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Abstract

A new statistical method associating each trinucleotide with a frame is developed for identifying circular codes. Its sensibility
allows the detection of several circular codes in the (protein coding) genes of archaeal genomes. Several properties of these circular
codes are described, in particular the lengths of the minimal windows to retrieve the construction frames, a new definition of a
parameter for measuring some probabilities of words generated by the circular codes, and the types of nucleotides in the
trinucleotide sites. Some biological consequences are presented in Discussion.
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1. Introduction

The trinucleotide distribution in the (protein coding)
genes is not random. Indeed, the synonymous codons
(codons coding for the same amino acid) do not occur
with the same frequencies in the genes of different
species (Grantham et al., 1980; Sharp and Matassi,
1994; Antezana and Kreitman, 1999). This codon usage
bias depends on several biological factors, mainly the
gene function, the DNA spatial structure (e.g. stacking
energies, curvature, superhelicity) and the evolutionary
process. The gene function appears to be the most
important factor (Ma et al., 2002) compared to the
spatial (e.g. Tazi and Bird, 1990) and evolutionary (e.g.
Smith et al., 1985) ones. Several processes involved in
the gene function may determine the codon usage bias in
order to increase translational efficiency and accuracy
(Table 1).

The statistical methods leading to these previous
results are usually simple and mainly based on the
occurrence frequencies of basic motifs in genes, such as
the mononucleotides, the dinucleotides, the codons, etc.
In this line of research, we have added a new method
called frame trinucleotide frequency (FTF) which
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analyses the trinucleotide occurrence frequencies in
the 3 frames of genes (Arqués and Michel, 1996). By
convention, the reading frame established by the codon
ATG is frame 0, and frames 1 and 2 are the reading
frames shifted by 1 and 2 nucleotides in the 5-3'
direction, respectively. Then, a preferential frame for the
64 trinucleotides can be deduced by assigning to each
trinucleotide the frame associated with its highest
occurrence frequency. Totally unexpected, by excluding
the identical trinucleotides (AAA, CCC, GGG and
TTT) and with a few exceptions, this approach identifies
the same 3 subsets of 20 trinucleotides per frame in the 2
gene populations P of eukaryotes EUK and prokaryotes
PRO. These 3 sets, Zo(EUK)= Z,(PRO) (resp.
Z(EUK) = Z1(PRO) and %,(EUK) = Z»(PRO)) as-
sociated with the frame 0 (resp. 1 and 2) have several
interesting properties, in particular the property of
circular code which is briefly recalled here without
mathematical notations. The other properties, such
as permutation and complementarity, are detailed in
Arqués and Michel (1996, 1997).

1.1. The 3 sets Zo(P), Z1(P) and Z,(P),
P= {EUK,PROY}, are (maximal) circular codes

A circular code is a set of words on an alphabet such
as any word written on a circle (the next letter after the
last letter of the word being the first letter) has at most
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Table 1
Gene function process involved in the codon usage bias

Type of gene function process Some references

tRNA pool and codon—
anticodon binding strength
Codon context

Ikemura (1981); Ikemura (1985)

Yarus and Folley (1984); Shpaer
(1986); Gutman and Hatfield
(1989); Berg and Silva (1997)
Campbell et al. (1999)

Jukes and Bhushan (1986); Sharp
and Matassi (1994); Sueoka
(1992)

Grantham et al. (1981)
Andersson and Kurland (1990)

Genome signature
Global/local G+ C content and
mutational biases

Gene expression

mRNA stability and
transcription rate

Effects of DNA polymerase and
repair systems, methylation, CpG
islands

Tertiary structure of the protein
coded by the gene

Hanai and Wada (1988)

Gu et al. (2002)

Fig. 1. The set & = {AAT,ATG, CCT,CTA,GCC,GGC} is not a
circular code as the word w = ATGGCCCTA, written on a circle, can
be factorized into words of 2 according to 2 different ways: ATG,
GCC, CTA (thick line) and AAT, GGC, CCT) (thin line).

one decomposition into words of the circular code. As
an example, let the set Z be composed of the 6 following
words: 2 = {AAT,ATG, CCT,CTA, GCC,GGC} and
the word w, be a series of the 9 following letters: w =
ATGGCCCTA. The word w, written on a circle, can be
factorized into words of 2" according to 2 different ways:
ATG, GCC, CTA and AAT, GGC, CCT (Fig. 1).
Therefore, Z is not a circular code. In contrast, if the set
4’ obtained by replacing the last word GGC of 2 by
GTC is considered, i.e. 2/ = {AAT,ATG,CCT,CTA,
GCC, GTC}, then it does not exist such an ambiguous
word with 2’. Then, 2’ is a circular code. The
construction frame of a word generated by a concatena-
tion of the words of the circular code can be retrieved
after the reading, anywhere in the word, of a certain
number of nucleotides depending on the code. This

series of nucleotides is called the window of the circular
code.

For a set of words with 3 letters (trinucleotides) on
a 4-letter alphabet, a circular code contains at most
20 words and is maximal. Indeed, a necessary, but not
sufficient, condition for a code to be circular is the
absence of 2 permutated words in the code (Section 3.3
for details).

1.2. The code Xo(P) is a € code

Recall the definition of the trinucleotide (left circular)
permutation: The (left circular) permutation £ of
the trinucleotide wo = Iy, lhhihe{A,C,G, T}, is
the permutated trinucleotide 2(wy) = w, = Lihl, e.g.
P(AAC) = ACA, and 2(P(wy)) = P(w1) = wy, e.g.
P(P(AAC)) = CAA.

This definition is naturally extended to the trinucleo-
tide set permutation: The permutation £ of a set of
trinucleotides is the permutated trinucleotide set ob-
tained by the permutation £ of all its trinucleotides.

Each circular code can be deduced from the permuta-
tion of another circular code. The code Z'|(P) associated
with the frame defined as the (left) permutation of the
reading frame, i.e. the frame 1, can be obtained by
the permutation of the code Z(P). Similarly, the code
Z'»(P) can be deduced from the permutation of the code
Z'1(P) and the code Zy(P), from the code Z»(P). As the
code Zy(P) is coding for the reading frame in genes, it is
considered as the main code and then called %° code
(maximal circular code with 2 permutated maximal
circular codes).

Remark: The property that Z¢(P) is a circular code,
does not necessarily imply that 2'1(P) and Z'»(P) are also
circular codes.

Another %° code without the complementary prop-
erty has been found in the mitochondrial genes (Arques
and Michel, 1997).

The main biological property directly related to a
circular code is the ability to retrieve the reading
frame which might be involved in the transcription
and the translation apparatus (Arques and Michel,
1996, 1997).

1.3. The developed method

The method FTF, which was used for determining the
%3 codes in the gene populations of eukaryotes,
prokaryotes and mitochondria, presents exceptions for
the assignments of preferential frames to some trinu-
cleotides. These exceptions are usually observed with
borderline cases existing when the occurrence frequen-
cies of a trinucleotide are similar in the 3 frames. They
have been treated by hand” (Arqueés and Michel, 1996,
1997 for details).
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The method proposed here, called frame permutated
trinucleotide frequency (FPTF), generalizes and auto-
mates the statistical approach FTF and increases the
detection sensibility of circular codes in genes. As 2
permutated trinucleotides cannot simultaneously belong
to a circular code, the 60 trinucleotides (without AAA,
CCC, GGG and TTT) are gathered in 20 classes of 3
trinucleotides invariant by permutation. The method
FPTF considers both the preferential frame of a
trinucleotide by comparing its occurrence frequencies
in the 3 frames and the preferential permutated
trinucleotide in a frame by comparing the occurrence
frequencies of the 3 permutated trinucleotides in this
frame. A statistical function, taking into account these 2
parameters, allows to associate each trinucleotide with a
unique frame.

Otherwise, in contrast to the method FTF which has
been used with gene populations, i.e. genes from
different genomes, the method FPTF is applied here to
the genomes, precisely to their complete sets of genes in
both strands. So far, no circular code has been searched
in the archaeal genomes, members of the third domain
of life.

1.4. The archaeal genomes

Archaea have features that are either unique, typically
prokaryotic or typically eukaryotic (e.g. Bernander,
2000; Woese, 2000; Forterre, 2001). They possess a
prokaryotic mode of cellular organization, e.g. no
nuclear envelope, circular DNA molecules organized
similar to those of prokaryotes, etc. On the other hand,
they present many eukaryotic similarities in their
replication, transcription and translation processes,
e.g. introns in tRNA genes, protein synthesis initiation
with unformylated methionine, etc.

Most of them are extremophiles, i.e. adapted to live
in extreme environment such as high or low tempera-
ture, acid or salinity water, etc. Archaea are often
viewed as predominant over prokarytotes in all
hostile environments. Their variability in their morphol-
ogy, metabolic pathway and genetic information
makes the construction of their phylogenetic tree
difficult.

The actual hypothesis divides the archaeal domain
into 3 main phyla:

® The Euryarchaeota (EA) containing the methanogens
(strict anaerobes and methane producers), the halo-
philes (strict aerobes living in high-salt environ-
ments), some thermoacidophiles (acrobes living in
hot and acidic environments) and some hyperther-
mophiles (living in hot environments).

® The Crenarchaeota (CA) principally composed of
hyperthermophiles.

® The Korarchaeota deduced from small subunit
ribosomal DNA sequences and for which no organ-
ism has been sequenced yet.

Circular codes are searched in the 16 archaeal
complete genomes sequenced at the time of writing
this article which comprise 12 Euryarchaeota and 4
Crenarchaeota. Their complete sets of genes are
analysed in both strands. The method FPTF identifies
several circular codes in archaea. Several properties of
these codes are described. In particular, a new definition
of a parameter allows to measure some probabilities of
words generated by the circular codes. Some biological
consequences in archaea are presented in Discussion
with respect to the 3 2-letter genetic alphabets (purine/
pyrimidine, amino/ceto, strong/weak interaction) and
the genetic code.

2. Method

The methods developed for identifying circular codes
in genes consider the permutated trinucleotides. On the
genetic alphabet {A,C,G,T}, there are 60 trinucleotides
wed = {AAA,...,TTT} — {AAA,CCC,GGG,TTT}
which can be gathered in 20 sets of 3 permutated
trinucleotides. In genes, a trinucleotide w can be read in
3 frames pe{0,1,2} and then noted w” with p = 0:
reading frame established by the start trinucleotide
ATG, and p =1 (resp. p = 2): reading frame shifted by
1 (resp. 2) nucleotide in the 5-3’ direction. Therefore,
there are 60 x 3 = 180 trinucleotides w”.

The first method developed, called FTF (Arqués and
Michel, 1996), computes the 180 occurrence frequencies
o(w”) of the trinucleotides w” in genes and assigns a
preferential frame phasepref to the trinucleotide w,
noted wPhaserrel - guch as the occurrence frequency of
w in this frame is the highest one among the 3 possible
frames p

2
phase(w) = k such as o(wk) = MAOX{O(W”)},

=
thasepref _ thase(w). (1)

However, as the method FTF is based on the simple
parameter o(w”), some trinucleotides are associated with
2 frames p and p/, i.e. |o(w”) — o(w”)| <& where & = 0.2%
with the circular code of eukaryotes/prokaryotes
(Arques and Michel, 1996) and &= 0.4% with the
circular code of mitochondria (Arques and Michel,
1997). Furthermore, in these borderline cases, a different
preferential frame cannot be assigned to each permu-
tated trinucleotide in order to verify the hypotheses of a
potential 4* code. These exceptions with the circular
codes of eukaryotes/prokaryotes and mitochondria have
been treated “by hand” (Arqueés and Michel, 1996,
1997).
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In order to have a general and automatic approach
for the frame assignment to a trinucleotide, we propose
here a quantitative method which considers simulta-
neously the 3 permutated trinucleotides for assigning a
different preferential frame to each permutated trinu-
cleotide. This method called FPTF will identify several
circular codes in archaeal genes.

As there are 3 permutated trinucleotides w;,
ie{0,1,2}, in 3 different frames pe{0,1,2}, there are

9 possible trinucleotides w/ and therefore (2) =84
possible sets &7, je{l,...,84}, of 3 trinucleotides. The
84 sets ¥/ are noted .#84 and defined as follows:
&84
— {nbotonih
{whwlwit, ..,
{w(l),wé, W?},
{w%,w?, wg}, e
={" .. ¥

Sl wi
{wh.wdwit, ..,
W owhwih, o,

{Wg, Wé, W%}}

{wg, wi,wi
{whwiwat, ...,
g, wi ks o,

{w%,wg, Wé}, .

. . . ! 1
By convention, the trinucleotides w’, w} and wh,

i, 1", p,p',p"€{0,1,2},in a set ¥/ = {w w’,’,w,,}are

in the lexicographical order.
Among these 84 sets &/, the 3 sets of left permutated
trinucleotides are:

® the trinucleotide wy in frame 0, i.¢. wg, the permutated
trinucleotide w; in frame 1, i.e. w}, and the
permutated trinucleotide w; in frame 2, i.e. w%,

leading to the set ¥** = {WOaWsz}

® the trinucleotide wy in frame 1, i.e. WO, the permutated
trinucleotide w; in frame 2, i.e. W%, and the
permutated trinucleotide w» in frame 0, i.e. wg,

leading to the set #* = {w}, w3, wz}

® the trinucleotide wy in frame 2, i.e. wO, the permutated
trinucleotide w; in frame 0, i.e. w?, and the
permutated trinucleotide w;, in frame 1, !

ie. wy,
leading to the set % = {w3, w), wl}.

These 3 sets 22, * and 9 associate each
trinucleotide with a preferential frame and each frame
with a permutated trinucleotide by respecting the
definition of the trinucleotide permutation (Section 1).
Therefore, in these 3 sets, a relation between a
trinucleotide and its frame, allows to deduce (by
permutation) the 2 other relations between the permu-
tated trinucleotides and their frames. A statistical
analysis will show that these 3 sets occur with the
highest value in all the archaeal genomes (see below the
Remark concerning the sets .%7).

A statistical function is developed for quantifying
these 84 sets 97 and determining the preferential set
among ¥, #* and ¥ Let o(w!), i,pe{0,1,2}, be

the occurrence probability of a trinucleotide w? in genes.
In order to weight the probability o(w?) of w’ by its
probabilities in the 3 frames, the following probability
function P allows to associate a preferential frame with
a trinucleotide

o(wf)
g 00w))

Similarly, in order to weight the probability o(w!)
of w¥ by its permutated trinucleotide probabilities,
the following probability function Q allows to associ-

ate a preferential permutated trinucleotide with a
frame

o(w/) =

P(w}) = )

o(w?)
g 00wf)

Remark: In a genome with hundreds of genes, the
denominators DEN(P) and DEN(Q) are different from
0. Indeed, there is no stop codon wye{TAA, TAG,
TGA} in frame 0 in genes. Therefore, o(wo) = 0. As Wy
occurs in frames 1 and 2, then DEN(P) = Z 0 0(W8) =
212;:1 o(w))>0. On the other hand, as J(wo) and
P(P(Wy)) occur in frame 0, then DEN(Q)=
S, 0(?) = 37 o(#?) > 0. These 2 inequalities could
obviously not be verified with one gene of short length.

The statistical function for selecting the set % of 3

trinucleotides {wf' 0

(€)

v wh wh? ’}, which has the strongest

weight compared to the frame and the permutated
trinucleotide, is defined as follows:

F((yN(ln,Po,ll,Pl,lz,Pz)) _ <W[Jo WPI,WPZ)

% 1 %)

=3 Z (P(wp’) + Q(Wp’)>

EZ (POt + 00v2)) )
with

. . . 1
N(losp03llspla 12»172) :610(13 - 24[0 + 191)

1
- El](]] — 17+ 1, —45

and ILy=3ip+po+ 1, H=3i1+p1+ 1, L=3L+pr+
1, io, po, i1, 1, 12, p2 €10, 1,2} verifying Iy <I; <I,.

Property 1. If the 9 occurrence probabilities o(w'" ) in
a set 9/ are identical, i.e. o(wp)—o(w )Vz i,p,
P'€{0,1,2}, then F(¥/)=1/3Vje{l,...,84} (proof
obvious).

The set ™, having the highest value with the
function F among the 84 sets .97, is

84 .
S — ok such as F(9F) = M.AIX{F(‘?])}' )
=
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Remark concerning the sets &7: Let S, ke {1, ...,20},
be a set of 3 permutated trinucleotides in the lexico-
graphical order among the 20 possible ones, i.e. ¥ =
{AAC,ACA,CAA}, ..., %2 = {GTT, TTG, TGT} The
9 trinucleotides w! of a given set ¥4 can be partitioned
nto

)0)-~

different sets of 3 sets of 3 trinucleotides. Such a
partition is noted

(o> J1572) po P D2 Py . Py P
E; = wil wit, wi Wals Wy Wi g

0 2
o
{wu,w/,‘,w”’}}

—{sh 77},

kefl,...,20}, jo,ji1.j2€{l,....84} and jo#ji#/2, by
ass001at1ng each set of 3 trmucleotldes with a set fj
such as %/ Vj,é' =@, ,I'e{0,1,2} and [#/'. The
particular partition studied here is

(22,44,53) __ 22 pd4 53
A RN

= {{wh. wi, w3}, {wg, wi, w3}, {wg. wi, wit}.

For a given set .y, the partition E,(CIO” ) is evaluated by

the function F as follows:
(e i (7) o

and the partition EW/) for a genome ¥ with 20 sets
Sk, each corresponding to a trinucleotide permutation
class, by the mean M

= Z F (E(IoJlJz)) )

The computation of M (EU0/1/), %) in each genome ¥
shows that M (E®243),4) has the highest value among
the 280 partitions EV/142) in the 16 archaeal genomes
(data not shown). This strong statistical result for the
partition E2443) explams the choice of the set %/ =

w”o,w'f,w” }, p,p,p"€{0,1,2} and p#p #p", for

etermining the set %", Finally, the 3 sets .%” in the
partition E??>#33) associate each permutated trinucleo-
tide with a different frame such as the frame of a
trinucleotide can be deduced from the frame of a
permutated trinucleotide.

Finally, the preferential set &
{wo,wl,wz} ¥ = gwo,wf,wz} and &3 = {wo,wl,wz}
in the partition E?>%>% is identified by comparing the
sets 2%, 94 and 933 with the set ™%

M(E(’” S Js72) (g

pref among y22

Sppref yk
such as

maxy ky _ maxy __ J
F@™) = F&Y) = MIN {F@™) = F&)}. ()

&Pl is the set with the highest value among the sets
$2 % and 9. In most cases (see below), /™ =
Sl (e, F(P™) — F(¥Pe) = ().

Sixteen archaeal genomes % are studied:

® Aeropyrum (pernix) with 2694 genes containing 1916
kb and noted AP (Crenarchaeota CA),

® Archeoglobus (fulgidus) with 2407 genes containing
1989 kb and noted AG (Euryarchaeota EA),

® Halobacterium (sp.NCR-1) with 2058 genes contain-
ing 1761 kb and noted HB (EA),

® Methanoccocus (jannashii) with 1709 genes contain-
ing 1444 kb and noted MC (EA),

® Methanopyrus (kandleri) with 1678 genes containing
1492 kb and noted MP (EA),

® Methanosarcina acetivorans with 4440 genes contain-
ing 4162 kb and noted MSA (EA),

® Methanosarcina mazei with 3371 genes containing
3065 kb and noted MSM (EA),

® Methanothermobacter  (thermautotrophicus) with
1868 genes containing 1575 kb and noted MT (EA),

® Pyrobaculum (acrophilum) with 2605 genes contain-
ing 1968 kb and noted PB (CA),

® Pyroccocus abyssi with 1762 genes containing 1606 kb
and noted PCA (EA),

® Pyroccocus furiosus with 2060 genes containing 1740
kb and noted PCF (EA),

® Pyroccocus horikoshii with 2058 genes containing
1704 kb and noted PCH (EA),

® Sulfolobus solfataricus with 2994 genes containing
2525 kb and noted SLS (CA),

® Sulfolobus tokodaii with 2826 genes containing 2276
kb and noted SLT (CA),

® Thermoplasma acidophilium with 1478 genes contain-
ing 1359 kb and noted TPA (EA),

® Thermoplasma volcanium with 1523 genes containing
1353 kb and noted TPV (EA).

In all these genomes, the genes beginning obligatory
with a start codon are extracted from both strands.

These large populations allow to have stable frequen-
cies leading to significant statistical results.

3. Results

3.1. Identification of 3 subsets of 20 trinucleotides in the 3
frames of the genes in the archaeal genomes

The 180 occurrence frequencies o(w?) of the 20 sets
of 3 permutated trinucleotides w; in the 3 frames p are
computed in all the genes of the 16 archaeal genomes
(Table 2).

Remark: The frequencies of the 3 stop codons TAA,
TAG, and TGA in frame 0 are obviously equal to 0 in
all the genomes (Table 2).
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Table 2
Occurrence frequencies o(w) (in % and rounded at 0.1%) of the 20 sets of 3 permutated trinucleotides w; in the 3 frames p of all the genes in the 16
archaeal genomes

Aeropyrum (AP) Archaeoglobus Halobacterium Methanococcus Methanopyrus Methanosarcina
(AG) (HB) (MC) (MP) acetivorans (MSA)
0 1 2 0 1 2 0 1 2 0 1 2 0 1 2 0 1 2

AAC 1.6 0.5 1.0 2.2 0.5 1.4 2.0 1.0 0.5 1.6 1.0 2.2 1.7 1.1 0.6 2.2 1.6 1.6
ACA 1.1 2.2 0.5 1.0 2.9 0.3 0.4 2.5 0.7 20 1.6 0.9 0.4 1.6 0.6 1.6 2.2 0.9
CAA 03 1.0 1.7 0.3 2.0 2.6 0.4 0.3 1.7 09 3.6 1.4 0.3 0.2 1.9 0.7 2.4 2.3
AAG 28 1.0 1.1 4.5 1.8 1.8 1.1 0.9 0.1 3.1 4.6 2.3 3.1 1.8 0.3 2.3 3.6 1.6
AGA 1.1 2.6 2.0 2.2 3.6 2.4 0.1 1.7 0.6 28 2.9 6.1 0.6 2.5 1.6 1.3 2.2 33
GAA 12 0.6 2.0 2.8 2.1 3.5 1.6 0.2 1.8 5.1 2.5 2.0 2.6 0.6 2.9 5.5 1.8 2.5
AAT 0.5 0.3 0.9 1.0 0.7 2.8 0.1 0.3 02 3.7 2.3 5.0 0.3 0.3 0.6 2.3 1.4 2.7
ATA 32 1.2 0.5 2.3 0.7 0.5 0.1 0.1 0.1 46 4.4 1.5 1.0 0.5 0.2 2.1 2.4 0.9
TAA 0.0 1.6 1.1 0.0 2.2 1.2 0.0 0.1 0.1 0.0 5.5 4.8 0.0 0.5 0.8 0.0 2.1 2.0
ACC 1.6 2.0 0.9 1.2 1.4 0.5 32 32 04 04 0.5 0.8 1.9 2.4 1.2 1.7 1.7 0.7
CCA 09 2.4 1.8 0.8 1.5 0.9 0.4 2.1 24 23 0.5 0.5 0.5 1.5 1.1 0.6 1.5 1.2
CAC 13 0.8 1.7 1.1 0.5 1.3 2.1 0.8 36 04 0.5 0.4 1.5 0.9 1.8 0.8 0.6 1.2
ACG 1.1 2.4 0.3 1.2 2.9 0.1 3.0 7.6 0.5 02 0.7 0.0 2.0 4.7 1.0 0.8 1.9 0.3
CGA 03 1.3 3.0 0.1 1.7 3.1 0.5 2.7 10.1 0.0 0.2 0.5 1.1 2.1 6.4 0.3 0.9 2.6
GAC 2.6 0.4 1.3 2.7 0.3 0.9 8.1 0.4 25 1.0 0.3 0.4 4.2 1.0 1.8 2.4 0.4 1.2
ACT 09 1.1 1.1 0.8 1.7 0.8 0.3 1.3 0.7 1.5 1.2 0.8 0.4 1.3 1.5 1.4 1.2 1.4
CTA 1.8 1.9 1.6 0.5 0.5 1.4 0.1 0.1 1.2 09 1.5 0.8 0.9 0.5 0.9 0.5 1.0 1.0
TAC 2.1 1.2 0.8 2.8 0.4 0.6 23 0.2 02 1.0 0.6 1.0 2.5 1.3 0.6 1.7 0.7 1.5
AGC 2.6 2.1 2.1 1.9 2.3 1.6 1.6 2.3 0.7 05 0.8 2.2 0.8 2.7 1.1 1.2 1.3 1.9
GCA 14 1.6 1.0 2.1 1.6 1.3 0.8 1.9 1.5 23 0.5 0.7 0.6 0.9 1.0 2.6 1.4 1.1
CAG 1.6 1.7 2.8 1.5 1.8 2.4 2.2 0.6 1.2 05 23 0.4 1.1 0.6 1.2 1.9 2.3 1.9
AGG 4.6 4.1 1.7 3.0 4.7 1.3 0.1 3.1 02 1.0 2.2 2.1 1.7 4.8 1.2 1.4 2.2 2.2
GGA 1.2 2.4 3.8 2.5 1.8 4.4 0.5 1.1 42 3.6 1.0 2.2 1.8 2.0 6.4 2.7 1.6 34
GAG 5.5 1.3 33 6.1 1.9 2.9 5.1 0.3 0.7 35 2.5 1.2 7.4 1.3 1.5 2.5 1.6 1.0
AGT 0.7 1.0 1.5 0.5 1.5 1.6 0.3 1.4 04 1.1 1.2 2.6 0.4 1.6 1.3 1.0 1.0 1.6
GTA 1.5 0.9 0.9 1.1 0.4 0.8 0.2 0.1 1.1 1.5 1.0 0.5 1.5 1.0 1.4 1.8 0.9 0.7
TAG 0.0 32 1.8 0.0 1.3 0.5 0.0 0.1 0.1 0.0 3.7 1.6 0.0 1.6 0.4 0.0 1.6 0.5
ATC 13 0.8 0.6 2.1 0.9 0.5 33 0.7 03 1.1 1.0 1.1 3.4 1.1 0.5 2.5 1.3 0.9
TCA 0.7 2.4 0.6 0.9 3.0 0.8 0.2 2.6 03 15 0.8 0.9 0.4 2.6 0.7 1.2 2.4 1.1
CAT 0.6 0.5 2.2 0.4 0.6 2.8 0.2 0.1 25 1.0 1.5 1.2 0.4 0.2 1.9 0.9 0.8 2.1
ATG 20 1.3 0.3 2.5 2.1 0.4 1.7 0.4 0.1 22 4.7 0.7 1.7 0.7 0.3 2.3 3.0 0.5
TGA 0.0 2.1 1.8 0.0 3.2 3.9 0.0 1.7 09 0.0 1.7 5.5 0.0 2.9 1.4 0.0 2.3 4.1
GAT 13 0.3 2.0 2.2 0.6 29 0.9 0.2 22 45 1.1 2.2 1.6 0.5 33 2.9 0.5 2.3
ATT 038 0.3 0.5 2.8 0.8 0.9 0.2 0.2 0.1 49 2.6 4.1 0.5 0.4 0.4 2.7 1.6 1.3
TTA 0.5 1.6 0.4 0.6 1.8 1.0 0.1 0.1 0.1 53 4.5 1.7 0.5 0.5 0.4 0.9 2.3 1.2
TAT 13 0.9 1.9 0.8 0.5 1.0 0.2 0.1 0.1 34 23 4.1 0.3 0.4 0.7 2.1 0.9 2.4
CCG 13 2.5 0.9 1.1 1.7 0.2 2.4 7.3 29 0.1 0.2 0.0 2.6 4.4 22 1.0 2.0 0.8
CGC 0.7 1.2 2.3 0.2 0.8 1.5 33 33 7.6 0.0 0.0 0.3 1.6 1.7 33 0.5 0.4 0.9
GCC 3.7 2.1 2.2 2.0 0.6 1.2 5.8 2.1 20 06 0.2 0.5 3.4 1.0 1.4 1.8 0.8 0.8
CCT 1.8 1.9 4.2 0.8 1.3 2.0 0.1 0.8 26 09 0.5 0.3 0.6 1.0 2.9 1.4 1.1 2.6
CTC 3.9 1.4 2.1 2.5 1.0 1.2 4.0 0.2 1.3 03 0.8 0.6 3.5 0.7 1.4 1.8 1.3 1.2
TCC 1.6 2.5 1.1 0.9 1.1 1.3 1.2 2.7 05 03 0.5 1.4 1.4 3.0 1.1 1.5 1.8 1.4
CGG 0.7 2.2 23 0.1 1.8 2.1 2.1 5.2 55 0.0 0.2 0.3 2.2 4.1 35 0.6 1.6 2.3
GGC 33 2.2 3.7 1.8 1.1 23 5.0 1.6 41 04 0.3 1.1 1.9 1.2 33 1.5 1.0 1.5
GCG 2.0 2.1 0.6 1.7 1.4 0.2 6.0 5.5 25 02 0.2 0.0 3.4 2.6 1.9 0.7 1.0 0.4
CGT 04 0.8 2.2 0.1 0.4 2.2 0.4 2.1 56 0.0 0.2 0.4 1.1 1.4 4.7 0.4 0.3 1.2
GTC 23 0.5 1.0 1.5 0.3 0.5 5.0 0.4 1.6 05 0.2 0.2 3.8 1.1 1.1 1.6 0.5 0.6
TCG 1.1 2.8 0.3 0.7 3.1 0.1 1.9 8.5 0.5 0.1 0.4 0.0 1.4 6.3 1.0 0.7 2.1 0.3
CTG 28 2.2 1.0 2.6 2.1 0.9 32 0.7 09 02 2.2 0.4 3.5 0.6 0.9 2.4 2.3 1.1
TGC 0.6 1.6 1.4 0.9 1.7 2.5 0.4 2.6 0.8 04 0.6 2.0 0.9 1.9 0.6 0.7 1.5 2.7
GCT 25 1.3 33 2.1 1.1 3.2 0.5 0.9 38 25 0.5 0.6 0.9 0.7 33 1.8 0.8 1.9
CTT 1.7 0.6 1.6 2.4 0.7 2.2 0.3 0.1 1.0 09 1.3 1.5 0.6 0.4 1.4 3.0 1.3 1.4
TTC 2.1 1.0 0.5 2.8 2.0 0.9 2.9 0.5 02 09 1.1 1.0 2.6 0.9 0.5 2.0 1.7 2.0
TCT 09 1.9 1.7 0.6 1.6 1.9 0.1 1.5 0.5 1.1 1.1 0.7 0.3 1.5 0.9 1.2 1.6 1.9
GGT 1.5 1.1 2.8 1.3 0.7 2.6 0.7 1.0 31 13 0.4 1.1 2.2 1.3 3.8 1.2 0.7 1.7
GTG 29 1.2 0.7 2.2 1.1 0.7 3.8 1.1 0.8 0.6 1.2 0.3 4.3 1.7 1.1 1.4 1.1 0.3
TGG 1.3 3.7 1.4 1.0 2.8 1.7 1.1 3.5 0.6 0.7 1.8 3.2 1.2 4.5 0.7 1.1 2.4 1.4
GTT 2.1 0.3 1.3 3.9 0.4 1.4 0.7 0.1 26 44 0.9 1.7 1.0 0.4 23 2.1 0.8 1.1
TTG 0.7 2.1 0.3 1.1 5.1 0.3 0.7 0.7 0.1 1.9 5.3 0.7 1.1 0.5 0.3 0.8 4.2 0.3
TGT 03 1.1 2.1 0.3 0.7 2.2 0.3 1.6 0.5 09 0.8 2.8 0.5 1.4 0.8 0.6 0.8 2.3
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Table 2 (continued)

Methanosarcina Methanother- Pyrobaculum Pyrococcus Pyrococcus Pyrococcus

mazei (MSM) mobacter (MT) (PB) abyssi (PCA) Sfuriosus (PCF) horikoshii (PCH)

0 1 2 0 1 2 0 1 2 0 1 2 0 1 2 0 1 2
AAC 20 1.5 1.5 2.2 1.5 1.4 1.6 0.8 09 20 0.8 1.8 1.7 1.0 1.9 1.7 1.0 2.0
ACA 1.7 2.1 0.9 2.1 2.9 0.8 1.1 2.0 09 038 2.3 0.4 1.6 2.2 0.6 1.1 1.7 0.5
CAA 0.5 2.5 2.0 0.1 2.2 1.9 1.0 1.4 1.9 07 2.2 2.2 1.0 3.1 2.0 0.8 2.6 1.7
AAG 22 3.9 1.7 2.8 0.9 1.9 2.8 2.0 1.2 54 2.9 22 4.3 4.0 2.5 4.6 3.2 2.4
AGA 14 22 3.8 1.2 33 2.3 1.9 23 32 1.7 4.0 3.5 2.8 3.2 4.8 2.0 34 3.6
GAA 5.7 1.8 2.4 3.2 1.2 2.6 2.0 0.9 1.9 3.6 2.1 3.5 4.9 2.7 2.6 4.1 22 3.0
AAT 24 1.4 3.0 1.1 1.0 2.1 1.0 1.0 26 1.3 0.9 3.4 1.8 1.2 44 1.9 1.1 3.7
ATA 24 2.5 0.9 43 1.2 0.7 2.9 1.6 1.1 49 1.5 0.7 4.1 1.8 1.1 4.5 2.2 0.9
TAA 0.0 2.4 2.3 0.0 2.3 1.4 0.0 2.7 20 0.0 4.0 2.4 0.0 4.2 2.3 0.0 4.3 2.9
ACC 14 1.7 0.7 1.9 2.4 1.3 0.8 1.2 04 1.1 1.1 0.8 0.8 0.9 0.8 1.1 0.9 0.9
CCA 0.7 1.4 1.2 1.1 2.3 1.7 0.8 1.8 .1 1.7 1.3 0.9 2.0 1.1 0.9 1.8 1.2 0.8
CAC 0.8 0.7 1.1 1.1 1.3 1.8 1.1 0.3 1.5 09 0.5 0.8 0.8 0.7 0.8 0.7 0.6 0.7
ACG 0.6 1.8 0.3 0.5 1.7 0.3 1.2 3.6 03 1.2 2.4 0.1 0.6 1.5 0.1 1.0 1.5 0.1
CGA 0.2 0.7 2.1 0.1 0.4 1.8 0.2 1.0 27 0.1 1.4 2.6 0.1 0.6 1.5 0.1 1.1 1.7
GAC 24 0.4 1.1 2.9 0.7 1.2 2.8 0.4 1.2 19 0.4 0.9 1.6 0.5 0.8 1.2 0.4 0.8
ACT 14 1.1 1.4 0.5 1.4 2.2 1.4 1.4 1.0 1.1 1.5 1.4 1.5 1.4 1.5 1.4 1.4 1.5
CTA 04 1.0 0.8 0.5 0.2 1.4 1.3 1.4 1.2 19 1.4 1.1 1.8 1.3 1.0 1.8 1.7 0.9
TAC 1.5 0.7 1.5 23 1.2 0.5 2.6 1.0 08 24 0.9 0.7 1.8 0.8 1.0 1.9 1.0 1.0
AGC 13 1.3 2.0 1.1 1.1 1.4 1.2 1.7 1.5 14 1.9 2.0 1.1 1.5 2.3 1.2 1.6 23
GCA 29 1.4 1.1 2.9 1.4 0.7 1.5 1.4 1.0 1.7 0.8 0.8 2.5 0.7 0.7 1.9 0.6 0.7
CAG 2.0 2.7 2.1 1.8 3.4 2.9 1.1 1.8 1.5 09 1.6 1.2 0.8 2.3 1.0 0.8 1.7 0.9
AGG 1.7 2.1 2.5 4.1 4.3 1.8 2.7 3.5 14 37 4.2 1.8 2.1 3.0 2.2 3.0 3.4 1.9
GGA 238 1.6 3.1 2.1 2.4 4.6 1.3 1.7 33 3.0 2.3 4.0 3.7 1.7 2.9 32 2.1 3.5
GAG 24 1.7 1.0 5.0 0.8 2.2 5.0 1.6 24 53 1.6 2.5 4.0 2.5 1.9 4.2 1.8 2.1
AGT 0.9 0.9 1.7 0.8 1.0 1.1 0.4 1.4 25 0.7 1.5 2.5 1.0 1.3 3.1 1.0 1.3 2.5
GTA 19 0.8 0.6 1.0 1.0 0.6 2.1 0.6 1.1 14 0.7 1.0 1.9 0.7 0.8 1.8 0.9 0.8
TAG 0.0 1.7 0.4 0.0 1.6 0.3 0.0 3.2 .1 00 3.7 1.7 0.0 3.6 1.7 0.0 3.6 1.9
ATC 22 1.2 0.9 2.2 0.7 1.5 1.1 0.8 06 1.5 1.1 0.6 1.4 1.3 0.6 1.7 1.4 0.8
TCA 14 23 1.1 2.1 4.1 0.6 0.7 1.6 0.6 09 2.2 1.0 1.0 1.9 1.1 1.2 1.9 1.1
CAT 09 0.8 2.0 0.8 1.3 4.1 0.4 0.5 1.9 0.6 0.8 23 0.7 1.0 2.0 0.8 1.0 2.0
ATG 24 3.0 0.5 2.9 3.4 0.6 1.8 1.2 03 23 2.4 0.4 22 3.1 0.5 2.3 3.0 0.5
TGA 0.0 22 4.5 0.0 2.8 5.4 0.0 2.1 21 0.0 2.3 3.5 0.0 2.0 4.1 0.0 2.1 3.9
GAT 29 0.5 22 3.1 0.7 2.9 1.5 0.5 1.5 28 0.7 3.2 2.8 0.9 22 3.1 0.8 2.8
ATT 3.0 1.5 1.3 1.2 0.6 1.3 2.3 1.1 1.3 21 1.0 1.7 33 1.2 2.2 2.6 1.3 2.1
TTA 09 2.6 1.3 0.4 1.3 0.5 2.1 2.4 09 1.7 2.9 1.1 2.0 3.1 1.1 2.2 3.4 1.2
TAT 2.0 0.9 2.7 1.0 1.1 1.4 1.7 1.4 19 14 1.1 1.6 2.2 1.2 2.0 2.0 1.4 2.3
CCG 0.8 1.6 0.7 0.6 1.8 0.7 1.4 2.7 0.6 0.7 1.3 0.1 0.3 0.8 0.1 0.5 1.2 0.1
CGC 0.5 0.4 0.9 0.4 0.2 1.2 0.9 1.9 3.1 0.1 0.4 1.0 0.1 0.2 0.6 0.1 0.3 0.7
GCC 1.6 0.8 0.8 2.7 0.9 0.8 3.9 1.2 23 19 0.5 1.0 1.4 0.4 0.8 1.6 0.4 0.7
CCT 1.7 0.9 2.5 0.9 1.4 4.1 1.0 1.4 1.8 09 1.0 2.3 1.1 0.9 1.7 1.2 1.2 2.1
CTC 1.7 1.4 1.1 35 0.3 1.3 2.0 0.9 1.3 21 0.9 1.0 1.7 1.3 0.9 1.8 1.1 1.2
TCC 1.3 1.8 1.4 1.3 2.6 0.7 0.8 1.3 09 0.7 1.5 1.6 0.6 1.3 1.8 1.0 1.5 1.9
CGG 04 1.3 2.1 0.5 1.3 1.9 0.6 2.3 2.5 0.1 1.1 1.2 0.1 0.6 0.7 0.1 1.0 0.9
GGC 1.5 1.0 1.4 1.7 0.9 2.4 3.7 1.8 42 1.1 0.9 2.0 0.8 0.7 1.6 0.7 0.8 1.5
GCG 0.6 1.0 0.4 0.7 0.9 0.3 2.9 2.7 09 1.0 0.9 0.1 0.6 0.5 0.1 0.7 0.6 0.1
CGT 04 0.3 1.0 0.5 0.1 1.4 0.3 1.2 29 0.1 0.5 22 0.1 0.3 1.2 0.1 0.4 1.6
GTC 1.5 0.5 0.6 2.1 0.6 0.6 1.8 0.3 09 15 0.4 0.3 1.1 0.4 0.3 1.1 0.4 0.3
TCG 0.5 1.8 0.3 0.3 2.0 0.1 0.8 2.3 02 05 2.4 0.1 0.3 1.3 0.1 0.5 1.7 0.1
CTG 23 2.7 1.1 2.4 2.3 1.0 1.9 1.8 0.7 1.1 1.6 0.5 0.8 2.0 0.5 0.9 1.7 0.5
TGC 0.7 1.4 2.9 0.8 1.1 2.3 0.5 1.5 1.2 03 0.9 1.6 0.2 0.8 2.1 0.3 0.8 1.8
GCT 2.0 0.8 1.9 1.1 0.7 1.4 1.6 1.0 28 2.0 0.7 22 2.1 0.6 1.7 22 0.7 1.8
CTT 3.5 1.4 1.2 2.5 0.2 1.6 1.5 0.9 2.1 21 0.9 2.4 2.4 1.1 2.1 2.6 1.2 2.4
TTC 1.8 1.8 2.1 2.6 0.9 0.8 1.7 0.9 06 2.7 1.8 0.9 1.8 2.1 1.1 22 1.9 1.3
TCT 1.3 1.4 2.1 0.6 1.8 1.1 1.0 1.5 1.2 07 1.7 1.4 0.9 1.5 1.9 1.0 1.7 1.6
GGT 1.3 0.6 1.6 2.5 0.8 2.8 0.5 0.8 2.1 1.5 0.9 2.2 1.2 0.7 1.5 1.5 0.7 1.9
GTG 1.3 1.2 0.3 2.3 2.1 0.4 3.8 0.3 09 14 1.0 0.4 1.4 1.2 0.4 1.2 1.1 0.4
TGG 0.9 23 1.4 0.8 35 1.9 1.5 4.0 .1 12 22 2.5 1.2 2.2 2.8 1.2 2.0 2.5
GTIT 23 0.8 1.0 2.4 0.6 0.8 1.9 0.4 22 39 0.5 1.9 3.6 0.5 1.6 3.6 0.6 1.7
TTG 0.6 4.6 0.2 0.2 4.2 0.1 1.8 2.9 04 1.5 3.7 0.4 1.4 4.8 0.4 1.2 4.1 0.5
TGT 0.6 0.7 2.6 0.5 0.6 2.4 0.4 1.7 1.8 03 0.8 1.3 0.4 0.8 2.2 0.3 0.7 1.6
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Table 2 (continued)

Sulfolobus Sulfolobus Thermoplasma Thermoplasma

solfataricus (SLS) tokodaii (SLT) acidophilum volcanium (TPV)
(TPA)

0 1 2 0 1 2 0 1 2 0 1 2

AAC 1.7 1.2 1.7 1.4 1.3 1.8 2.4 0.7 1.4 22 1.0 1.6
ACA 14 L.5 1.1 1.7 1.1 1.1 1.4 3.0 0.7 1.7 23 0.9
CAA 1.6 2.3 1.5 1.6 2.5 1.0 0.3 2.2 25 08 2.6 2.2
AAG 38 32 23 2.8 4.1 24 39 1.2 1.6 35 2.6 2.0
AGA 25 2.7 4.1 2.6 2.2 4.9 1.6 3.6 24 1.7 2.7 3.7
GAA 39 2.0 2.6 4.7 2.1 2.1 2.8 1.7 34 40 1.8 2.7
AAT 33 1.8 4.6 3.5 2.1 4.9 1.9 1.2 22 26 1.6 3.5
ATA 50 3.8 1.5 5.0 4.1 1.6 5.6 1.8 1.4 56 29 1.5
TAA 0.0 5.1 4.6 0.0 5.4 4.9 0.0 2.7 1.1 0.0 39 2.5
ACC 0.7 0.6 1.3 0.4 0.5 1.4 1.4 1.1 0.8 08 1.0 0.9
CCA 1.6 0.9 0.5 1.7 0.5 0.4 1.3 2.2 09 15 1.2 0.8
CAC 0.5 0.8 0.7 0.4 0.9 0.5 0.8 0.8 1.4 07 0.9 0.9
ACG 0.6 1.8 0.2 0.4 1.2 0.1 1.4 2.5 03 09 2.3 0.3
CGA 0.1 0.7 1.3 0.1 0.4 0.9 0.2 1.5 2.7 02 1.0 2.1
GAC 13 0.5 0.8 1.0 0.5 0.6 2.0 0.3 1.1 1.8 0.3 0.9
ACT 20 1.3 1.6 2.2 1.1 1.6 0.7 1.1 1.3 14 1.2 1.5
CTA 19 2.5 0.8 1.7 2.9 0.6 0.6 0.6 1.3 1.3 1.8 1.0
TAC 1.7 1.6 1.7 1.3 1.6 1.9 2.6 1.2 09 22 1.3 1.5
AGC 0.7 0.7 2.1 0.6 0.7 2.4 1.6 1.2 1.3 1.3 1.0 1.8
GCA 19 0.5 0.6 2.1 0.4 0.5 2.2 1.9 1.3 24 1.4 1.0
CAG 0.5 1.9 0.6 0.5 2.2 0.5 1.9 2.0 26 13 2.5 1.3
AGG 1.8 2.5 23 1.2 1.8 2.5 2.6 33 1.5 20 23 2.0
GGA 2.6 1.5 2.5 2.6 1.2 1.7 2.2 1.7 38 22 1.5 2.6
GAG 3.0 1.7 1.6 2.3 1.8 1.1 32 0.9 1.6 23 1.2 1.2

AGT 1.7 1.3 3.0 1.7 1.0 3.2 0.5 0.9 1.2 08 1.0 2.0
GTA 28 1.7 0.8 3.0 1.7 0.6 1.4 0.6 1.0 25 0.9 0.9
TAG 0.0 4.7 2.3 0.0 49 2.1 0.0 2.3 0.5 0.0 33 1.2

ATC 1.1 1.4 1.3 0.9 1.4 1.3 2.2 2.2 21 15 1.7 1.9
TCA 1.6 1.3 1.2 1.7 1.0 1.3 1.6 3.6 09 19 2.0 0.9
CAT 0.8 1.4 1.5 1.0 1.6 1.1 0.9 L.5 42 09 1.5 2.6
ATG 2.1 32 0.5 2.1 3.7 0.6 3.1 3.1 0.5 27 33 0.5
TGA 0.0 2.1 3.7 0.0 1.7 4.2 0.0 3.2 29 0.0 2.2 3.5
GAT 34 1.0 2.1 3.7 1.0 1.7 3.8 1.2 38 3.7 1.0 2.6
ATT 34 2.2 3.4 4.0 2.6 3.7 1.3 1.5 1.7 22 1.9 2.3
TTA 4.1 3.7 1.8 4.8 43 2.1 0.4 1.2 1.0 14 2.8 1.4
TAT 3.1 2.5 32 3.6 2.5 4.1 2.0 1.8 1.7 26 2.2 3.1
CCG 04 0.6 0.1 0.4 0.4 0.0 1.3 1.9 03 0.7 1.0 0.2
CGC 0.1 0.3 0.7 0.1 0.2 0.4 0.5 1.3 1.4 02 0.7 0.9
GCC 0.7 0.2 0.6 0.5 0.2 0.5 2.1 1.0 1.1 1.3 0.7 1.0
CCT 12 0.9 0.8 1.4 0.6 0.6 0.8 0.9 1.9 12 0.8 1.5
CTC 0.7 1.0 0.9 0.6 1.1 0.8 1.9 0.6 1.0 12 0.8 0.9
TCC 0.8 0.7 1.4 0.5 0.6 L5 1.6 1.2 1.3 1.0 1.0 1.2
CGG 0.1 0.6 0.7 0.0 0.4 0.7 0.3 1.8 23 02 1.0 1.5
GGC 0.7 0.5 1.1 0.5 0.4 0.8 2.5 1.0 20 19 0.8 1.4
GCG 0.7 0.5 0.1 0.4 0.4 0.1 1.4 1.6 0.5 038 1.1 0.3
CGT 0.2 0.7 1.2 0.1 0.4 0.7 0.3 0.7 21 03 0.6 1.5
GTC 0.7 0.5 0.6 0.6 0.4 0.4 1.6 0.3 0.8 1.1 0.3 0.7
TCG 0.5 1.0 0.1 0.3 0.7 0.1 1.2 2.5 03 09 1.7 0.2
CTG 0.6 2.0 0.2 0.4 2.3 0.2 2.8 1.9 0.5 12 2.5 0.4
TGC 0.2 0.7 1.7 0.2 0.6 2.0 0.5 1.6 22 04 1.2 2.3
GCT 23 0.4 0.9 2.6 0.4 0.7 1.3 0.7 22 19 0.6 1.6
CTT 1.5 1.5 1.9 1.9 1.9 1.6 2.0 0.7 1.5 25 1.2 1.6
TTC 1.8 1.4 1.6 1.4 1.6 1.9 3.2 1.5 1.6 22 1.3 2.0
TCT 1.5 1.3 1.4 1.9 1.2 1.5 1.0 1.6 20 1.7 1.2 1.7
GGT 22 0.7 1.3 2.4 0.6 0.9 1.5 0.6 20 1.7 0.7 1.3
GTG 1.2 1.4 0.3 0.8 1.5 0.2 2.1 1.1 03 1.2 1.2 0.3
TGG 1.1 1.8 23 1.0 1.2 23 0.9 2.8 20 08 1.9 2.4
GTT 28 1.0 1.9 3.0 1.1 1.6 2.1 0.5 1.3 24 0.7 1.3
TTG 1.6 3.0 0.6 1.0 3.5 0.6 0.7 3.0 0.1 12 3.6 0.3
TGT 04 0.9 2.0 0.5 0.8 2.5 0.1 1.1 1.9 02 1.0 2.4
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Formula (8) using these frequencies o(w?) identifies 20
preferential sets &P of permutated trinucleotides in
each archaeal genome (Table 3). The preferential sets
P have 218 out of 20 x 16 = 320, i.e. 68%, the
highest value (first rank Rk) with the function F among
the 84 sets %/ in the 16 archaeal genomes and have 265
out of 320, i.e. 83%, the first 3 values (Table 3).

The 2 strong statistical results, highest value for the
partition E?>#3% (see above) and more than 2 out of 3
the highest value for the set #P™ are a consequence of
the distribution of the 60 trinucleotides to the 3 frames
which is revealed by the sensibility of the method
developed.

These preferential sets P lead to 3 subsets 2(%),
X1(%) and Z»(%) of 20 trinucleotides associated with the
frames 0, 1 and 2, respectively, in the 16 archaeal
genomes ¥. Table 3 indicates directly the subset Zo(9),
e.g.

Zo(AP) = {AAC,AAG,ATA, ACC,
GAC, TAC,AGC, GAG,
GTA,ATC,ATG, ATT,
GCC, CTC,GCG, GTC,

CTG, TTC,GTG, GTT}

in the genome ¥ = AP. The 2 subsets Z'1(%) and Z»(9)
are deduced from the subset 2°9(%) by the permutation
property (Section 3.2).

The same 3 subsets of 20 trinucleotides are identified
with the 2 archaeal genomes ¥4 = {AP,AG} (Table 3):
Zi(AP) = Zi(AG), i€{0,1,2}. Therefore, 15 subsets
X (%) are identified in the archaeal genomes.

3.2. Permutation property

P(ZXo(9) = X1(9) and P(Z1(9)) = (%) in the 16
archacal genomes % (by construction of the method).
Zo(%) generates Z'1(9) by 1 permutation and Z»(%) by 2
permutations.

3.3. Circular code property

3.3.1. Definition of a circular code

Recall of a few notations: o/ being a finite alphabet,
o/* denotes the words on .o/ of finite length including
the empty word of length 0 and .o/, the words on .« of
finite length >1. Let w;w, be the concatenation of the 2
words wy and wy.

A subset 2 of /" is a circular code if Va,m>1 and
X1, X2 s X0 €L, V1,12, s ym€X and re.o/*, seo/™, the
equalities $xpX3...X,7 = y1)2...V;,m and x; =rs imply
n=m, r=1and x; = y;, 1<i<n (Béal, 1993; Berstel
and Perrin, 1985) (Fig. 2). In other terms, every word on
o/ ‘“‘written on a circle” has at most one decomposition
(factorization) on Z'. Therefore, the construction frame
of any word generated by a circular code % (precisely,

generated by any concatenation of words of a circular
code) can be retrieved as there is a unique decomposi-
tion on Z.

In the following, & will be a set of words of length 3
as a gene is a concatenation of trinucleotides.

By excluding all the trinucleotides w = /l/ and by
gathering the remaining trinucleotides in sets of 3
trinucleotides so that, in each set, the 3 trinucleotides
are deduced from each other by permutation, a potential
circular code, has at most one trinucleotide per set. This
rule applied to the alphabet .« = {A,C,G, T} leads to
20 sets of 3 permutated trinucleotides and therefore, to
320~ 3.5 billions potential circular codes.

A complete study of circular codes with trinucleotides
on the reduced alphabet .o/ = {R,Y} is presented in
Arques and Michel (1997). It allows to introduce simply
the different concepts, e.g. the concept of decomposition
and some properties of circular codes. It is done “‘by
hand” as there are only 3% = 9 potential circular codes
(2 sets of 3 permutated trinucleotides). Obviously, such
a study cannot be realized on the alphabet .of =
{A,C,G, T} as there are 12964440 circular codes
among 3%°~3.5 billions potential ones (Arqués and
Michel, 1997). The search of circular codes on the
alphabets at 3 (and more) letters needs the introduction
of a few classical definitions and results in coding
theory, in particular the concept of the flower auto-
maton (Béal, 1993; Berstel and Perrin, 1985).

3.3.2. Identification of circular codes in the
archaeal genomes

The subsets Z¢(9), Z1(%) and Z»(¥) are maximal (i.e.
20 trinucleotides) circular codes in the 16 archaeal
genomes 4.

A probabilistic model, based on the nucleotide
frequencies with a hypothesis of absence of correlation
between successive bases on a DNA strand, has been
proposed by Koch and Lehmann (1997) for constructing
and identifying circular codes. Recently, we have given a
mathematical proof that their model can only generate a
subset of circular codes which are obtained by the flower
automaton method, in particular their model cannot
generate the circular code of eukaryotes/prokaryotes
(Lacan and Michel, 2001). So far, the flower automaton
method is the most simple and complete one for
identifying circular codes.

The flower automaton % (%) associated with a subset
Z of .«/" has a particular state (labeled 1 in Fig. 3) and
cycles issued from this state 1 and labeled by words of %
(Fig. 3).

Therefore, to prove that “%2'(%) is a circular code” is
equivalent to prove that Z(%(%)) does not contain 2
cycles labeled with the same word.

An example with the set Z((AP) = Zo(AG) in the
archaeal genomes AP and AG gives the main steps
(without details) for proving that a set of words is a
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Identification of 20 preferential sets Pl of permutated trinucleotides in each archaeal genome by giving the trinucleotide w° in frame 0 (reading
frame) in each set ;. The preferential sets &P have 218 out of 20 x 16 = 320, i.e. 68%, the highest value (first rank Rk) with the function F among
the 84 sets .97 in the 16 archaeal genomes and have 265 out of 320, i.e. 83%, the first 3 values. The subsets 2(%) in frame 0 in the 16 archaeal
genomes ¥ are directly deduced, e.g. Zo(AP) = {AAC,AAG,ATA,ACC,GAC, TAC,AGC, GAG, GTA,ATC,ATG, ATT, GCC, CTC, GCG,

GTC,CTG, TTC,GTG, GTT} in the genome ¥ = AP.

AP AG HB MC MP MSA MSM MT
Sk w? Rl w' Rk wP Rk w' Rk wP Rk w' Rk wP Rk w' Rk
(AAC,ACA,CAA) AAC 1 AAC 1 AAC 1 ACA 1 AAC 1 AAC 1 AAC 6 AAC 1
(AAG,AGA,GAA) AAG 1 AAG 1 AAG 2 GAA 1 AAG 1 GAA 1 GAA 1 AAG 2
(AAT,ATA,TAA) ATA 1 ATA 1 AAT 33 ATA 1 ATA 3 ATA 2 ATA 1 ATA 1
(ACC,CCA,CAC) ACC 2 ACC 2 ACC 4 CCA 1 ACC 7 ACC 2 ACC 7 ACC 4
(ACG,CGA,GAC) GAC 1 GAC 1 GAC 1 GAC 1 GAC 1 GAC 1 GAC 1 GAC 1
(ACT,CTA,TAC) TAC 8 TAC 1 TAC 1 ACT 1 TAC 6 TAC 12 ACT 6 TAC 3
(AGC,GCA,CAQG) AGC 2 AGC 19 CAG 2 GCA 1 CAG 2 GCA 1 GCA 1 GCA 2
(AGG,GGA,GAG) GAG 1 GAG 1 GAG 1 GGA 7 GAG 1 GAG 1 GAG 3 GAG 1
(AGT,GTA,TAG) GTA 1 GTA 1 TAG 7 GTA 1 GTA 3 GTA 1 GTA 1 GTA 1
(ATC,TCA,CAT) ATC 1 ATC 1 ATC 1 TCA 2 ATC 1 ATC 1 ATC 1 ATC 1
(ATG,TGA,GAT) ATG 1 ATG 5 ATG 1 GAT 1 ATG 1 GAT 1 GAT 1 GAT 1
(ATT, TTA,TAT) ATT 1 ATT 1 TAT 3 ATT 3 ATT 3 ATT 1 ATT 1 ATT 1
(CCG,CGC,GCO) GCC 1 GCC 1 GCC 1 GCC 2 GCC 1 GCC 1 GCC 1 GCC 1
(CCT,CTC,TCC) CTC 1 CTC 3 CTC 1 CCT 1 CTC 1 CTC 1 CTC 1 CTC 1
(CGG,GGC,GCG)  GCG 10 GCG 4 GGC 6 GCG 3 GCG 1 GGC 2 GGC 1 GGC 7
(CGT,GTC,TCG) GTC 1 GTC 1 GTC 1 GTC 1 GTC 1 GTC 1 GTC 1 GTC 1
(CTG,TGC,GCT) CTG 3 CTG S CTG 1 GCT 1 CTG 1 GCT 3 GCT 2 GCT 6
(CTT,TTC,TCT) TTC 1 TTC 9 TTC 1 TTC 13 TTC 1 CTT 4 CTT 2 TTC 2
(GGT,GTG,TGG) GTG 1 GTG 1 GTG 1 GGT 1 GTG 1 GTG 1 GTG 1 GTG 1
(GTT,TTG,TGT) GTT 1 GTT 1 TTG 1 GTT 1 TTG 1 GTT 1 GTT 1 GTT 1
PB PCA PCF PCH SLS SLT TPA TPV
Lk w? Rk w' Rk wP Rk w' Rk wP Rk w° Rk wP Rk w° Rk
(AAC,ACA,CAA) AAC 1 AAC 1 ACA 7 ACA 8 ACA 3 ACA 1 AAC 1 AAC 3
(AAG,AGA,GAA) GAA 8 AAG 1 GAA 1 GAA 10 GAA 2 GAA 1 AAG 1 GAA 3
(AAT.,ATA,TAA) ATA 1 ATA 1 ATA 1 ATA 1 ATA 1 ATA 2 ATA 1 ATA 1
(ACC,CCA,CAC) ACC 6 ACC 25 CCA 21 CCA 18 CCA 1 CCA 1 ACC 1 CCA 10
(ACG,CGA,GAC) GAC 1 GAC 1 GAC 1 GAC 1 GAC 1 GAC 1 GAC 1 GAC 1
(ACT,CTA,TAC) TAC 1 TAC 7 TAC 22 CTA 36  ACT 1 ACT 1 TAC 2 ACT 16
(AGC,GCA,CAQG) GCA 3 GCA 1 GCA 1 GCA 1 GCA 1 GCA 1 AGC 6 GCA 1
(AGG,GGA,GAG) GAG 1 GAG 1 GAG 2 GAG 1 GAG 1 GGA 2 GAG 1 GAG 1
(AGT,GTA,TAG) GTA 1 GTA 1 GTA 1 GTA 1 GTA 1 GTA 1 GTA 1 GTA 1
(ATC,TCA,CAT) ATC 1 ATC 1 ATC 1 ATC 1 TCA 6 TCA 2 ATC 1 ATC 7
(ATG,TGA,GAT) ATG 5 GAT 2 GAT 1 GAT 1 GAT 1 GAT 1 ATG 6 GAT 1
(ATT, TTA,TAT) ATT 1 ATT 1 ATT 1 ATT 1 ATT 9 ATT 5 TAT 19 ATT 2
(CCG,CGC,GCO) GCC 1 GCC 1 GCC 1 GCC 1 GCC 1 GCC 1 GCC 1 GCC 1
(CCT,CTC, TCC) CTC 1 CTC 1 CTC 4 CTC 2 CCT 1 CCT 1 CTC 2 CTC 2
(CGG,GGC,GCG) GCG 7 GCG 2 GCG 1 GCG 1 GCG 2 GGC 8 GGC 2 GGC 1
(CGT,GTC, TCG) GTC 1 GTC 1 GTC 1 GTC 1 GTC 1 GTC 1 GTC 1 GTC 1
(CTG,TGC,GCT) CTG 1 GCT 1 GCT 1 GCT 1 GCT 1 GCT 1 CTG 5 GCT 1
(CTT,TTC,TCT) TTC 1 TTC 1 CTT 1 TTC 6 TTC 7 TCT 1 TTC 7 CTT 18
(GGT,GTG,TGG) GTG 1 GTG 2 GTG 10 GTG 9 GGT 1 GGT 1 GTG 1 GGT 3
(GTT, TTG,TGT) GTT 4 GTT 1 GTT 1 GTT 1 GTT 1 GTT 1 GTT 1 GTT 1
circular code. The flower automaton Z(44(AP)) same word in & (2¢(AP)) can be realized by comparing

of Zo(AP) is constructed by reading the 20 words of
Zo(AP) in the way given in Fig. 3. As all words of
Zo(AP) are trinucleotides, i.e. of length equal to 3, the
states of # (Zo(AP)) can be associated with frames: state
1 with frame 0, states 2—5 with frame 1 and states 6-15
with frame 2. The search of 2 cycles labeled with the

all the words starting from the frames 0 (state 1) and 1
(states 2-5) (Fig. 4). The absence of 2 cycles is verified
when all the compared words are ‘“‘non-extensible”
(Fig. 4).

The implementation in Java of the flower automaton
algorithm (not described here) demonstrates that the 15
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.
=N

Fig. 2. A representation of the definition of a circular code.

Frame 2

Frame 1

Frame O

Fig. 3. Flower automaton 7 (Z,(AP)) of the archaeal %° code
Zo(AP).

sets Z0(%) are (maximal) circular code with 2 permu-
tated (maximal) circular codes %1(%) and %,(9).
Therefore, 15 %° codes Z((%) in reading frame are
identified in the archaeal genomes.

Remark: Nine %° codes Z¢(%) in the 9 genomes ¥ =
{{AP,AG}, MP, MSA, MSM, MT, PB,PCA, PCH, SLT}
are identified with a strong statistical significance.
Indeed, their 20 x 9 = 180 preferential sets ¥ of
permutated trinucleotides have values F (Vgref >1/3
(data not shown), i.e. different from the random case
(Property 1 in the Method).

Five @ codes Z¢(%) have one among 20 set %,
named &%, which is not preferential as its value
F(Z;)~1/3 is close to the random case (Property 1 in
Method), precisely F(#))<0.37 (data not shown). In
these sets %, the occurrence probabilities of the 3
permutated trinucleotides are similar in the 3 frames.
These sets are: ¥, in 4 = TPV, % in 4 = PCF, %,

in ¥ =TPA and %3 in ¥ = {MC,SLS} (data not
shown).

The %° code Zy(HB) has 2 sets P 3=
{AAT,ATA, TAA} and %1, = {ATT,TTA, TAT} (Ta-
ble 2). #3 and ), are the only sets among 20 only
made of A and T. As the genome HB has the highest GC
content (68%; Ng et al., 2000) compared to the other
genomes, its frequencies of A and T are low (data not
shown).

These sets .7 are rare as there are in total 7 sets %
among 15 x 20 = 300 sets ggref, i.e. about 2%. In these
sets 7y, the preferential set ,SN”,fref is assigned to one of
the 3 sets %2, 9* and > leading to a %° code Z'¢(%).
Note that a solution has always been found with these 7
sets # as 15 € codes 29(%) have been identified.

3.3.3. Identical circular codes on both DN A strands in the
archaeal genomes

In each archaeal genome, the same %> code (%) is
identified in genes of the direct and complementary
DNA strands as the occurrence frequencies of the 64
trinucleotides in the 3 frames of genes are almost
identical in both strands (data not shown).

3.4. Construction frame determination property in the
archaeal circular codes

The property of the determination of the construction
frame (decomposition) of a word generated by any
concatenation of words of a circular code (more simply,
generated by a circular code), is a consequence of the
circular code property. The principle is presented briefly
with the previous example of the circular code
Zo(AP) = Zo(AG) in the archaeal genomes AP and
AG (see Béal, 1993; Berstel and Perrin, 1985 for the
details). The unicity of the decomposition of a word into
words of a circular code is not obvious.

For example, the word w = TAGCGACCT of length
9 can be decomposed into trinucleotides of Z((AP) in
2 ways:

o {12,4)T{9, 13} A1G4CI2GIA2CTCITS with /TA,
GCG, ACC, Thl; € Zo(AP)

® {913} TIA2GS8CIG4A11CIC3T10 with /,»T,AGC,
GAC,CTlheZo(AP)

where the states of the flower automaton 7 (Z((AP)) of
Z o(AP) separate the letters of w' (Fig. 3). Therefore, the
word w’ has 2 construction frames: frame 1 (initial states
{2,4} of Z(¥((AP))) or frame 2 (initial states {9,13} of
F (% o(AP))) (Fig. 3). With the example chosen, the right
factor GCGACCT of w' is one of the 4 longest words of
length 7 identified in Fig. 4. It begins at the states 1 and
2 in Z (% o(AP)) (Fig. 3). The left factor TA of w' can be
concatenated with this right factor by ending the letter A
of TA at the states 1 and 2 in Z#(Z,(AP)) (Fig. 3).

The unicity of such a decomposition is proved by
using the properties of the flower automaton Z(%Z(%))
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A

AC
ACC
ACCT
AG
AGC
AGCT

GCGTA
GCGTAC
GCGTACT
GCGTT
GCGITC
GCGTTCT
T

TA

TAC
TACT

TT

TTC
TTCT

T

A

AC
ACC
ACCT
AG
AGC
AGCT
C

T

TA
TAC
TACT
TT
TTC
TTCT

A

AC
ACC
ACCT
T

Wrds starting fromthe states 1 and 2 in the flower automaton « (x,(AP))

Wrds starting fromthe states 1 and 3 in the flower automaton ¢ (x,(AP))

Wrds starting fromthe states 1 and 4 in the flower automaton « (x,(AP))

Wrds starting fromthe states 1 and 5 in the flower automaton « (x,(AP))

Fig. 4. Absence of 2 cycles labeled with the same word in the flower automaton # (Zy(AP)) proving that the set Z((AP) in the archaeal genome AP is

a circular code. The words in bold are “non-extensible”.

of the circular code #(¥%). If any letter of a word
generated by Z(%) can be associated with a unique state
of Z(Z(%)), then a frame can be assigned to this letter
as each state of Z(Z(9)) is related to a frame. In the
case of a flower automaton %, there exists a number

n(%(%)) so that for a word of length >n(%(9)), all paths
associated with this word have the same terminal state,
i.e. a unique state for a letter of this word is identified.
Thus, the construction frame of the word can be
determined and the word can be decomposed into
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Table 4

Lengths of the minimal windows to retrieve the construction frames 0 (reading frame), 1 and 2 with the 15 archaeal circular codes Z¢(9), Z1(¥%) and

X2(9), respectively

2 AP, AG HB MC MP MSA MSM MT PB PCA PCF PCH SLS SLT TPA TPV
Xo(9) 10 9 7 10 10 9 10 7 10 7 10 7 5 7 9
21(9) 10 10 10 8 10 11 10 8 8 6 8 10 7 7 11
(%) 7 11 7 11 10 7 10 10 10 6 9 10 6 7 10

words of the circular code. In other words, the length of
the minimal window to retrieve the construction frame is
n(Z(9)) letters.

With the previous example, n(Zo(AP)) = 10 (first line
and column in Table 4), i.e. the length of the minimal
window to retrieve the construction frame with Z¢(AP)
is 10 letters. The word w' of length 9 was chosen in the
set of the longest words with 2 construction frames. The
concatenation of only one letter / to w' leads to the word
w = w'l of length 10 with a unique construction frame as
10 is the length of the minimal window. For example
with / = {A, T}, the construction frame of w is unique
and equal to 1 as there is no edge labeled {A,T} leaving
the state 10 in % (2((AP)) (Fig. 3). Then, the unique
decomposition of w into trinucleotides of %((AP) is
L TA,GCG,ACC, T{A, T}L.

The program developed in Java testing all possible
paths in a flower automaton (not described here) allows
to compute the lengths n(2'(9%)) of the minimal windows
of the archaeal circular codes Z0(¥%), Z1(%) and Z»(%)
to retrieve the construction frames 0, 1 and 2,
respectively (Table 4). These lengths vary between 5
for Zo(SLT) and 11 for 21(MSM), Z(TPV), Z>(HB)
and Z>(MK) (Table 4).

3.5. Probabilities of words generated by the archaeal
circular codes

A new definition of a simple parameter is introduced
for measuring some probabilities of words generated
by the circular codes. Let N(&) be the number of words
of a given length %, i.e. N(¥) =47 on the alphabet
{A,C,G,T}. Let 7 ,(Z,%(%)) be the set of words of a
given length ¥ obtained from all the states of the
frame pe{0,1,2}, of the flower automaton # of the
circular code Z(%). By using the classical Poincaré
formula, the number N(Z,%(¥%)) of words of a
given length ¢ generated by the circular code (%) is
equal to

2
N(&Z,2(9)) = CARD( | ] 7,(2, 9{(44)))
=0

2
> (=1, ©

p=0

with S, = ZOQK'“%Q CARD(%,»O(X, ZEO)N N
Fi (L, X(9))).
Then, its probability (%, Z (%)) is equal to

N(Z,2(9))

229 ==

(10)

The words with a unique construction frame gener-
ated by the circular code #(¥%) are the words obtained
from all the states of a unique frame, i.e. the words with
an empty intersection in the 3 sets F,(Z,Z(9)).
Therefore, the number M (%, Z(%)) of words of a given
length % with a unique construction frame generated by
the circular code Z(%), is equal to

M(Z,2(9))
= N(Z,2(9))

CARD( U

0<ip<iy <2

(7. 2@ 742, %(@))))

2
=> (-IY(p+ DS, (11)
p=0
and its probability 2(&, (%)), to
; _M(Z,2(9))
AL, X(%)) = ND) (12)

With the previous example of the %° code Z((AP) =
Zo(AG) in the archaeal genomes AP and AG,
Table 5 shows the probabilities 2(%,%((AP)) and
AL, %o(AP)) by varying the word length ¥ €{3,11}.
With % = 3, only 1 word, GGG, cannot be generated
by the flower automaton % (Z((AP)) (Fig. 3). There-
fore, 2(3,Z¢(AP)) = (4 — 1)/4°~0.984. With & =9,
4 words has 2 construction frames (Fig. 3): TAGC-
GACCT, TAGCGAGCT, TAGCGTACT and TAG-
CGTTCT with the frames 1 (initial states {2,4} in
F(Zo(AP))) and 2 (initial states {9,13} in F (2 o(AP))).
Note that the suffixes of length 7 of these 4 words are the
4 words with the greatest length in Fig. 4. No word has 2
construction frames with ¥ = 10 which is the length of
the minimal window to retrieve the construction frame 0
with Zo(AP) (Table 4).

The 2 probabilities 2(¥,%o(9)) and 2(Z, % (%))
with the 15 archaeal 4> codes 2¢(%) (in reading frame)
by varying the word length #e{3,11} are given in
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Probability 2(%, Zo(AP)) (%) of words generated by the archaeal %* code Z((AP) (in reading frame) and probability 2(.Z, Zo(AP)) (%) of words
with a unique construction frame also generated by the same code Z((AP) by varying the word length between 3 and 11

Length ¥ Number of Number of Number of Number of Sum Probability Probability
words not words in 1 frame words in 2 words in 3 P(ZL, Zo(AP)) AL, Z0(AP))
generated frames frames (%) (%)

3 1 32 29 2 64 98.4 50.0
4 43 176 37 0 256 83.2 68.8
5 360 628 36 0 1024 64.8 61.3
6 2205 1862 29 0 4096 46.2 45.5
7 11396 4976 12 0 16384 30.4 30.4
8 51544 13984 8 0 65536 21.4 21.3
9 223748 38392 4 0 262144 14.6 14.6
10 948 576 100000 0 0 1048576 9.5 9.5
11 3914304 280000 0 0 4194304 6.7 6.7
Generation of words with the archaeal circular codes
100

L. Words generated

Word probability (%)

Word length

Fig. 5. Probability 2(Z, (%)) (%) of words generated by the 15 archaeal %> codes (%) (in reading frame) and probability 2(Z, Z'o(%)) (%) of
words with a unique construction frame also generated by the same codes 2¢(%) by varying the word length between 3 and 11.

Fig. 5. For all the codes, the probabilities (%, Z(%))
decrease from a mean value of 98.94-0.8%, where 0.8
represents the average deviation, at . = 3, to a mean
value of 6.540.4% at ¥ =11. Five codes in the
archacal genomes ¥ = {MC,MSA,MT,SLS,TPA}
generate all the 64 trinucleotides (100% at ¥ = 3).
For all the codes, the probabilities 2(¥, 2¢(%)) increase
from a mean value of 52.34+6.6% at ¥ =3, to a
maximum with a mean value of 69.74+1.9% at ¥ =4,
then decrease and begin to merge with the probabilities
P(L, Xo(%)) at & = 5. Therefore, almost all the words
of lengths >35 generated by the 15 archaeal %> codes
allow to retrieve the reading frame in genes. The number

of words with a unique construction frame also differs
between the different codes. For example at ¥ =5,
2(5, Zo(MQ)) = 64% while 2(5, Zo(HB)) = 55%, i.e. the
code Zo(MC) generates 84 more words of length 5 with
a unique construction frame compared to the code
Zo(HB). The code Z((MC) may lead to a greater gene
diversity. Otherwise, an analytical model of gene
evolution based on an independent mixing of the
trinucleotides of the %° code of eukaryotes/prokaryotes
allows to simulate the actual genes of ecukaryotes/
prokaryotes (Arqués et al.,, 1998). Therefore, the
probabilities 2(%, (%)) and 2(&, (%)) may represent
evolutionary parameters of the word diversity of the
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Table 6

pyrimidine={C,T}) in the 16

—{A,G}, Y=

purine

Preferential frame (line “MEAN”) for the 8 2-letter trinucleotides on the alphabet {R,Y} (R

archaeal genomes. This preferential frame is deduced from the average frame associated with the 8 4-letter trinucleotides specified on the 2-letter

trinucleotide and belonging to the archaeal circular code Zo(%) (frame 0 in bold) Z1(%) (frame 1) and

(9) (frame 2). For example, RRY with

MSA is in the 2 frames 0 and 2 (4 trinucleotides of

X

AG is in frame 2 (3 trinucleotides of (%) and 5 trinucleotides of Z>(%)), RRY with ¥

Zo(9) and Z2(9))

G =

PCA PCF PCH SLS SLT TPA TPV

MSA MSM MT PB

MP

MC

AG, AP HB

RRR AAA

0

AAG

AGA
AGG
GAA
GAG

0

GGA
GGG

012 o012 o012 012 o012 012 012 012 012 012 012 012 012

012

012

MEAN

0

RRY AAC

AAT

AGC
AGT

GAC
GAT

02

02

02 02

02

2
2
2
2

GGC
GGT
MEAN

1

RYR ACA

ACG
ATA
ATG

GCA
GCG
GTA

01

01

01 01

01

0
0
0

GTG
MEAN

0

RYY ACC

ACT
ATC
ATT

GCC
GCT
GTC
GTT

2
0
0
0

MEAN

2

YRR CAA

CAG

CGA

CGG
TAA

TAG

TGA

TGG

12

12

12 12

12

1

MEAN

2

YRY CAC

CAT

2
2

CGC
CGT
TAC
TAT

TGC
TGT

2

MEAN
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Table 6 (continued)
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different %* codes, and in particular of the trinucleotide
diversity.

3.6. Types of nucleotides in the trinucleotide sites of the
archaeal circular codes

The 4 types of nucleotides in the 15 archaeal %> codes
Zo(%) (in reading frame) occur in:

® the first trinucleotide site except T with the 3 genomes
4 = {MSM, PCF, TPV},

® the second trinucleotide site except G with the 5
genomes ¥ = {MP, PB, PCA, PCF, PCH},

® the third trinucleotide site except A with the genome
% = HB and G with the genome % = SLT.

Therefore, only one type of nucleotide T (resp. G)
may not occur in the first (resp. second) site, but 2 types
of nucleotides A and G may not occur in the third site.
In other words, G may not occur in 2 sites, the second
and the third ones, and C always occurs in the 3 sites.
The code Z((PCF) has no trinucleotides T and G in
the first and second sites, respectively. It codes for the
smallest number of amino acids among all the archaeal
codes (see Discussion).

Similar rules can be deduced obviously with the 15
archaeal codes Z'1(¥%9) and Z»(%) by permutation.

4. Discussion

4.1. Common codons in the archaeal circular codes

The common and rare codons in the 15 archaeal &>
codes Z¢(%) (in reading frame) are (from Table 3):

® 20 codons are absent (occurrence number Nb = 0 of
codons in the 15 codes)

® 11 codons are very rare (1< Nb<3)

® 9 codons are rare (4<Nb<7)

® 10 codons are common (8<Nb<11): AAC, ACC,
GAA, GAT, GCA, GCG, GCT, GTG, TAC, TTC

® 7 codons are very common (12<Nb<14): ATA,
ATC, ATT, CTC, GAG, GTA, GTT

® 3 codons are always present (Nb = 15): GAC, GCC,
GTC which code for Asp, Ala and Val, respectively.

4.2. Consequences on the 2-letter alphabets of the
archaeal genomes

The 3 circular codes Zo(¥%), #1(%) and Z>(%) in an
archaeal genome ¢ have 20 trinucleotides in the frames
0, 1 and 2, respectively. Therefore, a preferential frame
for the 8 2-letter trinucleotides on a given 2-letter
alphabet can be deduced by considering for each 2-letter
trinucleotide, the average frame associated with the 8
4-letter trinucleotides specified on the 2-letter trinucleo-
tide and belonging to the code Z (%) (frame 0), Z (%)
(frame 1) and Z»(%9) (frame 2).

On the alphabet {R,Y} (R =purine={A,G}, Y =pyr-
imidine = {C,T}), the trinucleotide RYY occurs in frame
0 with all the 15 archaeal codes (Table 6). With the 2
genomes ¥ = {MSM, TPV}, all the 8 4-letter trinucleo-
tides specified on RYY are in frame 0. The pattern RYY
is also deduced from the circular code of mitochondria
(Arqués and Michel, 1997). Its permutated trinucleo-
tides YYR and YRY occur obviously in frames 1 and 2,
respectively (Table 6). The trinucleotide RYR also
occurs in frame 0 with 13 archaeal codes and its
permutated trinucleotides YRR and RRY in frames 1
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Amino acids coded by the 15 archaeal circular codes Z(9), Z'1(%) and Z,(%) according to the universal genetic code. The numbers 0 (in bold), 1 and

2 are associated with the frames 0 (reading frame), 1 and 2 of the codes Z¢(¥9), Z1(%) and Z»(%), respectively

Table 7

SLT TPA TPV

SLS

AG,AP HB MC MP MSA MSM MT PB PCA PCF PCH

AAG 0
ATG

Phenylalanine, Phe, F  TTC

Lysine, Lys, K
Tryptophan, Trp, W

0
0
1
0
2
0
2

Methionine, Met, M

TGG
AAC
AAT

Aspartic acid, Asp, D  GAC

Asparagine, Asn, N

GAT
TGC
TGT

Glutamic acid, Glu, E  GAA

Cysteine, Cys, C

2
2

GAG 0

2
2
2
2
[}

CAA

Glutamine, Gln, Q

CAG
CAC
CAT
TAC
TAT

Histidine, His, H

Tyrosine, Tyr, Y

2
2
2
0
0

GGA
GGC
GGT
ATA
ATC
ATT

Glycine, Gly, G

Isoleucine, Ile, I

CCA

Proline, Pro, P

1

CCG
CCT

1

0

GCA
GCC

Alanine, Ala, A

GCG 0

2

1

0

1

GCT
ACA
ACC

Threonine, Thr, T

ACG

ACT

0
0
0
0
1
1
2
2
1
2
2
0
0

GTA
GTC

Valine, Val, V

GTG
GTT
AGA

Arginine, Arg, R

AGG

CGA
CGC

CGG
CGT
CTA
CTC

Leucine, Leu, L

CTG
CTT
TTA

1
0
2

TTG

AGC
AGT
TCA
TCC

Serine, Ser, S

1

TCG
TCT

1
1
1

TAA

Stop codon, ochre

TAG

Stop codon, amber

TGA

Stop codon, opal
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Table 8

Classification of the archaeal genomes according to the number of amino acids coded by the 15 %> codes Z((%) (in reading frame) (deduced from

Table 7). The top part gives the 6 amino acids always coded by these codes

PCF PCH MC,SLS,SLT MSM, TPV MSA PB PCA MT AG, AP MP HB TPA
Aspartic acid, Asp, D + + + + + + + + + + + +
Glutamic acid, Glu, E + + + + + + + + + + + +
Isoleucine, Ile, I + + + + + + + + + + + +
Alanine, Ala, A + + + + + + + + + + + +
Threonine, Thr, T + + + + + + + + + + + +
Valine, Val, V + + + + + + + + + + + +
Lysine, Lys, K - - - - - - + + + + + +
Methionine, Met, M — — — — — + _ _ + + + +
Phenylalanine, Phe, F - + - - - + + + + + + +
Asparagine, Asn, N — — — + + + + + + + + +
Glutamine, Gln, Q - - - - — — — — _ + + _
Tyrosine, Tyr, Y — - - — + + + + + + + +
Glycine, Gly, G - — + + + — — + — - + +
Proline, Pro, P + + + — _ _ _ _
Leucine, Leu, L + + - + + + + + + + +
Serine, Ser, S — — + — — - — _ + _ +
Total number of AA 9 9 9 10 11 11 12 13 13 14 14

and 2, respectively (Table 6). There is no preferential
frame for RRR and YYY. Therefore, the archaeal genes
follow the pattern RYN={RYR,RYY} (N={R,Y})
contrary to the classical one RNY deduced from the
circular code of eukaryotes/prokaryotes (Arques and
Michel, 1996; Eigen and Schuster, 1978). Otherwise, the
pattern RYN is a maximal circular code on the alphabet
{R,Y} but not a self-complementary one.

This analysis on the 2 other 2-letter alphabets {K,M}
(K=ceto={G, T}, M=amino={A,C}) and {S,W}
(S=strong interaction={C,G}, W =weak interactio-
n={A,T}) does not reveal a preferential 2-letter pattern
as the 4-letter trinucleotides in frame 0 are spread on
several 2-letter trinucleotides (data not shown). There-
fore, in archaeal genes, the 2-letter alphabet close to the
alphabet {A,C,G,T} is {R,Y}.

4.3. Consequences on the genetic code of the
archaeal genomes

Four amino acids (AA) are never coded by the 15
archaeal %° codes Z(%) (in reading frame): Arg, Cys,
His and Trp (Table 7). These 4 AA have a complex
chemical structure in terms of their numbers of atoms or
cycles. Indeed, Trp is the single AA with 2 cycles. Arg
and His are the 2 most complex positively charged
(basic) polar AA: Arg has the greatest number of atoms
in the side chain (without cycle) and His has a cycle
which leads, under certain conditions, to a dual acid/
base property allowing catalytic reactions in the active
sites of enzymes. Cys can form disulfide linkages by
reaction with another Cys.

Six amino acids are always coded by the 15 archaeal
codes: Ala, Asp, Glu, Ile, Thr and Val (Table 7). Ala
and Asp represent the complete group of negatively

charged (acidic) polar AA. These 6 AA are equally
represented in the 2 classes of aminoacyl-tRNA
synthetases with a class I containing Glu, Ile and Val,
and a class II holding Ala, Asp and Thr (reviewed in
Schimmel et al., 1993; Hartman, 1995; Saks and
Sampson, 1995). Leu close to Ile is coded by 12 archaeal
codes.

These archaeal codes code for a number of AA
varying from 8 AA with ¥4 = PCF to 14 AA with 4 =
{HB, TPA} (Table 8). Circular codes coding a small
number of AA may be more “primitive”. Pro, which
is based on a ring structure that includes the central
carbon atom, is only coded by the primitive archaeal
codes (number of AA <9 with ¥ = {PCF,PCH, MC,
SLS,SLT}). Two AA, Gly and Ser, are coded both by
primitive and evolved circular codes. Lys is the single
basic AA encoded by archaeal codes, and furthermore,
only by the evolved ones (number of AA >11 with
4 = {PCA,MT,AG,AP,MP,HB, TPA}). Met, Phe,
Asn, GIln and Tyr are mainly coded by the evolved
archaeal codes.
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