
the level of family as an approximation. Indeed, prior
thought has suggested that, in some cases, genera rather
than families are the independently designed organ-
isms [62]. This would imply that the limited common
ancestry in this family began with at least three species
corresponding to the three distinct mitochondrial codes.

3.8.3 UGA (Stop → Trp)
The most common reassignment is UGA (Stop → Trp).
Most criteria suggest that it could have evolved: it can
be produced by a simple mutation, involves a rare codon
and has a simple distribution. It is found either in
endosymbiotic bacteria or mitochondria—but in both
very high-level and very low-level taxa. In our proposed
classification, these codes are classified as evolved or
designed simply on the basis of their taxonomic rank.

We propose that this is a consequence of this reas-
signment being both evolutionarily achievable and often
useful. This reassignment simplifies the code by eliminat-
ing one of the two exceptions where a codon ending with
guanine has a different meaning than the corresponding
codon ending with adenine. For bacteria and mitochon-
dria, one release factor recognizes UAA and UAG while
another recognizes UAA and UGA. Eliminating UGA as
stop codon means that only one of those release factors
is necessary.

There is a pattern to the distribution of UGA (Stop
→ Trp) within multicellular life. Photosynthesizing mul-
ticellular organisms, algae and plants do not, in general,
have mitochondria that follow UGA (Stop → Trp). Non-
photosynthesizing multicellular organisms, animals, and
fungi almost all have mitochondria that follow UGA
(Stop → Trp). The photosynthesizing organisms rely on
chloroplasts for much of their ATP production and do
not have the same requirements for their mitochondria.
As such, we find this change in the mitochondria in com-
plex non-photosynthesizing organisms that would have
the most need for efficiency.

A particularly notable case is that of the bacterial
orders Mycoplasmatales and Entomoplasmatales. These
are the only cases where a designed variant code is at-
tributed to a non-mitochondrial endosymbiont genome.
Without it, we would have 100% agreement between the
endosymbiont criteria and our proposed classification.
Orders are considered high-level taxa. However, these
are relatively small orders, and one could propose that
this order is related by limited common descent. If so,
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UUU Phe UCU Ser UAU Tyr UGU Cys

UUC Phe UCC Ser UAC Tyr UGC Cys

UUA Leu UCA Ser UAA Stop UGA Stop

UUG Leu UCG Ser UAG Stop UGG Trp

CUU Leu CCU Pro CAU His CGU Arg

CUC Leu CCC Pro CAC His CGC Arg

CUA Leu CCA Pro CAA Gln CGA Arg

CUG Leu CCG Pro CAG Gln CGG Arg

AUU Ile ACU Thr AAU Asn AGU Ser

AUC Ile ACC Thr AAC Asn AGC Ser

AUA Ile ACA Thr AAA Lys AGA Arg

AUG Met ACG Thr AAG Lys AGG Arg

GUU Val GCU Ala GAU Asp GGU Gly

GUC Val GCC Ala GAC Asp GGC Gly

GUA Val GCA Ala GAA Glu GGA Gly

GUG Val GCG Ala GAG Glu GGG Gly

UUU Phe UCU Ser UAU Tyr UGU Cys

UUC Phe UCC Ser UAC Tyr UGC Cys

UUA Leu UCA Ser UAA Stop UGA Trp

UUG Leu UCG Ser UAG Stop UGG Trp

CUU Leu CCU Pro CAU His CGU Arg

CUC Leu CCC Pro CAC His CGC Arg

CUA Leu CCA Pro CAA Gln CGA Arg

CUG Leu CCG Pro CAG Gln CGG Arg

AUU Ile ACU Thr AAU Asn AGU Ser

AUC Ile ACC Thr AAC Asn AGC Ser

AUA Ile ACA Thr AAA Lys AGA Arg

AUG Met ACG Thr AAG Lys AGG Arg

GUU Val GCU Ala GAU Asp GGU Gly

GUC Val GCC Ala GAC Asp GGC Gly

GUA Val GCA Ala GAA Glu GGA Gly

GUG Val GCG Ala GAG Glu GGG Gly

Figure 8: A comparison of the standard codon table and UGA (Stop
→ Trp). doi: 10.5048/BIO-C.2024.1.f8

the low-level taxa criterion would be in error, and this
would actually be an evolved rather than a designed
code.

3.9 Design Tradeoffs
If many of these variant codes are designed, this will
imply some design reason for the variation. The reason
may not always be apparent. Nevertheless, we have
some indications of possible reasons for some of the code
variants. At the same time, we must acknowledge that
the ideas presented here are more speculative.

Ciliates have an unusual genomic architecture. In
particular, ciliates have two nuclei: a micronucleus and a
macronucleus. The micronucleus carries the genetic infor-
mation from generation to generation, and the macronu-
cleus is generated from the micronucleus by amplification
and heavy editing. Given this unusual architecture, it is
plausible that the trade-offs for the genetic code design
would be different than in a typical cell, thus explaining
the prevalence of non-canonical codes among the ciliates.

Mitochondria have very small genomes and sometimes
exist in large numbers inside eukaryotic cells. As such,
it makes sense that the trade-offs differ for mitochondria
compared to nuclear or bacterial genomes. In particular,
it would likely make sense to simplify the codon table.
Two common mitochondrial changes, UGA (Stop →

UUU Phe UCU Ser UAU Tyr UGU Cys

UUC Phe UCC Ser UAC Tyr UGC Cys

UUA Leu UCA Ser UAA Stop UGA Stop

UUG Leu UCG Ser UAG Stop UGG Trp

CUU Leu CCU Pro CAU His CGU Arg

CUC Leu CCC Pro CAC His CGC Arg

CUA Leu CCA Pro CAA Gln CGA Arg

CUG Leu CCG Pro CAG Gln CGG Arg

AUU Ile ACU Thr AAU Asn AGU Ser

AUC Ile ACC Thr AAC Asn AGC Ser

AUA Ile ACA Thr AAA Lys AGA Arg

AUG Met ACG Thr AAG Lys AGG Arg

GUU Val GCU Ala GAU Asp GGU Gly

GUC Val GCC Ala GAC Asp GGC Gly

GUA Val GCA Ala GAA Glu GGA Gly

GUG Val GCG Ala GAG Glu GGG Gly

UUU Phe UCU Ser UAU Tyr UGU Cys

UUC Phe UCC Ser UAC Tyr UGC Cys

UUA Leu UCA Ser UAA Stop UGA Stop

UUG Leu UCG Ser UAG Stop UGG Trp

CUU Leu CCU Pro CAU His CGU Arg

CUC Leu CCC Pro CAC His CGC Arg

CUA Leu CCA Pro CAA Gln CGA Arg

CUG Leu CCG Pro CAG Gln CGG Arg

AUU Ile ACU Thr AAU Asn AGU Ser

AUC Ile ACC Thr AAC Asn AGC Ser

AUA Met ACA Thr AAA Lys AGA Arg

AUG Met ACG Thr AAG Lys AGG Arg

GUU Val GCU Ala GAU Asp GGU Gly

GUC Val GCC Ala GAC Asp GGC Gly

GUA Val GCA Ala GAA Glu GGA Gly

GUG Val GCG Ala GAG Glu GGG Gly

Figure 9: A comparison of the standard codon table and AUA (Ile →
Met). doi: 10.5048/BIO-C.2024.1.f9

Trp) (see Figure 8) and AUA (Ile → Met) (see Figure 9),
simplify the standard genetic code by creating split family
boxes. We previously considered how this reassignment
is associated with complex non-photosynthesizing life in
Section 3.8.3. Likewise, another common change, AGR
(Arg→ Ser), simplifies the code by creating a family box
(Figure 11).

AUA (Ile → Met) (see Figure 9) and AAA (Lys
→ Asn) (see Figure 10) make opposite changes to the
code. AUA (Ile → Met) simplifies a box into two split
family boxes. AAA (Lys → Asn) takes two split family
boxes and makes a three-one box. This is interesting
because AAA (Lys → Asn) is found in those metazoan
mitochondrial lineages that do not follow AUA (Ile →
Met). This would be explained if combining opposite
changes in these variants would not make sense.

3.10 Conclusions
We have presented a framework for understanding the
character and distribution of variant genetic codes. That
framework implies the existence of two classes of codes:
designed and evolved. We have found that the known
variant codes fit well into these two categories. Fur-
thermore, the framework provides excellent explanatory
power for the properties of these two classes.

Evolved codes are only found in low-level taxa. Evo-

Volume 2024 | Issue 1 | Page 18

https://doi.org/10.5048/BIO-C.2024.1.f8
https://doi.org/10.5048/BIO-C.2024.1.f9


On the Origin of the Codes

UUU Phe UCU Ser UAU Tyr UGU Cys

UUC Phe UCC Ser UAC Tyr UGC Cys

UUA Leu UCA Ser UAA Stop UGA Stop

UUG Leu UCG Ser UAG Stop UGG Trp

CUU Leu CCU Pro CAU His CGU Arg

CUC Leu CCC Pro CAC His CGC Arg

CUA Leu CCA Pro CAA Gln CGA Arg

CUG Leu CCG Pro CAG Gln CGG Arg

AUU Ile ACU Thr AAU Asn AGU Ser

AUC Ile ACC Thr AAC Asn AGC Ser

AUA Ile ACA Thr AAA Lys AGA Arg

AUG Met ACG Thr AAG Lys AGG Arg

GUU Val GCU Ala GAU Asp GGU Gly

GUC Val GCC Ala GAC Asp GGC Gly

GUA Val GCA Ala GAA Glu GGA Gly

GUG Val GCG Ala GAG Glu GGG Gly

UUU Phe UCU Ser UAU Tyr UGU Cys

UUC Phe UCC Ser UAC Tyr UGC Cys

UUA Leu UCA Ser UAA Stop UGA Stop

UUG Leu UCG Ser UAG Stop UGG Trp

CUU Leu CCU Pro CAU His CGU Arg

CUC Leu CCC Pro CAC His CGC Arg

CUA Leu CCA Pro CAA Gln CGA Arg

CUG Leu CCG Pro CAG Gln CGG Arg

AUU Ile ACU Thr AAU Asn AGU Ser

AUC Ile ACC Thr AAC Asn AGC Ser

AUA Ile ACA Thr AAA Asn AGA Arg

AUG Met ACG Thr AAG Lys AGG Arg

GUU Val GCU Ala GAU Asp GGU Gly

GUC Val GCC Ala GAC Asp GGC Gly

GUA Val GCA Ala GAA Glu GGA Gly

GUG Val GCG Ala GAG Glu GGG Gly

Figure 10: A comparison of the standard codon table and AAA (Asn
→ Met). doi: 10.5048/BIO-C.2024.1.f10

lutionary changes can be easily explained by simple mu-
tations. They are only found in endosymbiont genomes,
which have properties that can explain the fixation of
deleterious mutations. The codons that are reassigned
are consistently rare. The distribution of such changes
is simple and follows phylogenetic expectations.

On the other hand, designed codes are found in high-
level taxa of at least genus-level but typically higher.
They involve many reassignments that are difficult to
explain with any sort of simple mutation. They are found
in free-living organisms. They sometimes reassign codons
that are expected to be rare. They are often distributed
in a complex fashion that does not fit phylogenetic ex-
pectations.

In some cases, we have some idea of why a designer
would make particular adjustments. Ciliates may be
using alternative codes to adapt to their unusual use
of multiple nuclei. Mitochondria, especially those in
non-photosynthesizing multicellular organisms, appear to
have had their code streamlined. Considerable variation
is found in metazoans, which have the most to gain from
optimized mitochondria.

However, new variant codes are continuing to be dis-
covered, and known codes are continuing to be fully
explored. Indeed, new ciliate codes were reported while
this paper was under review [38]. The real test of our

UUU Phe UCU Ser UAU Tyr UGU Cys

UUC Phe UCC Ser UAC Tyr UGC Cys

UUA Leu UCA Ser UAA Stop UGA Stop

UUG Leu UCG Ser UAG Stop UGG Trp

CUU Leu CCU Pro CAU His CGU Arg

CUC Leu CCC Pro CAC His CGC Arg

CUA Leu CCA Pro CAA Gln CGA Arg

CUG Leu CCG Pro CAG Gln CGG Arg

AUU Ile ACU Thr AAU Asn AGU Ser

AUC Ile ACC Thr AAC Asn AGC Ser

AUA Ile ACA Thr AAA Lys AGA Arg

AUG Met ACG Thr AAG Lys AGG Arg

GUU Val GCU Ala GAU Asp GGU Gly

GUC Val GCC Ala GAC Asp GGC Gly

GUA Val GCA Ala GAA Glu GGA Gly

GUG Val GCG Ala GAG Glu GGG Gly

UUU Phe UCU Ser UAU Tyr UGU Cys

UUC Phe UCC Ser UAC Tyr UGC Cys

UUA Leu UCA Ser UAA Stop UGA Stop

UUG Leu UCG Ser UAG Stop UGG Trp

CUU Leu CCU Pro CAU His CGU Arg

CUC Leu CCC Pro CAC His CGC Arg

CUA Leu CCA Pro CAA Gln CGA Arg

CUG Leu CCG Pro CAG Gln CGG Arg

AUU Ile ACU Thr AAU Asn AGU Ser

AUC Ile ACC Thr AAC Asn AGC Ser

AUA Ile ACA Thr AAA Lys AGA Ser

AUG Met ACG Thr AAG Lys AGG Ser

GUU Val GCU Ala GAU Asp GGU Gly

GUC Val GCC Ala GAC Asp GGC Gly

GUA Val GCA Ala GAA Glu GGA Gly

GUG Val GCG Ala GAG Glu GGG Gly

Figure 11: A comparison of the standard codon table and AGR (Arg
→ Ser). doi: 10.5048/BIO-C.2024.1.f11

framework will be in future discoveries. Some possible re-
assignments would be very difficult for the framework to
accommodate, such as an evolutionarily difficult reassign-
ment in a very low-level taxon. Most dramatically, the
observation of the evolution of an evolutionary difficult
code would probably be fatal for this framework. Oth-
ers code reassignments could be classified inconsistently
by different criteria, and so undermine the correlation
among the different criteria proposed in our framework.
While the identified misfits seem explicable, additional
misfits could be identified that defy explanation. We
will have to wait for that future research to see how our
framework fares.

4. EVOLUTIONARY THEORY
4.1 Introduction
As discussed in the introduction, evolutionary theory
might appear, on first inspection, to have good explana-
tory power for the character and distribution of variant
genetic codes. There are three different aspects to this
apparent explanatory power. Firstly, it would explain
the near universality of the genetic code. Whereas a
designer might have chosen to use very different codes in
different organisms, it would be difficult for evolution to
account for such varied codes. As such, a near-universal
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genetic code is a prediction of common descent. Secondly,
it would explain the prevalence of variant codes in mi-
tochondria and other simple genomes. While a designer
might choose to use any code in any organism regardless
of the complexity of the genome, evolution appears con-
strained to modifying only the codes of simple genomes.
As such, it is a prediction of common descent that variant
codes would be found in these simple genomes. Thirdly,
it would explain why variant codes are distributed ac-
cording to phylogenetic patterns. While a designer might
choose to use variant codes in any sort of pattern, evolu-
tion is restricted to following phylogenetic distributions.
Thus, common descent predicts that variant codes follow
a phylogenetic distribution.

The repeated idea is that evolution is constrained:
there are only certain kinds of code changes and patterns
that can appear. As such, evolutionary theory predicts
those patterns. Insofar as those patterns are found in
nature, the predictions of evolutionary theory have been
confirmed. However, do these predictions follow from
evolutionary theory, and are the predictions successful?

4.2 Universality
The universality of the genetic code is sometimes claimed
as an important and successful prediction of evolutionary
theory [6]:

More recently, molecular genetics has demon-
strated a particularly dramatic unity—the
genetic code. If organisms had arisen in-
dependently they could perfectly well have
used different codes to connect the 64 trin-
ucleotide codons to the 20 amino acids; but
if they arose by common descent any alter-
ation in the code would be lethal, because
it would change too many proteins at once.
Hence the finding of the same genetic code
in microbes, plants, and animals (except for
minor variations in intracellular organelles)
spectacularly confirms a strong evolutionary
prediction.

Today, the claimed prediction must be modified to ac-
count for the much more extensive known variation in
the genetic code. The evolutionary theorist will argue
that the code is close enough to being universal that it is
still a pretty good confirmation of evolutionary theory.

It is not always appreciated, but the evolutionary
prediction depends on the assumption that the universal
genetic code was well established in the last universal
common ancestor. This assumption is not actually ex-
pected under evolutionary theory. Under an evolutionary
account, the genetic code did not arise all at once but
gradually developed over time. It is inescapable that
there would have been different organisms with different
codes. It is unexpected that none of the diversity of

life that we currently know is derived from any of those
organisms with those alternative codes.

The argument that the code should not vary because
alterations to the code would be highly deleterious was
published in a couple of 1963 papers, both of which made
this point. The first paper states it as follows [94]:

All this supposes that at some very primitive
stage all organisms had the same code. This
might have happened if the system arose only
once, though it is not obvious that the code
should have evolved by a whole series of dis-
tinct additions to a simpler system without
diversification occurring.

The second paper agrees [95]:

If the code is not universal, the number of
different codes should represent the number
of different primordial ancestors that either
existed during the time the present code was
being completed, or existed when organisms
were so simple that changes in practically
all proteins were not always fatal. In either
case, if different codes do exist they should
be associated with major taxonomic groups
such as phyla or kingdoms that have their
roots far in the past.

In 1973, Crick and Orgel put forward the universal
genetic code as evidence for directed panspermia [96]:

Several orthodox explanations of the univer-
sality of the genetic code can be suggested,
but none is generally accepted to be com-
pletely convincing. It is a little surprising
that organisms with somewhat different codes
do not coexist. The universality of the code
follows naturally from infective theory of the
origins of life on earth would represent a clone
derived from a single extraterrestrial organ-
ism even if many codes were represented at
the primary site where life began, only a sin-
gle one might have operated in the organisms
used to infect the Earth.

These authors thought it was surprising that there was
a single universal genetic code but believed it could be
explained if all of life descended from a single cell that
already had a fully established code.

Therefore, evolutionary theory does not predict a
single universal genetic code. If anything, evolutionary
theory would favor the idea that the genetic code was
still in flux at the time of the last universal common
ancestor. Thus, we should see somewhat divergent codes
in the highest-level taxa. The idea that the last universal
common ancestor would already have a fully established
genetic code is not expected under evolutionary theory.
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The assumption is added to account for the observation
of an early universal genetic code.

Sometimes these quotations are invoked in an attempt
to show that these theorists predicted the existence of
variant codes. However, they did not predict the sort of
variant codes that we actually observe. Their predictions
were based on the idea that there would be codes surviv-
ing from the time of the evolution of the genetic code.
What we observe instead are modifications of the stan-
dard code. They are not associated with the high-level
taxa as predicted by these authors.

It is not that evolutionary theory is unable to accom-
modate a nearly universal genetic code. It is possible that
all other lineages died off, leaving only those carrying
the now canonical genetic code. However, evolutionary
theory could have at least as easily accommodated numer-
ous different codes. Despite the claims of evolutionary
theorists, this is not a prediction of universal common
ancestry and thus does not provide strong evidence for
it.

4.3 Genomes with Variant Codes
Mitochondrial variant codes are much more widespread
than nuclear or bacterial variant codes. Upon first inspec-
tion, this seems to make sense within the evolutionary
framework because it would be much easier to evolve a
variant code in mitochondria with their tiny genome.

There are approximately three times as many mito-
chondrial variants as nuclear code variants (see Table 2).
But this is not actually why mitochondrial variants are
much more widespread. In an evolutionary framework,
mitochondrial code changes took place in what would
become the common ancestors of highly diverse groups,
particularly animals and fungi. The widespread use of
variant mitochondrial codes is due to the placement of
those code changes in early lineages rather than the
propensity of mitochondrial genomes to evolve.

Furthermore, there is not enough difference between
the amounts of mitochondrial and nuclear code evolution
for the evolutionary account to work. A mitochondrion
has on the order of ten genes, but a free-living bacterium
has on the order of one thousand, a hundredfold differ-
ence. We would expect that reassigning a codon would
be exponentially more difficult as the number of genes
increased. If the small genomes of mitochondria are re-
sponsible for their propensity to undergo code changes,
the difference should be much more pronounced. There
should be numerous mitochondrial variations for every
nuclear variation, not simply a three-to-one ratio.

Furthermore, variant codes are found in nuclear
genomes that are not particularly small. They are found
in ciliates, which have comparable numbers of genes to
the human genome. Additionally, we find them in some
multicellular green algae. In fact, we find more code
variation in eukaryotic nuclear genomes than in bacterial

genomes, despite eukaryotes having much larger genomes.
Despite the initial impression, evolutionary theory does
not account well for the kinds of genomes with variant
codes.

4.4 Phylogenetics
Evolutionary theory’s clearest prediction is that the dis-
tribution of a code should follow the phylogeny. In
NCBI’s list of variant codes, codes are named after the
taxonomic groups that exhibit them, such as ciliates,
echinoderms, flatforms, vertebrates, invertebrates and
fungi. This gives the impression that these codes neatly
fit into a standard phylogeny. A cursory look at the
metazoan mitochondrial codes gives the impression of a
nested hierarchy of codes.

However, as we saw when we looked at the complex
distribution of codes, this was not the case. In many
cases, the distribution of a code is complex, defying evo-
lutionary explanation. Codes recur in closely related
groups in a way not explained by common descent. Evo-
lutionary theory has to invoke inexplicable events such
as reversions to the standard code.

Today we find ideas such as the loss-driven codon
reassignment model [12] which predicts a more complex
distribution of variant genetic codes. This avoids evolu-
tionary theory being falsified by the complex distribution
of these variant genetic codes. However, it does so at
the cost of undermining the prediction of phylogenetic
variant code distribution that seemed to follow from the
theory of common descent.

5. CONCLUSIONS
We have put forward a framework for understanding the
character and distribution of variant genetic codes. This
framework is based on three tenets. Firstly, the genetic
code is well-engineered and suited for most genomes. Sec-
ondly, some genomes benefit from a different genetic code.
Thirdly, some genomes have accumulated mutational er-
rors and thus interpret their genetic code differently.

We surveyed variant genetic codes to evaluate this
framework, identifying the distribution and character
of all known variant codes. We found that we could
distinguish the designed and evolved codes by consider-
ing organismal lifestyle, taxonomic ranks, evolutionary
feasibility, multiple codon reassignments and complexity
of distribution. We showed that these different criteria
correlate well with each other and that deviations from
the general pattern are explicable. As such, our frame-
work provides excellent explanatory power for the known
variant codes.

Initially, evolutionary theory appeared to have some
explanatory power. However, upon closer inspection, the
features of the variant codes that seemed well explained
by evolutionary theory turned out to either be inaccurate
or to not follow from evolutionary theory.
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We have not attempted to critique evolutionary the-
ory based on the mechanical difficulties involved in ge-
netic code evolution. Certainly, models of genetic code
evolution face difficulties [11, 97–99]. Some of the data
presented here in terms of the difficulty of certain codon
reassignments contributes to that difficulty. However,
that is not our concern here. Rather, we have sought
to show that even based solely on the distribution and
character of the variant genetic codes, our framework is
a better explanation than that of evolutionary theory.
Future research will put our framework to the test. We
expect more variant codes to be discovered in the future,
and our theory will ultimately be tested by its ability to
accommodate those discoveries.

This paper makes some important contributions to
the development of common design as an alternative
model to common descent in expanding the analysis from
genes to the genetic code itself. It takes an area previ-
ously argued to demonstrate universal common ancestry
and demonstrates a framework with superior explana-
tory power based on common design. This paper moves
beyond simply critiquing universal common ancestry and
provides its own understanding of the design and history
of life. It also explicitly incorporates limited common
ancestry as a core part of the framework. Altogether,
this paper constitutes an important step towards the de-
velopment of common design as a full-fledged alternative
to universal common ancestry.
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