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Facts Cannot be Ignored When Considering the Origin of Life
#3: Necessity of Matching the Coding
and the Decoding Systems
Change Laura Tan, Division of Biological Sciences, University of Missouri, Columbia, MO 65211
Abstract

No known molecule, including DNA, RNA, and proteins, can replicated itself; dozens of specific
proteins are required to replicate a small bacterial genome. DNA, however long it is and however many
genes it can encode, is nothing without the molecular machineries to decode (that is, to transcribe
and translate) its encoded genes. Amazingly, each of the three domains of life (bacteria, archaea,
and eukaryotes) has its own unique way of replicating its genome, defining whether a piece of DNA is
a gene or not, whether an RNA is protein-coding or not, and where transcription or translation should
start and end. This creates unbridgeable gaps in between bacteria, archaea, and eukaryotes and,
thus, challenges the popular belief that life came from non-life naturally and that all organisms are
connected via a big evolutionary tree of life.

Keywords: abiogenesis, origin of life, information coding and decoding, DNA replication, gene
transcription, gene translation

Introduction
As I mentioned in #1 and #2 of this series on
Facts Cannot be Ignored When Considering the
Origin of Life (Tan 2022a, 2022b), an astonishing
discovery of molecular biology is organism-specific
biological information coding and decoding systems.
This was what started this author to inquire the
origin of eukaryotes and the origin of life sixteen
years ago. Biological information coding and
decoding refers to DNA replication (the process
that two copies of genomic DNA are made from one
copy), gene transcription (making RNA from DNA
templates), and gene translation (making proteins
whose amino acid sequences are determined by the
nucleotide sequences of RNA). It is impossible to
fully address this discovery in one short article. This
essay is merely a foretaste of what I hope to detail
in the future. Specifically, a brief comparison of
bacterial and eukaryotic DNA replication initiation,
transcription initiation, and translation initiation
will be presented to illustrate how the same vital
tasks of replicating genomic DNA and transcribing
and translating genes are implemented differently
in different domains of life using proteins that are
mostly unrelated in amino acids sequence.
A comparison of bacterial and
eukaryotic DNA replication initiation
DNA replication is indispensable for the survival
and reproduction of every organism, without
exception. To compare and contrast bacterial and
eukaryotic DNA replication initiation, I determined
the distribution of homologs of proteins involved
in the initiation of bacterial and eukaryotic DNA

replication. A homolog of a protein of interest is
commonly regarded as a protein shared a common
ancestorial gene with the protein of interest, however
here it is defined as a protein with some sequence
similarity with the protein of interest, regardless its
origin.
The results are shown in Fig. 1. Each row
represents one specific gene, with its total homolog
number next to the name of the gene. Each column
represents a group of organisms with the numbers of
species analyzed in that group listed underneath the
name of that group. The number at the intersection
of a row and a column is the number of species in
the group of that column that contain homologs to
the gene of that row. The percentage of species with
homologs for a specific gene in a group are colorcoded (red: 0, none species in the group contains a
homolog for that gene; green: 100%, every species in
the group contains a homolog for that gene; different
shades of mixed red and green: frequency between
0 and 100%, the higher the frequency, the greener
the color). Orphan genes, genes with no homologs in
all the organisms (other than the reference organism
itself) compared, are marked with red stars. Nearly
orphan genes, genes with homologs in 1–5 species
(other than the reference organism) of all species
compared, are marked with blue stars.
Fig. 1 shows that a species that is colored green
on one side (right or left with bacteria on the right,
eukaryotes on the left, and archaea in the middle) is
generally red on the other side. This demonstrates
that most proteins used by bacteria to replicate their
genomes do not have homologs in eukaryotes, and
vice versa. Thus, bacteria use mostly bacteria-unique
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Fig. 1. Homolog distribution of genes involved in bacterial and eukaryotic DNA replication initiation.
(A page 50) Distribution of homologs of DNA polymerases, sliding clamps, and clamp loaders.
(B page 51) Distribution of homologs of other factors involved in DNA replication initiation.
Method: To compare the DNA replication machineries of bacteria and eukaryotes, homologs of E. coli and
Saccharomyces cerevisiae proteins involved in DNA replication are searched against the 317 (144 eukaryotes, 142
bacteria, and 31 archaea) three domain model organisms database and either the bacteria-only (3863 bacterial
species ) or eukaryotes-only (711 eukaryotes) databases in the OrthoInspector website (Nevers et al. 2019).
Note: a. The budding yeast S. cerevisiae is one of the 90 Opistho species in the database. Thus, only 89 of them should
be counted when searching homologs of a yeast gene. b. E. coli is one of the 50 Proteobac species in the database.
Thus, only 49 of them should be counted when searching homologs of an E. coli gene.
Abbreviations of organism groups (in the order of appearance): Eukaryotes: SAR: Stramenopiles, Alveolata,
Rhizaria; Archaepla: Archaeplastida; Ot. euk: Other Eukaryota; Opistho: Opisthokonta. Archaea: Asgard: Asgard
group (including Lokiarchaeota and Thorarchaeota); Euryarch: Euryarchaeota; TACK: TACK group (including
Thaumarchaeota, Bathyarchaeota, Crenarchaeota, and Korarchaeota); DPANN: DPANN group (including
Nanoarchaeota). Bacteria: Terrabac: Terrabacteria; PVC: a superphylum of bacteria including Planctomycetes,
Verrucomicrobia, and Chlamydiae; Proteobac: Proteobacteria; FCB: a superphylum of bacteria including
Fibrobacteres, Chlorobi, and Bacteroidetes; Ot. bac: Other Bacteria.
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genes to replicate their genomes, and eukaryotes use
mostly eukaryotes-unique genes to replicate their
genomes.
This is evidence that the same task is implemented
differently by the three fundamental cell types.
This is not what one would expect if bacteria and
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eukaryotes had shared a common ancestor since
DNA replication is essential for the survival and
reproduction of each and every known organism. In
other words, these bacteria or eukaryotes-unique
genes that are needed for DNA replication of their
specific domains of life challenge the belief that
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eukaryotes evolved from bacteria, and the belief that
all life forms are connected via an evolutionary tree
of life.
A Comparison of Bacterial and Eukaryotic Gene
Transcription Initiation
Like DNA replication, gene transcription is
indispensable for the survival and reproduction
of every organism. Bacteria use one type of RNA
polymerase, an enzyme that synthesis RNA using
DNA as a template, that is made of five different
proteins to transcribe all genes encoded in their
genomes. In contrast, eukaryotes use at least three
RNA polymerases made of 12–17 different proteins to
transcribe their genes, each polymerase responsible
for a specific set of genes (fig. 2).
Strikingly, the bacterial RNA polymerase core
needs to form a protein complex with one other protein,
while the eukaryotic RNA polymerases, which are
made of two to three times more proteins, needs to
form a complex with multiple general transcription
factors to locate gene promoters (fig. 3). Two of the
Pol II transcription factors, TFIID and THIIH, are
made of 14 and 10 different proteins, respectively.
TFIIB is the only Pol II general transcription factor
that is made of a single protein.
To ensure that each gene in a eukaryotic cell is
expressed when needed, and only when needed, in
the cells needed, at the levels needed, gene-specific
transcription factors that bind DNA motifs in
gene enhancers are needed. However, most genespecific transcription factors are unable to directly
bind, and thus regulate, the basal transcription
machinery made of the RNA polymerase and the
general transcription factors. This problem is solved
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in eukaryotic cells using a protein complex called
mediator. The mediator does not bind DNA, but it
interacts with the transcription factors that can bind
DNA. In addition, it interacts, directly, with the basal
transcription machinery.
The mediator alone is composed of more than
twenty different proteins (the exact number
of proteins varies in different organisms). The
structures of Pol II pre-initiation complex (PIC) with
mediator (except its kinase domain) from human and
mouse have been solved (Chen, Yin et al. 2021; Zhao
et al. 2021). The structure of the human complex,
which contains 68 unique proteins, is shown in (fig.
4). With the inclusion of the mediator and the general
transcription factors in the transcription machinery,
Pol II itself appears so small and insignificant.
In short, bacteria and eukaryotes genes are defined
and recognized differently. This is like Chinese and
English, they use totally different alphabets, words,
and grammars and need to be read differently.
Again, same task, but entirely different
implementations.
This creates another challenge to the idea that life
came from non-life, that complicated life evolved from
simpler ones, and that all life forms are connected via
an evolutionary tree of life.
A Comparison of Bacterial and Eukaryotic Gene
Translation Initiation
Like DNA replication and gene transcription,
gene translation is indispensable for the survival and
reproduction of every organism. Gene translation
occurs in ribosomes in all organisms. Bacterial
ribosomes are made of fifty or so ribosomal proteins
and three ribosomal RNAs, while eukaryotic

Fig. 2. A comparison of bacterial and eukaryotic RNA polymerase cores. Proteins with sequence similarities are
represented with the same colors.
A: Bacterial RNA polymerase core. E. coli RNA polymerase core is made of four proteins: α (two copies), β, β’, and ω.
The structure was extracted from (PDB: 6B6H) (Liu et al. 2017).
B: Eukaryotic RNA polymerases. RNA Polymerase I is made of 14 proteins: A190, A135, A49, A43, A34, A14, A12,
ABC1-5, AC1, and AC2. RNA Polymerase II is made of 12 proteins: Rpbs 1-12. RNA Polymerase III is made of 17
proteins: ABC1-5, AC1, AC2, and C1-10. The structures are for yeast S. cerevisiae Pol I (PDB: 6RWE) (Sadian et
al. 2019), human Pol II (PDB: 7ENC) (Chen, Yin et al. 2021), and human Pol III (PDB: 7AE1) (Girbig et al. 2021).
Figure credits: Images were created at RCSB PDB with Mol* (JavaScript) (Sehnal et al. 2018).
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Fig. 3. Eukaryotic RNA polymerases need help from many more proteins than bacterial RNA polymerase core does.
A. A bacterial RNA polymerase core needs help from one protein to initiate transcription. Shown in the figure is the core
(left) and holo-enzyme (right) of E. coli RNA polymerase.
B. Eukaryotic RNA Pol II needs help from six general transcription factors made of 31 unique proteins. Note that Pol II
and Pol II transcription factor (TFII) A, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH need to be assembled in a sequential
manner to form a functional preinitiation complex (PIC) made of 49 subunits and 43 different proteins. The subunits
of each transcription factor are represented with different colors when shown in the transcription factor alone but as a
single color in the preinitiation complex (PIC), except with TFIID in which the color of its TATA box binding protein (TBP)
subunit is unchanged. The structures of individual components shown are those in the assembled complex and are often
different from their structures in their unassembled forms. Figure credits: Images were created at RCSB PDB with Mol*
(JavaScript) (Sehnal et al. 2018) from (PDB: 6B6H) (Liu et al. 2017) (Panel A) and (PDB: 7EGB) (Chen, Qi et al. 2021)
(Panel B).

ribosomes are made of about 80 ribosomal proteins
and four or more ribosomal RNAs. Some of the
bacterial ribosomal proteins are similar in amino
acid sequence to eukaryotic ribosomal proteins and
some are unique to bacteria.
Strikingly, the three domains of life—bacteria,
archaea, and eukaryotes—each has its own peculiar
way of determining whether a piece of RNA is proteincoding and, if it is protein-coding, where to start and
to stop translation. Fig. 5 provides a comparison of
bacterial and eukaryotic translation initiation.
Note that we only need three fingers to fully count
the bacterial translation initiation factors (IFs) (fig. 6).

To number the eukaryotic translation initiation factors
(eIFs), we will need a six-fingered hand. Furthermore,
the fingers need to have branches because we need to
count the letters A, B, C, etc. at the same time. Note
that the initiation factors whose names containing
the same number but different letters are unrelated
in protein composition or function, and that each
bacterial initiation factor is made of one single protein,
while many eukaryotic initiation factors are made of
multiple subunits. For example, eukaryotic initiation
factor 3, which is represented with an unbranched
finger, is made of 6 to 13 different proteins (the
number varies depending on the organisms).
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Fig. 4. Structure of the mediator-containing Pol II transcription preinitiation complex. Two views, front (A) and back
(B), of the complex are shown. The relative positions of the two views, which are about 180° apart, are indicated
by an image of a three-dimensional coordinate on the top left corner of the corresponding panel. Coloring scheme:
DNA are shown in cartoon model, with the template strand in black and the non-template strand in gray. TATA box
binding protein (TBP) is shown in space-fill model with different colors for different atoms. All other molecules are
represented with surface model. The subunits of Pol II are individually colored and numbered. Each transcription
factor, except TFIID, is colored with a single color. All subunits of TFIID, except TBP, are colored with one color. The
images were generated from PDB: 7ENC (Xizi Chen, Yin et al. 2021) via Mol* (Sehnal et al. 2018). Abbreviations:
IIA, IIB, IID, IIE, IIF, IIH: Pol II transcription factor A, B, D, E, F, H; MED: mediator.

As DNA replication and gene transcription, the
number of proteins involved is not the key issue.
The key issue is the identities of the proteins. Both
bacteria and eukaryotes require their organismspecific proteins to translate their genes.
Once more, same task, but different
implementations.
This creates yet another challenge to the idea
that life came from non-life, that complicated life
evolved from simpler ones, and that all life forms are
connected via an evolutionary tree of life.
A Comparison of Archaeal and Eukaryotic
Gene Transcription
It has often been said that archaea can function
as intermediates between bacteria and eukaryotes
(for example, (Gribaldo et al. 2010; Koonin 2015;
Rochette, Brochier-Armanet, and Gouy 2014; Vesteg
and Krajcovic 2011; Williams et al. 2013). However,
whether eukaryotes are more similar to archaea or
more similar to bacteria depend on what genes are

compared. For instance, the eukaryotic information
processing system is more similar to that of archaea
than to that of bacteria, but the eukaryotic metabolic
system is more similar to that of bacteria than to that
of archaea (Tan and Tomkins 2015a; Tan 2017).
I examined the archaeal and eukaryotic
information processing systems and found that they
are distinct and unexchangeable (Tan 2017; Tan and
Tomkins 2015a). For example, the largest subunit,
known as Rpb1, of eukaryotic RNA polymerase II, has
homologs in archaea (fig. 7). However, the eukaryotic
protein has a unique C-terminal tail (fig. 7, red box)
that has no archaeal counterpart. This C-terminal
tail is necessary for eukaryotic gene transcription
initiation, elongation, and termination. In other
words, without the eukaryote-specific C-terminal
tail, eukaryotic life would be impossible since its
protein-coding genes would not be transcribed, and,
consequently, its proteins could not be generated and
its genomic DNA whose replication requires proteins
could not be replicated.
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Fig. 5. A comparison of bacterial and eukaryotic gene translation initiation.
(A) Bacterial gene translation initiation. Bacterial 30S subunit recruits the messenger RNA (mRNA), often due
to the base pairing between a Shine-Dalgarno sequence (SD) with an anti-SD (ASD) sequence at the 3’-end of 16S
rRNA. Three initiation factors, IF1, IF2, and IF3 favor the recruitment of the initiator tRNA and its pairing with the
start codon. The formyl-methionyl moiety of the initiator tRNA is important for recognition by IF2. After start codon
recognition, IF3 is released and the large ribosomal subunit is recruited with the help of IF2.
(B) Eukaryotic gene translation initiation. Unlike bacteria, eukaryotes do not use the SD anti-SD strategy. In
canonical eukaryotic translation, a pre-initiation complex, containing the small ribosomal subunit, the methionylated
initiator tRNA, and initiation factors, forms at the 5’-capped end of the mRNA. The complex then scans the mRNA
until a start codon in a suitable environment is found. Base-pairing of the tRNA anticodon with the AUG start codon
triggers eIF1 release followed by the release of a phosphate group resulting from GTP hydrolysis by eIF2. In turn,
eIF2, eIF3, and eIF5 are released; eIF5B-GTP is recruited and favors joining with the large ribosomal subunit. The
complex formed by eIF4E + eIF4G + eIF4A is known as eIF4F. eIF3, composed of 6 (yeast) to 13 (mammals) subunits
is represented as a yellow oval. Figure credits: modified from Fig. 1 of (Schmitt et al. 2020)(CC BY 4.0).

Organism-Specific Cryptographic Keys
To borrow the language of cryptography, the
inheritable genetic information that determines life or
death of all living beings is encrypted. Furthermore,
the information is encrypted in different ways in
different organisms, one way for bacteria, another
way for archaea, and yet another way for eukaryotes.
These organisms have to use their own unique
cryptographic keys to decipher their genomes. These
organisms differ in whether they (not we human
intellectuals!) regard a segment of DNA as a gene

or not, whether a gene is protein-coding or nonprotein-coding, where a transcription should start
and end, and where a translation should start and
end. Their cryptographic keys are their own RNAs
and proteins present in their own cells and those that
they can make themselves using their own molecular
machineries.
For example, the same RNA transcript may encode
totally unrelated proteins by a bacterial cell that uses
Shine-Dalgarno sequence to identify its translation
starting site and a eukaryotic cell that uses a scan
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Fig. 6. Counting bacterial and eukaryotic translation initiation factors. Bacterial IF 2 and eukaryotic eIF5B share some
sequence similarities, and, thus, are shown with the same color. The same is true for bacterial IF1 and eukaryotic eIF1A.

Fig. 7. A comparison of S. cerevisiae Rpb1 (gray, bottom) with its archaeal homologs P. furiosus Rpb A’ and A” (green,
top). Note that Rpb A’ is homologous to one part (N-terminal) of Rpb1 and Rpb A” is homologous to another part of Rpb1.
Segment locations are based on amino acid positions of Rpb1 protein. Segments present in Rpb1 but not in Rpb A’ and A”
are indicated with trapezoids and negative numbers, while those segments absent in Rpb1 but present in Rpb A’ and A”
are indicated with inverted triangles and positive numbers. The values of the numbers represent the numbers of amino
acid missed and correlate with the sizes of the triangles and trapezoids. The C-terminal tail of Rpb1 that is missing in P.
furiosus RNA polymerase is highlighted with a red dotted box.

Fig. 8. The same RNA may end up with two different proteins in bacteria and eukaryotes. Blue box: Shine-Dalgarno
sequence (SD); green box: translation initiation site; red box: translation stopping site. Top: The hypothetical mRNA
would be used to code for a protein with amino acids MFIGA, based on the mechanism of translation of bacteria
like E. coli. The SD is important for translation initiation in bacteria. It hybridizes to an anti-SD sequence, which
is reverse and complementary to the SD, in the 16S rRNA of the bacterial ribosomes. Bacteria use the AUG that is
a few nucleotides downstream of the SD as the translation initiation site. Bottom: The same hypothetical mRNA
would be used to code for a protein with amino acids MAKEV, based on the mechanism of translation of eukaryotes
like yeast. Eukaryotes normally use the first AUG from the 5’ end of an mRNA as the translation starting site.
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mechanism to do that even if it does encode a protein
(fig. 8).
Using an analogy to cryptography, the encrypted
string of letters “NOT TO BE NOT” can mean quite
different, even opposite, things depending on which
cryptographic key is used (fig. 9).

Fig. 9. Decrypting encrypted messages. The same
string of letters “NOT TO BE NOT” can mean “TO BE”,
“NOT TO BE”, “TO BE NOT”, or “NOT TO BE NOT”,
depending on the cryptographic keys of the interpreters.
The cryptographic keys are represented with rows of
blue and white boxes in which only white boxes allow a
letter to be seen.

Mutation and Natural Selection
Could accumulated mutation and natural selection
account for the vast number of organism-specific
genes necessary for the survival and reproduction of
organisms, especially those for their DNA replication,
transcription, and translation?
With this question in mind, I have investigated
what have been discovered, experimentally, about
mutation and natural selection and formation of
new genes. The answer for the question is a clear
“NO”. Some results of my early investigations were
reported in (Tan 2015).
A Logical Conclusion
A logical conclusion from analyses of the genes
involved in biological information coding and decoding
and of the genes necessary for organism survival and
reproduction is that not all organisms can be linked
via a big evolutionary tree of life. Organisms on earth
are better represented as a forest of trees of life, as
I proposed a few years ago (Tan 2016). What many
believe and teach about the origin of life and the
origin of biodiversity does not agree with what the
genes are showing us.
Unfortunately, this conclusion is not one that
many would feel comfortable with.
An Experimental Demonstration
The
organism-specificity
and
noninterchangeability, at least at the domain level of life,
of biological information coding and decoding systems
(Tan and Tomkins 2015a, 2015b), the necessity of
many organism-specific essential genes (Tan 2015),
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and the inability of mutation and natural selection
to generate a single essential gene are demonstrated
by molecular cloning experiments, especially that
of Craig Venter in his creating the “the first selfreplicating species we’ve had on the planet whose
parent is a computer” (Gibson et al. 2010; Tan 2016;
Venter 2010), though whether the parent of the
cell they synthesized is a computer is controversial
(Matuscak and Tan 2016) and it was not Venter’s
intention to provide such a demonstration.
Briefly, Craig Venter and colleagues synthesized
the entire one-megabase (Mb) genome of Mycoplasma
mycoides in yeast, a eukaryotic cell (Gibson et al.
2010) (fig. 10). However, the yeast cells could not
create M. mycoides cells using the cloned bacterial
genome. The genes encoded in the cloned genome
need to be transcribed and translated using the
molecular machines from Mycoplasma capricolum,
a cell that shares more than 99% identity for the 79
core proteins involved in gene translation, as well
as their ribosomal DNA, with the genome donor M.
mycoides (Labroussaa et al. 2016).
The inability of a yeast cell to decode the bacterial
M. mycoides genetic code is a consequence of the
domain-specific information processing systems,
including DNA replication, transcription, and
translation (Tan and Tomkins 2015a; 2015b). As
mentioned earlier, what is striking is not so much
that the number of proteins involved are different (as
important as that is) but that the identities of these
proteins are different. The proteins used for bacterial
DNA replication, transcription, and translation are
mostly bacteria specific; they do not have known
homologs in eukaryotes. Likewise, the proteins used
for eukaryotic DNA replication, transcription, and
translation are mostly eukaryotes specific; they do
not have known homologs in bacteria.
To overcome the barrier between bacterial and
eukaryotic DNA replication machinery, a yeast origin
of replication had to be artificially incorporated into
the bacterial genome before the bacterial genome
could be cloned in yeast (fig. 10, the leftmost arrow
on the top). Furthermore, at each step in which the
cloned bacterial DNA needs to be amplified in both
E. coli and yeast, an E. coli-yeast shuttle vector that
contains both an E. coli origin of replication and a
yeast origin of replication (fig. 11) had to be used.
To overcome the barriers between bacterial and
eukaryotic transcription and translation machineries,
the bacterial selectable genes (usually antibioticresistance genes) were placed under the control of
a bacterial gene promoter and the yeast selectable
genes (usually nutrient-selectable genes) were placed
under the control of a yeast gene promoter, so that
the selectable marker genes can be recognized by
the transcription and translation machinery of the
corresponding host organisms and be transcribed
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Fig. 10. Basic steps involved in Venter’s generation of a synthetic bacterial cell.

and translated. The selectable genes are necessary
for the identification and isolation of the cloned DNA.
Also, because of the barriers between bacterial and
eukaryotic transcription and translation machineries
and difference in coding and decoding strategies, the
cloned bacterial genome that was fully assembled
and amplified in yeast had to be transferred into a
bacterial host cell to be “activated.”
Even after all these, the initial cloned genome
was not able to generate a self-replicating synthetic
bacterial cell because one base pair in one of M.
mycoides hundreds of essential genes was missed at
the beginning of the cloning process and the mistake
escaped detection along the way. The missed base
pair had to be added back manually to enable the
synthetic cell to survive and reproduce. For a more
detailed description of what the Venter’s team did
and the obstacles they had to overcome during their
creation of their synthetic bacterium, the readers are
referred to (Tan and Stadler 2020).
Conclusion
The inheritable genetic information that determines
life or death of all living beings is not only encrypted
but is encrypted in an organism-specific manner.
Different organisms have to use their own unique
cryptographic keys that are made of their own RNAs
and proteins present in their own cells and those that
they can make themselves using their own molecular
machineries to decipher their genomes. This creates

discontinuities in between bacteria, archaea, and
eukaryotes. The discontinuities can be overcome
during molecular cloning using specifically- engineered
cloning vectors, but not by the organisms whose DNA
is cloned, apart from human intellects. Therefore,
the organism-specific genetic information coding and
decoding systems challenge the popular belief that life
came from non-life naturally and that all organisms
are connected via a big evolutionary tree of life.
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