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Abstract. We have assumed that the coevolution
theory of genetic code origin (Wong JT, Proc Natl Acad
Sci USA 72:1909–1912, 1975) is essentially correct.
This theory makes it possible to identify at least 10 evo-
lutionary stages through which genetic code organization
might have passed prior to reaching its current form. The
calculation of the minimization level of all these evolu-
tionary stages leads to the following conclusions. (1) The
minimization percentages increased linearly with the
number of amino acids codified in the codes of the vari-
ous evolutionary stages when only the sense changes are
considered in the analysis. This seems to favor the phys-
icochemical theory of genetic code origin even if, as
discussed in the paper, this observation is also compat-
ible with the coevolution theory. (2) For the first seven
evolutionary stages of the genetic code, this trend is less
clear and indeed is inverted when we consider the global
optimisation of the codes due to both sense changes and
synonymous changes. This inverse correlation between
minimization percentages and the number of amino acids
codified in the codes of the intermediate stages seems to
favor neither the physicochemical nor the stereochemical
theories of genetic code origin, as it is in the early and
intermediate stages of code development that these theo-
ries would expect minimization to have played a crucial
role, and this does not seem to be the case. However,
these results are in agreement with the coevolution
theory, which attributes a role to the physicochemical
properties of amino acids that, while important, is nev-

ertheless subordinate to the mechanism which concedes
codons from the precursor amino acids to the product
amino acids as the primary factor determining the evo-
lutionary structuring of the genetic code. The results are
therefore discussed in the context of the various theories
proposed to explain genetic code origin.

Key words: Genetic code theories — Intermediate
evolutionary stages — Error minimization — Coevolu-
tion — Polarity and molecular volume of amino acids

Working Plan

The coevolution theory of genetic code origin (Wong
1975) seems to be the best hypothesis we have to explain
the origin of genetic code organization (Di Giulio 1997a,
b, 1999). This theory suggests that early on in the genetic
code, only precursor amino acids were codified (Wong
1975). As product amino acids evolved from these
through biosynthetic pathways, part or all of the codon
domain of precursor amino acids was conceded to prod-
uct amino acids (Wong 1975). This theory therefore
makes specific predictions on the relative evolutionary
times at which amino acids first appeared and, conse-
quently, on their entry into the organization of the ge-
netic code. Hence this theory furnishes a unique oppor-
tunity to follow the evolution of genetic code structuring.

Moreover, it is known that the physicochemical prop-
erties of amino acids played an important role in orga-
nizing the genetic code (for references, see Szathmary
1993; Di Giulio 1997a). Therefore, if we also considerCorrespondence to:M. Di Giulio; e-mail: digiulio@iigb.na.cnr.it
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certain distance functions, an expression of the physico-
chemical properties of amino acids, as the number of
amino acids codified in the evolving genetic code varies
(in accordance with the coevolution theory), we will be
able to investigate the evolutionary route that followed
the structuring of the genetic code. Moreover, we might
be able to understand better the interactions between the
two main forces held to be responsible for genetic code
organization: the biosynthetic relationships between
amino acids and their physicochemical properties (for
references, see Szathmary 1993; Di Giulio 1997a). This
working plan seems to provide a unique opportunity fur-
nished by the coevolution theory, as it makes it possible
to follow the evolution of a biological organization as the
number of its constituents varies, which is very often
impossible in biology because of the lack of information
on the intermediate evolutionary stages.

It should, therefore, be worthwhile following the evo-
lutionary structuring of the genetic code, i.e., finding out
how the physicochemical variables of amino acids be-
have as the number of amino acids codified in the evolv-
ing genetic code varies. This might reveal interesting
aspects of genetic code origin, and for these reasons, we
decided to conduct such an analysis.

Materials and Methods

Readers who are also interested in the strictly technical aspects en-
countered in this paper are referred to the relevant literature (Wong
1980; Di Giulio 1989; Di Giulio et al. 1994; Di Giulio and Medugno
1998). However, to make the present paper “self-standing,” some brief
information is given below.

The distance functions (D) used are, in one case, given simply by
the absolute value of the difference between the polarity values of
amino acids weighted with values that can be extracted from the ge-
netic code structure (Di Giulio 1989; Di Giulio et al. 1994; Di Giulio
and Medugno 1998). (These weights are given simply by the number of
times the codons of a certain amino acid transform by single-base
substitution into those of another amino acid according to the genetic
code structure). In the second case, the function (D) combines the
absolute values of the differences between the polarity values of amino
acids, normalized with the relative standard deviation, with those of the
molecular volumes of amino acids (again, normalized with the relative
standard deviation) and the resulting distances are always weighted
with values that can be extracted from the genetic code structure (Di
Giulio et al. 1994; Di Giulio and Medugno 1998).

For a general introduction to the problem of minimizing the phys-
icochemical distances between amino acids in genetic code origin, see
Wong (1980) and Di Giulio (1989). In particular, the values ofDmean,
Dcode, andDlow make it possible to calculate the level reached by the
minimization of certain distances in the code being studied. These
values (Wong 1980; Di Giulio 1989; Di Giulio et al. 1994; Di Giulio
and Medugno 1998) are the value that the distance function (D) as-
sumes: (1) in the mean random code (Dmean), (2) in the code being
studied (Dcode), and (3) in the particular amino acid configuration of the
code being studied that minimizes the distance function value (Dlow).
These three values make it possible to calculate the minimization per-
centage [4(Dmean − Dcode)/(Dmean 4 Dlow) × 100] representing the
optimization level of that particular code (Wong 1980; Di Giulio 1989;
Di Giulio et al. 1994; Di Giulio and Medugno 1998).

All calculations were automated through the use of ad hoc pro-

grams. In particular, (1) to calculateDmean, we wrote a program, named
MEA, which calculates the mean of the desired distances; (2) to cal-
culate Dcode, we wrote a program, named EC, which evaluates the
distance function value for a specific amino acid configuration for a
certain code; and (3) to calculateDlow, we wrote a program named
EXAS (see the Appendix) capable of generating all the possiblen!
permutations of an array ofn elements and, therefore, of conducting an
exhaustive search for the distance function minimum when the number
of permutations was not very high, while we used the simulated an-
nealing technique (Di Giulio et al. 1994) when this number was too
high, i.e., for codes codifying for 13 or more amino acids; and (4) to
estimate the mean number of synonymous changes present in the ran-
dom code of a certain code having a specific plurality of codons, we
wrote a program named ESE (see the Appendix). Five million random
codes were generated to estimate this mean number.

All these programs run on PC and are available upon request from
the authors.

Results

By following the coevolution theory (Wong 1975) it is a
fairly simple task to define the probable intermediate
stages through which genetic code organization passed
prior to reaching its current form. In particular, we used
Wong’s Fig. 1 (1975, p 1910) and the considerations
referred therein, the comments made in another paper by
Wong (1988), and the comments and Fig. 1 for the num-
ber of biosynthetic steps reported by Taylor and Coates
(1989). If we follow the indications given in these three
papers (Wong 1975, 1988; Taylor and Coates 1989), we
can reasonably define 10 intermediate stages before the
code reaches its current form (Fig. 1). A few brief com-
ments are needed to clarify certain choices made in Fig.
1. In Fig. 1a Ser occupies almost the whole first row of
the code. This was necessary (1) because Ser is held to be
a very ancient amino acid (Wong 1988) and is the pre-
cursor amino acid of Cys and Trp (Wong 1975); (2)
because it is unlikely that Phe and Tyr were used early on
in the code (Wong 1988); (3) because there seems to be
a correlation between amino acids in biosynthetic rela-
tionships and the rows of the genetic code (Taylor and
Coates 1989); and finally, (4) because Phe and Tyr,
through phosphoenolpyruvate and phosphoglycerate,
could be in biosynthetic relationship with Ser (Taylor
and Coates 1989). The other choice that needs to be
explained regards Fig. 1a. The pyruvate family includes
the amino acids Ala, Val, and Leu (Wong 1988; Taylor
and Coates 1989). Of these, Ala and Val are considered
to be extremely ancient amino acids (Wong 1988) and
therefore might both be included in Fig. 1a. Indeed, these
are both included in Fig. 1b. Nevertheless, we have cho-
sen to include only Ala in Fig. 1a because this amino acid
plays a central role in the metabolism of amino acids
(Wong 1975) and because, in this first stage of genetic
code evolution (Fig. 1a), we thought it best not to sub-
divide the domain of codons codifying for precursor
amino acids as imposed by the coevolution theory. How-
ever, we have performed the calculations with Val in-
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Fig. 1. This shows the probable evolutionary stages through which genetic code organization passed, as identified on the basis of the coevolution
theory of genetic code origin (Wong 1975). See text for further information.
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stead of Ala in Fig. 1a, obtaining equivalent results (data
not shown).

We feel that Fig. 1 does not seem to require further
comments, as it essentially follows Wong’s Fig. 1 (1975,
p. 1910) and his considerations. Nevertheless, for clari-
ty’s sake, it is worth following the evolution of a group
of amino acids in biosynthetic relationships: the Asp
family.

As can be seen Asp is initially codified by 14 codons
(Fig. 1a) (Wong 1975). At the eight-amino acid stage,
Asp concedes eight codons to Thr (Wong 1975) (Fig. 1c)
both because Thr is considered to be an amino acid that
entered the code relatively early on (Wong 1988) and
because Thr is separated from Asp by just a few biosyn-
thetic steps (Taylor and Coates 1989). At the 10-amino
acid stage, Thr concedes three codons to Ile (Fig. 1d)
because Ile is considered to be an amino acid that devel-
oped relatively early on (Wong 1988). This situation for
the Asp family remains stable until the 15-amino acid
stage, when Lys, a late amino acid (Wong 1988), devel-
oped from Asp (Fig. 1h), whereas in the subsequent stage
Asn developed from Asp (Fig. 1i). The choice to let Lys
enter the code before Asn seems paradoxical because
Asn is separated from Asp by just one biosynthetic step,
while Lys is separated from Asp by several biosynthetic
steps (Taylor and Coates 1989) and both these amino
acids are considered to be late developers (Wong 1988),
whereas this choice seems to be justified with the coevo-
lution theory (Wong 1975) because, if Lys is an amino
acid produced by Asp, for Asp to concede codons to Lys,
it must have maintained the codons AAU and AAC until
all the amino acids produced by Asp developed, and only
at the end did it concede these codons to Asn (Wong
1975). This seems to justify the entry of Lys into the
evolving genetic code before Asn (Figs. 1h and i). Fi-
nally, the development of Met from Thr (Wong 1975) is
hypothesized as the last stage (Fig. 1m) both because
Met is considered to be a late amino acid (Wong 1988)

and because it is codified by a single codon. Similar
considerations are made for the other families of precur-
sor amino acids and seem to justify the succession of
evolutionary stages of the genetic code reported in Fig. 1.

We then conducted an analysis to calculate the mini-
mization percentages. In particular, for each of the con-
figurations reported in Fig. 1 we calculated the corre-
spondingDcode value (see Materials and Methods) both
for the polarity distances of amino acids (Table 1) and for
the polarity and molecular volume distances (Table 2),
following the distance functions already introduced (Di
Giulio 1989; Di Giulio et al. 1994; Di Giulio and Me-
dugno 1998). For each of the configurations (Fig. 1) we
then calculated theDlow value (see Materials and Meth-
ods), i.e., the amino acid configuration minimizing the
objective function value both for polarity distances (Fig.
2) and for those combining polarity and molecular vol-
ume (Fig. 3). These configurations (Figs. 2 and 3) were
identified using two programs (see Materials and Meth-
ods). The first program, used for codes of up to 12 amino
acids (Figs. 1a–f), conducts an exhaustive search on all
possible permutations and identifies the one with the
minimum value in the objective function (see the Ap-
pendix); the second, used for codes of from 13 to 20
amino acids (Figs. 1g–m), identifies the configuration
with a minimum value in the objective function by
means of the simulated annealing technique (Di Giulio et
al. 1994). Figure 2 reports the amino acid configurations
that minimize the function value for polarity distances,
while Fig. 3 reports those that minimize the function
value for combined polarity and molecular volume dis-
tances.

For each set of amino acids (Fig. 1) we went on to
calculate the correspondingDmeanvalues (see Materials
and Methods) and, finally, the minimization percentages
(Tables 1 and 2; without synonymous changes).

Analogously to this analysis, which does not take into
account the synonymous changes in the codes being

Table 1. Summary of all the important variables concerning the function that uses amino acid polarity distancesa

Code in Figs.
1 and 2

Number of
amino acids
in the code

Without synonymous changes With synonymous changes Synonymous
changes only
(minimization
percentage)Dmean Dcode Dlow

Minimization
percentage Dmean Dcode Dlow

Minimization
percentage

a 5 3.40 3.51 2.90 −22.0 2.71 1.73 1.22 65.8 87.8
b 6 3.59 3.87 2.72 −32.2 2.94 1.97 1.29 58.8 91.0
c 8 3.06 2.98 2.11 8.4 2.67 1.70 1.10 61.8 53.4
d 10 3.13 3.00 2.21 14.1 2.79 1.85 1.25 61.0 46.9
e 11 3.05 2.93 2.16 13.5 2.77 1.90 1.21 55.8 42.3
f 12 2.97 2.97 1.92 0.0 2.72 1.96 1.20 50.0 50.0
g 13 2.84 2.90 1.61 −4.9 2.60 1.96 0.95 38.8 43.7
h 15 2.99 2.39 1.82 51.3 2.81 1.69 1.18 68.7 17.4
i 17 2.97 2.00 1.74 78.9 2.81 1.44 1.21 85.6 6.7
l 18 2.90 1.96 1.71 79.0 2.75 1.45 1.22 85.0 6.0
m 20 2.82 1.94 1.61 72.7 2.69 1.44 1.06 76.7 4.0

a Each row refers to the values of the variables referring to one of the codes in Figs. 1 and 2, as indicated in column 1. The rest of the table is
self-explanatory. See the text for comments and further information.
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Fig. 2. This shows the amino acid code configurations that minimize the objective function value for polarity distances (Dlow). These configu-
rations are related to the corresponding intermediate code (same letter) identified by the coevolution theory (Fig. 1). The numbers indicate the amino
acid polarity values (Woese et al. 1966). See text for further information.
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Fig. 3. This shows the amino acid code configurations that minimize
the objective function value for distances combining polarity and mo-
lecular volume of amino acids (Dlow). These configurations are related
to the corresponding intermediate code (same letter) identified by the

coevolution theory (Fig. 1). The numbers indicate the polarity values
above (Woese et al. 1966) and the molecular volume values below
(Grantham 1974). See text for further information.



studied, we conducted another analysis which does (Di
Giulio 1989). In particular, for each of the configurations
reported in Fig. 1, we built up the corresponding con-
figuration which maximizes the number of synonymous
changes. In other words, the synonymous codons were
allocated through a simple manual procedure in such a
way as to maximize the number of synonymous changes.
Moreover, in choosing these configurations, we kept the
termination codons constant in terms of both their num-
ber (three) and their arrangement in the actual genetic
code.

For each of these configurations (not shown) we cal-
culated theDlow values which, combined with the maxi-
mum number of synonymous changes (Di Giulio 1989;
Di Giulio et al. 1994) calculated for a specific code,
furnished theDlow values (Tables 1 and 2; with synony-
mous changes). TheDcodevalues (Tables 1 and 2; with-
out synonymous changes) were transformed into the cor-
responding values by combining the synonymous
changes and thus generating newDcodevalues (Tables 1
and 2; with synonymous changes). Finally, theDmean

values (Tables 1 and 2; without synonymous changes)
were combined with the number of synonymous changes
estimated from a sample of 5 million random codes using
the ESE program (see the Appendix) to generate the new
Dmean values (Tables 1 and 2; with synonymous
changes). We then went on to calculate the minimization
percentages (Tables 1 and 2; with synonymous changes).

Finally, we calculated another type of minimization
percentage obtained from the simple difference between
the minimization percentage with synonymous changes
and the one without synonymous changes (Tables 1 and
2; synonymous changes only).

Discussion

In attempting to predict the behavior of the minimization
percentage as the number of amino acids codified in the

evolving genetic code increases, we encountered certain
difficulties. While one train of thought leads us to predict
a linear increase in the minimization percentage as the
number of amino acids codified in the evolving genetic
code increases, another leads us to conclude that there
might be an inverse correlation between these two vari-
ables since the minimization percentage in the early and
intermediate stages of genetic code evolution neverthe-
less turn out to be bolstered by a large number of syn-
onymous changes. These data seem to us to show evi-
dence of both these behaviors.

If, as seems to be the case, optimization of the phys-
icochemical properties of amino acids played an impor-
tant role in structuring the genetic code (for references
see Szathmary 1993; Di Giulio 1997a; for more recent
articles see Ardell 1998; Freeland and Hurst 1998), we
would expect there to be an increase in the optimization
level as the number of amino acids codified in the evolv-
ing genetic code increases. This is observed both by cor-
relating the minimization percentages (without synony-
mous changes) referred to the polarity distances with the
number of amino acids codified in the corresponding
code [Table 1; rows a–m,r 4 +0.910,n 4 11, F 4
43.5, df 4 (9,1), P < 10−4] and by making the same
correlation but this time referred to the polarity and mo-
lecular volume distances [Table 2; rows a–m,r 4
+0.951,n 4 11, F 4 85.5, df4 (9,1), P < 10−4].

These strong correlations allow us to say that, in gen-
eral, there has been a linear increase in the minimization
percentage as the number of amino acids codified in the
evolving code increases. Clearly there must have been a
constant and strong selective pressure to reduce the del-
eterious effects of translation errors and/or mutation.
This seems to supply evidence in favor of the physico-
chemical hypothesis of the genetic code (Sonneborn
1965; Woese 1965; Woese et al. 1966; Fitch and Upper
1987). However, these observations are also compatible
with the coevolution hypothesis (Wong 1975), i.e., as the

Table 2. Summary of all the important variables concerning the function that uses the distances combining amino acid polarity and molecular
volume values

Code in Figs.
1 and 3

Number of
amino acids
in the code

Without synonymous changes With synonymous changes Synonymous
changes only
(minimization
percentage)Dmean Dcode Dlow

Minimization
percentage Dmean Dcode Dlow

Minimization
percentage

a 5 3.20 3.24 2.76 −9.1 2.55 1.60 1.17 68.8 77.9
b 6 3.14 3.22 2.63 −15.7 2.57 1.64 1.22 68.9 84.6
c 8 2.76 2.83 2.22 −13.0 2.40 1.61 1.10 60.8 73.8
d 10 2.76 2.64 2.08 17.6 2.46 1.63 1.19 65.4 47.8
e 11 2.72 2.49 2.04 33.8 2.47 1.61 1.14 64.7 30.9
f 12 2.64 2.51 1.90 17.6 2.41 1.66 1.15 59.5 41.9
g 13 2.60 2.31 1.76 34.5 2.38 1.56 1.06 62.1 27.6
h 15 2.77 2.35 1.93 50.0 2.60 1.66 1.28 71.2 21.2
i 17 2.85 2.29 1.90 58.9 2.69 1.66 1.34 76.3 17.4
l 18 2.86 2.31 1.90 57.3 2.71 1.71 1.38 75.2 17.9
m 20 2.76 2.15 1.74 59.8 2.63 1.60 1.29 76.9 17.1

a Each row refers to the values of the variables referring to one of the codes in Figs. 1 and 3, as is indicated in column 1. The rest of the table is
self-explanatory. See the text for comments and further information.
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precursor amino acids conceded part of their codon do-
main to the product amino acids, the latter were attrib-
uted with codons in such a way that similar amino acids
were assigned to similar codons and increasing the mini-
mization percentage in the corresponding code as a con-
sequence of selective pressure to reduce the deleterious
effects of genetic message translation errors (Di Giulio
1997a, 1998). Moreover, these correlations might also be
the effect of a physicochemical interaction between
amino acids and anticodons (Weber and Lacey 1978;
Jungck 1978; Lacey and Mullins 1983; Lacey et al. 1992;
Di Giulio 1996) taking place on hairpin RNA structures
(Di Giulio 1998) which are the ancestors of tRNA (Di
Giulio 1992) and house anticodons in their stem (Di
Giulio 1998). Therefore, in accordance with the latter
interpretation, the apparent selective pressure to reduce
the deleterious effects of translation errors might be the
result of amino acid–anticodon interactions and might
not be easily distinguishable from these interactions.
Even from the latter viewpoint, the coevolution hypoth-
esis is still compatible with the physicochemical hypoth-
esis (Di Giulio 1998), although it is the evolutionary
development of the code as indicated in Fig. 1 which
attributes a secondary role to the latter hypothesis be-
cause this development (Fig 1) is based substantially on
the coevolution hypothesis. Finally, it seems to us that
the evolutionary development of the code (Fig. 1) does
not lend itself to the stereochemical hypothesis of genetic
code origin (Woese 1967; Balasubramanian et al. 1980;
Simizu 1982), at least as regards the one that Yarus
(1998) calls the strong or exuberant form of this theory,
and thus we feel that the above-reported correlations are
not an expression of this theory. The stereochemical hy-
pothesis (Woese 1967; Balasubramanian et al. 1980;
Shimizu 1982) suggests that the origin of the genetic
code lies in the strong interactions that took place be-
tween codons or anticodons and amino acids which
somehow (poorly specified in this theory) promoted pep-
tide synthesis early on. Now it is the evolutionary devel-
opment of the code itself (Fig. 1) which goes against the
stereochemical hypothesis. Figure 1a, for instance,
shows that Asp is codified by 14 codons: Should we
conclude, if the stereochemical hypothesis is true, that
Asp is in a stereochemical relationship at this evolution-
ary stage (Fig. 1a) with 14 codons (or corresponding
anticodons)? This seems to be unthinkable, whereas the
above-reported correlations might be interpreted through
what Yarus (1998) calls the weak stereochemical hy-
pothesis, as the latter does not seem to be dissimilar from
the one that is more generally known as part of the phys-
icochemical hypothesis (Weber and Lacey 1978; Jungck
1978; Lacey and Mullins 1983; Lacey et al. 1992),
which, as we have already seen, is able to explain these
correlations (Di Giulio 1998). Therefore, although the
above-reported correlations might be interpreted through

a weak interpretation of the stereochemical hypothesis, it
is the very scenario of code evolution (Fig. 1) that does
not lend itself to a strong stereochemical interpretation,
and therefore these correlations are not, in our opinion,
an expression of this theory.

In the strong correlations reported above we can ob-
serve certain behaviors. If we consider only the first
seven evolutionary stages (Figs. 1a–g), we do not find
any significance for polarity distances in the correlation
between minimization percentages (without synonymous
changes) and the number of amino acids codified in the
corresponding code [Table 1; rows a–g,r 4 +0.626,n 4
7, F 4 3.2, df 4 (5,1), P 4 0.13], whereas the same
correlation is significant for polarity and molecular vol-
ume distances combined [Table 2, rows a–g,r 4 +0.893,
n 4 7, F 4 19.6, df 4 (5,1), P 4 0.0069]. [It is
therefore possible that in the early and intermediate
stages of code evolution (Figs. 1a–g), other trends were
in progress (see below)]. Although this behavior is un-
expected considering that the final minimization level of
polarity distances only is higher than that of polarity and
molecular volume distances combined (Di Giulioet al.,
1994) (Tables 1 and 2; without synonymous changes,
row m), it becomes comprehensible if we consider that
the molecular volume or more generally the “size” of
amino acids might have been an important physicochem-
ical variable of amino acids in early and intermediate
evolutionary stages (Figs. 1a–g) because the ‘‘size’’
seems to reflect theb-sheets of proteins (Di Giulio
1996).

As regards the correlations which include synony-
mous changes between minimization percentages and the
number of codons codified in the corresponding codes
(Tables 1 and 2; with synonymous changes), these do not
seem to be significant or are only marginally so. Indeed,
for polarity distances we obtain a nonsignificant corre-
lation coefficient between these two variables [Table 1;
rows a–m,r 4 +0.522,n 4 11, F 4 3.4, df4 (9,1),P
4 0.099], while for polarity and molecular volume dis-
tances combined, we obtain only a marginally significant
correlation coefficient [Table 2; rows a–m,r 4 +0.607,
n 4 11,F 4 5.3, df4 (9,1),P 4 0.048]. This behavior
seems to be justified, at least as far as polarity distances
are concerned, by an inverse correlation between these
two variables for the first seven evolutionary stages of
the code (Figs. 1a–g), which indeed show a negative and
significant correlation coefficient [Table 1; rows a–g,r
4 −0.819,n 4 7, F 4 10.2, df4 (5,1), P 4 0.024],
whereas the same correlation for polarity and molecular
volume distances combined turns out to be only margin-
ally significant [Table 2; rows a–g,r 4 −0.732,n 4 7,
F 4 5.8, df4 (5,1),P 4 0.061]. [We feel that the latter
two correlation coefficients cannot show a complete sig-
nificance because the corresponding coefficients, which
do not include synonymous changes, have the opposite
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sign (see the two previous coefficients referred to seven
pairs of data): i.e., there are forces in play that act in
opposite directions.]

Our interpretation of these observations is that the
global level of optimization, due to the minimization
percentages including synonymous changes, decreased
in the early and intermediate stages of code evolution
(Tables 1 and 2; with synonymous changes, rows a–g),
and this behavior must seemingly be attributed to the
high minimization percentage due to the high number of
synonymous changes present in the codes of these stages
(Figs. 1a–g; Tables 1 and 2; synonymous changes only,
rows a–g) which thus enabled this decrease in the mini-
mization percentages. In other words, these data seem to
be interpretable through a decrease in the minimization
percentages up to 13 amino acids (Tables 1 and 2; with
synonymous changes, rows a–g), corresponding, again,
to a high buffering of errors due to the presence of a high
number of synonymous changes (Figs. 1a–g; Tables 1
and 2; synonymous changes only, rows a–g). After this,
as the number of these changes continued to decrease
(Tables 1 and 2; synonymous changes only, rows h–m),
an increase in the minimization percentage became nec-
essary and did indeed take place (Tables 1 and 2; with
and without synonymous changes, rows h–m). There-
fore, the high number of synonymous changes present in
these codes (Figs. 1a–g) wasper seable to ensure a
buffering of the translation errors because this allowed a
decrease in the minimization percentages.

These decreases in the minimization percentages in
the early and intermediate stages of code evolution
(Tables 1 and 2; with synonymous changes, row a–g)
favor neither the physicochemical (Sonneborn 1965;
Woese 1965; Woese et al. 1966; Fitch and Upper 1987)
nor the stereochemical (Woese 1967; Balasubramanian
et al. 1980; Shimizu 1982) hypotheses, because it is in
these very stages that these hypotheses attribute a crucial
role to distance minimization, whereas the exact opposite
seems to take place. In other words, if, as expected by the
physicochemical hypothesis, minimization was the main
adaptive theme promoting the origin of the genetic code,
then in any phase of its evolution the code should display
increasing or constant minimization percentages,
whereas here we seem to see a decrease, i.e., the opposite
of what this hypothesis would expect. Furthermore, the
real increase in minimization percentages seems to have
taken place only in the final four stages of code evolution
(Tables 1 and 2; with and without synonymous changes,
rows h–m), and therefore, the physicochemical hypoth-
esis is unable to explain code evolution in the early and
intermediate stages. Moreover, these behaviors are what
we would expect if the physicochemical properties of
amino acids played a role that, while important, was
subordinate to that played by the mechanism of codon
concession from precursor amino acids to product amino

acids, as predicted by the coevolution hypothesis (Wong
1975, 1980; Di Giulio 1997a), to structure the genetic
code.

In conclusion, we feel that the correlations reported
above are the expression of the coevolution theory of the
origin of the genetic code (Wong 1975), because al-
though they also involve the physicochemical properties
of amino acids, in the final analysis these correlations
depend on the evolutionary stages of the code (Fig. 1),
which are the manifestation of the predictions of this
theory. At the same time, these correlations seem to shed
more light on the interconnections between the physico-
chemical and the coevolution hypotheses of genetic code
origin.

Appendix

The DPERM Algorithm

An algorithm is devised to generate once and only once
all the possiblen! permutationsp of an array withn
elements. We can consider the array elementp1, . . . ,pn

as the digits of a number in basen + 1, where the leftmost
elements are the most significant; then the largest per-
mutation hasp1 > p2 . . . >pn. Given a permutationpi, the
algorithm generates the permutationpi + 1 < pi and the
decreasing permutation sequencep1 4 (n,n − 1, . . . ,
1), . . . ,pn! 4 (1, 2, . . . ,n) can be generated. The steps
involved in this algorithm are as follows.

● Swap p(n − 1), p(n) if p(n − 1) > p(n) else, in the
largest positionx < n − 1:p(x) Þ 1

● Swapp(x) andp(m) 4 maxx < y #n p(y):p(y) < p(x).
● Sort p(y), é x < y # n.

The ESE Algorithm

Let there ben amino acidsm1, . . . ,mn and 61 codons
codifying these amino acids, an arrayc 4 c1, . . . ,c61 can
then describe thecellsof the genetic code. Moreover, we
give a matrixB where the elementsbj,c Þ 0 describe the
communicating cellswith cell c.

We can remap arrayc as a 16 × 4 matrix or as a 4 ×
4 block matrix with block size 4 × 1. Withrespect to cell
c, we define communicating cells as

● the cells in the same 4 × 1 block to which cell c
belongs,

● the cells in the same row of cellc, and
● the cells in the 4 × 1blocks of the same column of cell

c and the same block relative position.

Given the number of synonymous codons codifying each
amino acid, we can make the set of codons CO; then we
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randomly allocate the codons over the cells of the genetic
code table by calling the Allocell routine described be-
low. After a complete allocation of codons to the cells,
the number of synonymous changesG is the count of the
times an amino acid occurs in its communicating cells. If
we call com(ci) the set of cells communicating withci

and m(ci), the amino acid allocated in cellci, G is de-
fined by

G = (
i=1

61

[ of occurrences ofm~ci! in com~ci!

We estimated the mean values ofG over 5 million
randomly generated codes.

The Allocell Algorithm

An array L describes the set of free cells in which no
amino acid has been allocated and is initialized with the
valuesL(i) 4 i. A variablePL can be used to describe
the number of actual parts in the set. If a random number
r { [1,PL] is generated, the cell randomly chosen from
the allocation of an amino acid isL(r). The random al-
location of the codon COk to the cellcL(r) is obtained by
this type of assignment.

The deletion of the elementL(r) consists of shifting
leftward the elementsL(i) with r < i < PL and decre-
mentingPL.
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