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Abstract

Nucleotide compositional analyses of disparities in genomic guanine and cytosine (gGC) content directly relate to the amino acid compo-
sition, through the union of the genetic code. Here we analyzed 229 prokaryotic genomes to address the intricate relationships between gGC,
amino acids and their codons in the context of genes. First, we not only confirmed the universal rule that the average GC content at codon po-
sition 1 (GC1) is always higher than that at codon position 2 (GC2), but also extended the rule to show that it holds true even when codon-
position-related GC contents are calculated on a per gene basis. The ‘‘GC1>GC2 rule’’ is attributable essentially to a few dominant amino
acids that have GC at one of these two codon positions or the intermediate-GC group of amino acids. Second, we found that gGC fluctuations
were largely compensated for at the codon level, when codons belonging to high-GC and low-GC amino acid groups varied accordingly. Finally,
we found that prokaryotic genes also have a GC content gradient (Gd) distributed along their transcripts. The gradients at three codon positions
(Gd1, Gd2 and Gd3) all correlated with gGC in two different directions: Gd3 was positive, whereas the other two were negative.
� 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

The genomic guanine and cytosine (gGC) content of differ-
ent species varies greatly, from 0.2 to 0.8, especially among
prokaryotes [16,25]. However, for a particular species, its
gGC tends to be unique [5,6]. For a given genome, gGC var-
iations measured along a DNA strand can be defined as GC
skews that are often used to determine replication origins or
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termini of prokaryotic genomes [10,17]. GC content alter-
ations reveal adaptive advantages at least in thermophilic pro-
karyotes, where the GC content of rRNA and tRNA genes
exhibits a strong positive correlation with their optimal growth
temperatures (OGTs) [2,8,18]. Another class of cellular mech-
anisms that evoke GC content variations is that of DNA repair,
and some of their compositional signatures, especially at the
transcript level, are biologically significant. For instance,
such signatures have been observed as a negative gradient
along the 50-portion of a transcript, most notably in Gramineae
genes [30,32] and later confirmed in mammalian genes [9]. A
particular mechanism of DNA repair was believed to be the
causative factor, i.e. transcription-coupled DNA repair
(TCR) that is universal and is found in both prokaryotes and
eukaryotes [26,27]. A usage gradient of codons and nucleotide
ed.
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combinations had been previously noted in Escherichia coli
and was related to the expressiveness of genes and translation
efficiency [13].

In this study, we first collected 229 prokaryotic genomes
from public databases and focused our analyses on correla-
tions of gGC with other genomic parameters such as genome
sizes, average GC content at three codon positions (GC1, GC2
and GC3) and amino acid compositions of protein-coding
genes. We then looked at all individual codons and their rela-
tionships in order to pinpoint what codons of an amino acid
with variable GC compositions are actually mitigating the
pressure imposed by gGC. Finally, we identified the effect
of gGC on GC compositional gradients of prokaryotic tran-
scripts, and postulated that a causative factor in generating
such gradients is the interplay of sequence errors made in rep-
lication and transcription-coupled DNA repair.

2. Materials and methods

The genome sequences and annotations of 229 prokaryotes
were retrieved from GenBank (May 29, 2005) [19]. Open
reading frames (ORFs) and related information were extracted
from *.gbk files with Perl script.

To compute dynamic changes in nucleotide composition
along transcripts, ensemble averages across ORFs were calcu-
lated with a 51-bp window size and a 3-bp step. In most cases,
we observed that the length of a sequence exhibiting Gd was
less than 500 bp so that the gradient was defined only for
the first 500 bases of an ORF. To ensure precise identification
of codons, only ORFs possessing an ATG as start codon were
included in our analysis, despite the fact that some ORFs in
prokaryotes use ATA as a start codon.

We used the relative usage count (RUC) of codons and
amino acids (relative to the expected usage count), rather
than the frequency per hundred or thousand codons or amino
acids to show biases. RUC values for codons and amino acids
were calculated using the following two equations:

RUCðcodonÞ ¼ nðcodonÞ � 61

nT

RUCðaaÞ ¼
X

codon

RUCðcodonÞ

where n (codon) is the number of a given codon for all ORFs
of a bacterium and nT is the total number of codons for all
ORFs of a bacterium. RUC (aa) and RUC (codon) are relative
usage counts of amino acids and their corresponding codons,
respectively.

3. Results

3.1. The variable gGC among sequenced prokaryotes

The gGC among prokaryotes is known to vary broadly; in
the current data set, it ranged from 0.225 to 0.721. For in-
stance, Wigglesworthia brevipalpis has the lowest gGC [1],
and the highest gGC belongs to Streptomyces coelicolo [3].
Prokaryotic gGC diverges widely, even for genomes in the
same genera and species. Our selective collection of 229 pro-
karyotic genomic sequences belonged to 114 genera and 184
species; within the data set, 47 genera had more than one ge-
nome sequenced. Despite the fact that the genomes within a ge-
nus had similar gGC, eight genera contained isolates whose
gGC content varied over 10%, such as Corynebacterium and
Mycoplasma. The most extreme case was Prochlorococcus,
the smallest known oxygen-evolving autotroph, in which the
difference in gGC between Prochlorococcus MED4 and Pro-
chlorococcus MIT9313 was about 0.2 [22]. The two ecotypes
were classified together as a single species based solely on the
similarity of their rRNA sequences (97%) [12]; the sequence
similarity between the two genomes is so low that it is less
than 5%. It was speculated that they either originally went
through a massive divergence process from the same species
[22], or limited horizontal gene transfer involving rRNA
genes, which was shown to be possible in the laboratory
[21]. Although gGC in general is distributed rather evenly
among prokaryotic genomes [24,29], it can be affected by
many factors, such as insertions of bacteriophage lysogens
and transposons [14]. We also plotted the genome size of these
prokaryotic genomes as a function of gGC, and hypothesized
that there was weak correlation between these two major ge-
nome parameters, with a correlation coefficient of 0.54
(Fig. 1a). This did not contradict a previous observation [4],
but rather cast doubt on it; the distributions may show ranges
or boundaries rather than a linear curve. In addition, the less
significant correlation coefficient was presumed to be partly
due to limited data points (229 genomes). Genome sequences
of a few Archaea species behaved in a similar way as Eubac-
teria species when their gGC varied toward the extremes. This
suggested that genome size may, to a certain extent, serve as
a minor variable in balancing mutation pressures in addition
to accommodating more genes.

3.2. GC content variability at three codon positions

The average GC content at each codon position among pro-
karyotic genomes varies in certain unique ways [28]. In our
collection, GC2 is the least variable position; it changes
from 0.268 to 0.512. The next in line is GC1, ranging from
0.307 to 0.724. GC3 alters the most, from 0.087 to 0.933
(Fig. 1b). GC1, GC2 and GC3 are all strongly correlated
with gGC, with very significant correlation coefficients of
0.97, 0.92, and 0.99, respectively. The slopes for GC1, GC2
and GC3 appeared different, with values of 0.73, 0.44 and
1.80, respectively, showing different degrees of response to
gGC alterations. The GC3 distribution intersected with GC1
and GC2 at values of 0.523 and 0.39. Our results strengthened
the rule that GC1 is always higher than GC2 with an adequate
data support. We also plotted GC1 against GC2 for all ORFs in
our collection to see if this rule extends to single genes (some
are predicted ORFs). Among 659,773 ORFs, there were only
17,840 ORFs whose GC1 was lower than GC2 (<3%). We ex-
tracted these ORFs and inspected them manually and found
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that over 85% of these ORFs were categorized as ‘‘hypothet-
ical’’, ‘putative’, ‘probable’ and ‘possible’ ORFs. It was clear
that these predicted ORFs were largely intergenic sequences or
degraded pseudogenes. Therefore, this ‘‘GC1>GC2 rule’’
provides an excellent filter for prokaryotic gene annotation.
However, we should be cautious, since a minuscule number
of the putative ORFs might be activated, becoming real genes
when proven empirically.

GC2 is always lower than 0.5 even when gGC rises above
0.7. Taking E. coli K12 (gGC¼ 0.508) as an example, we
found that nearly 98% of its genes have a GC2 lower than
0.5, with an overall average of 0.406. To examine whether
leader peptides (or signal peptides) with a higher content of
hydrophobic amino acids may lead to an artifactual relation-
ship with GC2 (hydrophobic amino acids have GC-rich co-
dons), we analyzed ORFs encoding membrane proteins from
E. coli. The result demonstrated that GC2 of the membrane
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Fig. 1. Correlation of gGC with genome size (a) and codon positions, GC1,

GC2 and GC3 (b). Genome sizes of individual prokaryotes (solid squares

and circles depict Archaea and Eubacteria species, respectively) correlated

weakly with gGC (R¼ 0.54). GC1, GC2 and GC3 are indicated by solid cir-

cles, squares and triangles, respectively; they are highly correlated with gGC,

with correlation coefficients of 0.97, 0.92, and 0.99, respectively. GC3 was

most strongly altered, from 0.087 to 0.933, with a variance of 0.052. The

slopes for three codon positions ranked as cp3> cp1> cp2, with values of

1.80, 0.73 and 0.44, respectively. The near linear distribution of GC3 inter-

sected with those of GC2 and GC1 when gGC shifted from low to high.

GC1 was always greater than GC2, with a nearly constant odds ratio fluctuat-

ing around 0.72 and a variance of just 0.002.
proteins (ORFs) is 0.414, slightly higher than the overall aver-
age, and this difference is statistically not significant,
P¼ 0.171 (Wilcoxon rank sum test). P is the probability there
is no difference between the two groups of data. P< 0.05 in-
dicates that the difference is significant and P< 0.01 indicates
that the difference is very significant.

The trends among GC1, GC2 and GC3 can be explained by
the probability of non-synonymous mutations at three codon
positions. There are 64 codons and 192 (64� 3) possible sub-
stitutions at each codon position; the number of substitutions
that do not change amino acids at cp1 (codon position 1),
cp2 (codon position 2) and cp3 (codon position 3) are 8, 2
and 128, respectively. Although only 33% (1� {128/192})
of the nucleotide substitutions at cp3 theoretically change
amino acids, the observed value is often much lower, since
most of the substitutions are transitional changes (mutations
within purines or pyrimidines). For amino acids with an
even number of codons, 17 out of 20 (except for ATG, ATA
and TGG; Table 1) transitions at cp3 do not change amino
acids [15,20,31]. In contrast, nucleotide substitutions at cp1
and cp2 frequently change amino acids.

3.3. Correlation analysis between gGC and
compositional variations in amino acids and their
codons

The set of 20 amino acids can be classified into three groups
according to their GC content at cp1 and cp2 [7,11,23]. The
amino acids in the high-GC group and low-GC group have
both cp1 and cp2 occupied by GC or AT (Table S1). In the inter-
mediate-GC group, only one of the two invariable nucleotides in
a codon has G or C. The content of high- and low-GC amino
acids strongly correlates with gGC; in other words, gGC

Table 1

Eleven amino acids related to variations in DGC

Amino acid y¼ bxþ a Expected

RUC

Observed

RUC

DRUC

Intermediate-GC-(I) y¼ 11.4xþ 12
Asp y¼ 0.43xþ 2.90 2 3.1 1.1b

Glu y¼�1.9xþ 4.60 2 3.73 1.73b

Gln y¼�0.02xþ 2.23 2 2.22 0.22

His y¼ 0.8xþ 0.93 2 1.29 �0.71

Leua y¼ 9.47x� 0.58 4 3.69 �0.31

Val y¼ 2.62xþ 2.92 4 4.12 0.12

Intermediate-GC-(II) y¼�1.34xþ 10.09
Arga y¼�2.06xþ 1.86 2 0.93 �1.07b

Cys y¼ 0.48xþ 0.48 2 0.7 �1.3b

Ser y¼�1.51xþ 4.64 6 3.95 �2.05b

Thr y¼ 0.42xþ 3.02 4 3.22 �0.78

Trp y¼ 1.33xþ 0.09 1 0.69 �0.31

Almost all of them are intermediate-GC amino acids. Five of them, Asp, Glu,

Arg, Cys and Ser, contribute significantly to the ‘‘GC1>GC2 rule’’; their

DRUCs are all larger than 1.

Note that the slope values of leucine and valine are both positive and large

enough to have a stronger impact on DGC.
a For arginines and leucines, only those codons belonging to the intermedi-

ate-GC group are considered.
b Five amino acids contribute decisively to the GC1>GC2 rule, whose ab-

solute values of DRUC are all greater than 1.
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changes in the mean overall amino acid usage of a genome favor
the high-GC group. In most cases, the content of intermediate-
GC amino acids correlates weakly with gGC. Two exceptions
were found, in the cases of histidines and valines. The increased
correlation of these two amino acids with GC richness was ex-
pected, since ATN and TTN (N stands for all four nucleotides)
both encode hydrophobic amino acids that are readily convert-
ible to valines, especially from isoleucine (ATY; Y stands for py-
rimidines), permitted by their approximate chemical properties.
In the case of histidines, the likely conversion is from tyrosines
(TAY), relating to both hydrophobicity and structure accommo-
dation (histidine vs. benzene). This was confirmed by reduced
representation of the TAC codon, one of the two codons encod-
ing tyrosines. Interestingly, the most dominant amino acids in
the three groups are all hydrophobic amino acids, alanines, iso-
leucines and leucines for the high-, low-GC and intermediate
groups, respectively. These amino acids provide essential chem-
ical balances among proteins when gGC changes from low to
high, driven by mutation biases. An overall trend becomes clear:
when gGC changes to its extremities, the proportions of amino
acids in high- and low-GC groups approach minimal divergence
collectively. This trend has strong implications for the relation-
ship between gGC changes and protein structures. Moderate
gGC is best for amino acid diversity that enables proteins to
build up complexity and achieve robustness for functions. In ad-
dition, as gGC changes over time, amino acids positioned in the
protein also have a chance to change accordingly, albeit at
a much slower pace.

With increasing gGC, variations in codons and their en-
coded amino acids are rather distinct. Among codons, the
most GC-content-sensitive position is cp3 [7,11,23]. If the nu-
cleotide at cp3 is G or C, the codon composition is positively
correlated with gGC. The opposite trend was observed when
the nucleotide at cp3 was A or T. It is clear that cp3 provides
an essential GC balance within codons of a given amino acid.
For example, phenylalanine is a low-GC amino acid (its co-
dons at cp1 and cp2 are both T) so that the content of phenyl-
alanine gradually decreases when gGC increases, while its two
codons gradually shift from TTT to TTC.

3.4. Over- and underuse of five intermediate-GC amino
acids leads to the ‘‘GC1>GC2 rule’’

High- and low-GC amino acids do not contribute to the
rule, since they have GC or AT at both cp1 and cp2, respec-
tively. What contributes to the rule is amino acids within the
intermediate-GC group. These amino acids can be further clas-
sified into two subgroups: intermediate-GC-(I) and -(II). In the
first subgroup, the nucleotides at cp1 are G or C and the nucle-
otides at cp2 are A or T; overuse of these amino acids will con-
tribute to the rule. In the second subgroup, nucleotides at cp1
are A or T and nucleotides at cp2 are G or C; underuse of these
amino acids will contribute to the rule. The over- and underuse
of amino acids are evaluated by the difference in observed
RUC and expected RUC (see Section 2), DRUC. The observed
RUC was computed from the ensemble average of all 229
genomes.
Five amino acids have absolute values of DRUC higher than
1, despite the fact that most of the DRUC values of the interme-
diate-GC group vary to some extent (Table 1). Two of them are
charged acidic amino acids, aspartic and glutamic acids. They
are the intermediate-GC-(I) amino acids, and their electrolytic
effects in proteins appeared neutralized, at least in part, by
two basic amino acids, arginine (fourfold degenerate set, CGN
only) and lysine (AAR), where lysine belongs to the low-GC
group and arginine in part belongs to the high-GC group. The ex-
treme DRUC value went to serine, an intermediate-GC-(II)
amino acid, arguably the most versatile amino acid of all. First,
it is uncharged, polar and hydrophilic; it has a residue volume of
89.0 [33] that is very close to 88.6 of the alanine, one of the high-
GC group amino acids. Second, it is one of the amino acids pos-
sessing six codons, together with leucine and arginine. What is
unique about serine is its six codons, TCN and AGY; all have G
or C at cp2, and its RUC value was found to be extremely under-
represented (DRUC¼�2.05). This extreme underuse certainly
contributes most to the ‘‘GC1>GC2 rule’’. The second signif-
icant rule-contributor is the duplex codon of arginine, AGR (it
has G at cp2), which was underused in our usage counts. The
third case concerns cysteine, an intermediate-GC-(II) amino
acid. Aside from the fact that it forms disulfide bonds in proteins,
so that its abundance must be controlled functionally, it is en-
coded by TGY and its underuse certainly contributes to the
rule. Finally, there is one stop codon (TGA) within the subgroup.
It has Tat cp1 and G at cp2, and even though its count should lead
to a reduction in theoretical value of GC2, it appears at most
once per ORF. As a result, its contribution to the rule is negligi-
ble. Therefore, we believe that the over- and underuse of these
five amino acids lead to the ‘‘GC1>GC2 rule’’. We would
like to emphasize that we only included AGR for arginine and
CTN for leucine in this analysis.

The difference between GC1 and GC2 (DGC) is not con-
stant, ranging from less than 5% for low-GC genomes to
more than 20% for high-GC genomes. When gGC increases,
amino acid content variations in the intermediate-GC group,
reflected as the slope of the linear-regression formula, is
very limited; most of the slope values are less than 2 (Table 1).
Therefore, these small variations cannot explain the large dif-
ferences (DGC). When looking into individual amino acids
that contribute to DGC, we noticed a single amino acidd
leucine (although valine with a slope value of 2.62 may con-
tribute to this effect to some extent). Leucine has six codons,
CTN (CTA, CTT, CTG and CTC) and TTR (TTA and CTG);
four of them belong to intermediate-GC-(I). When gGC rises
rapidly, CTG content also increases dramatically, with a slope
value of 8.82, leading to a fast increase in DGC (Table S1).
The elevated CTG is largely compensated for by TTA, another
codon of leucine with slope of �9.0. At the same time, the
RUC of leucine remains nearly constant.

3.5. The presence of a transcript-based gradient in
prokaryotic genomes

The GC content of genes exhibits a gradient along the tran-
scription direction when GC1, GC2 and GC3 are plotted from
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the start codon to the full length. The strongest gradient was
first discovered in Gramineae genes [30] and later noted in
genes of warm-blooded vertebrates [9].

Our initial analysis of the gradient along the direction of
RNA transcription was limited to the first 1 kb of all genes,
since the average length of prokaryotic genes is around 1 kb.
When plotting the gradient, we set the start codon as the ori-
gin. All ORFs were aligned from their origins and the average
across ORFs was calculated with a 51-bp sliding window in
a 3-bp increment. We only included ORFs with clear annota-
tions and ATG as start codon, despite the fact that some ORFs
in prokaryotes use ATA as start codon. We also set an upper
boundary at which the ORF length was limited to greater
than 500 bp in length to eliminate the influence of short
ORFs. After observing all the plots, we found that the GC gra-
dient in prokaryotic genes was different from those of Grami-
neae plants. The prokaryotic GC gradient in most cases lasted
around 300 bp, shorter than that in the rice genome (around
1 kb). Furthermore, the gradient of prokaryotic genes varied
among different genomes and only a few of them were found
to have average gradient values greater than 0.2, whereas the
value for rice was 0.225.

The gradient at three codon positions varied differently
among the genomes in our collection when their average
gGC fluctuated. According to their gGC, prokaryotic genomes
could be classified into three basic categories: low-GC
(<0.38), intermediate-GC (0.38e0.55) and high-GC (>0.55)
groups. Among the low-GC genomes, GC gradients at cp1
and cp2 (Gd1 and Gd2) were mostly positive and at cp3
(Gd3) they were mostly negative. Among the intermediate-
GC genomes, Gd1 and Gd3 were positive, but Gd2 was nega-
tive. The high-GC genomes had an opposite trend from the
low-GC group genomes: Gd1 and Gd2 were negative and
Gd3 was positive (Fig. 2). This indicates that the gradient at
three codon positions was strongly affected by gGC. We
then plotted the distribution of Gd1, Gd2 and Gd3 against
gGC to show that Gd1, Gd2 and Gd3 all correlated strongly
with gGC, with absolute values of correlation coefficient
larger than 0.7 (Fig. 3). Since the increase in Gd3 (R¼ 0.84)
was accompanied by a decrease in Gd1 (R¼�0.57) and
Gd2 (R¼�0.75), the integral gradient was virtually
indistinguishable.

The gradient appeared universal to every prokaryotic ge-
nome, but it differed according to gGC and may not be obvi-
ous for all genomes, depending on how it is viewed; some may
not be easily measured when the gGC varies from 35% to
50%. Our analysis showed that the gradient effect is neither
an artifact of 50-untranslated sequences nor signal sequence in-
terference, although consecutive hydrophobic amino acids
(such as transmembrane domains) may make a minor contri-
bution (data not shown).

4. Discussion

We re-examined the plasticity of prokaryotic gGC, leverag-
ing on the enormous public data from many genomic sequenc-
ing efforts. The gGC is primarily governed by mutations
Bacillus anthracis Ames (cDNA depth 5311)

GC1(0.49)
GC2(0.34)
GC3(0.261)

cDNA coord, Kb

0 0.5 1 1.5 2

cDNA coord, Kb

0 0.5 1 1.5 2

cDNA coord, Kb

0 0.5 1 1.5 2

G
C
 
c
o
n
t
e
n
t

0.2

0.4

0.6

0.8

G
C
 
c
o
n
t
e
n
t

G
C
 
c
o
n
t
e
n
t

0.2

0.4

0.6

0.8

(a)

Nitrosomonas europaea (cDNA depth 2574)

GC1(0.593)
GC2(0.411)
GC3(0.546)

(b)

Deinococcus radiodurans (cDNA depth 2997)

GC1(0.703)
GC2(0.477)
GC3(0.853)

0.4

0.6

0.8

1.2

1

(c)

Fig. 2. Examples of gradient in prokaryotic genomes in low-GC, intermediate-

GC and high-GC groups. GC content distributions at three codon positions are

coded as black, dark gray, and light gray for GC1, GC2 and GC3, respectively.

Representatives for the three GC groups are: (a) Bacillus anthracis Ames

(gGC¼ 0.3537), (b) Nitrosomonas europaea (gGC¼ 0.5071) and (c) Deino-

coccus radiodurans (gGC¼ 0.67). GC content distributions at three codon po-

sitions were plotted as a function of ORF positions relative to the start codon

and averaged over the length of cDNAs with a 51-bp sliding window. The gra-

dient is computed from the first 300 bp only.



368 J. Hu et al. / Research in Microbiology 158 (2007) 363e370
originating from replication and repair errors that, in turn, pro-
vide an indispensable basis for biological diversity for these
most primitive life forms to achieve the best fitness. Indeed,
we noted that the genome size of prokaryotes correlates
weakly with gGC changes, and the reason for such correlation
is currently unknown. We also confirmed a previous observa-
tion and showed, with an adequate amount of data, that GC1,
GC2 and GC3 are almost perfectly correlated with gGC. The
correlation implies that gGC variations are the major force in
generating nucleotide compositional dynamics among pro-
karyotic genomes. The gGC variability at cp1 and cp2, indi-
cated by GC1 and GC2, certainly implies that amino acid
compositional changes coincide with gGC fluctuations, pro-
viding the basis (though to a lesser extent due to the balancing
power of the codon arrangement) for amino acid composi-
tional dynamics.

We went one step further to pinpoint the detailed composi-
tional signatures of such a correlation and possible causative
factors. One rule is obvious: GC1 is always greater than
GC2. To confirm this at the gene level, we not only plotted
all ORFs, but also inspected the ‘‘rule-breakers’’ and con-
cluded that they are most likely non-functional ORFs and
have lost protein-coding characteristics. What previous analy-
ses have not done is to simultaneously examine contributing
factors at both the amino acid and their codon levels. We
found that gGC-sensitive amino acids are those of high- and
low-GC groups. The intermediate-GC group is rather gGC-in-
sensitive in general, since codons of this group have either GC
or AT at cp1 and cp2, but not both. Furthermore, the gGC-sen-
sitive groups have well-balanced amino acids with respect to
their chemical properties when gGC changes approximately
from 0.2 to 0.7. First, hydrophobic isoleucines and leucines
(UURs) in the low-GC group are replaced by alanines and gly-
cines in the high-GC group. Second, aromatic tryptophan
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and Gd2 indicates that GC gradients can also become more pronounced as

gGC moves toward the high-GC end. Increased Gd1 and Gd2 suggest strong

amino acid variations at the 50-portions of the proteins as gGC increases.
(encoded by a single codon, TGG, so that it is considered to
be one of the high-GC amino acids) is compensated for by
two other aromatic amino acids, tyrosine and phenylalanine,
as well as histidine, to a lesser extent. The contribution of his-
tidine can be verified by its increased abundance when gGC
increases. Third, the basic amino acids, arginines (CGN) and
lysines (AAR), are also self-balanced between the two groups
as gGC varies. Finally, the intermediate-GC, the largest group,
serves as GC content ‘‘buffers’’ to cope with gGC changes,
providing vital flexibility for achieving greater compositional
plasticity. For instance, the electrolytic charges appeared ad-
justed between the GC-sensitive groups and the GC-tolerant
group (the intermediate-GC amino acids); all basic amino
acids are in the former and all acidic amino acids are in the
latter. We concluded that the compositional dynamics of pro-
karyotes is mainly achieved at the codon level, governed by
the intricate relationship between their nucleotide composi-
tions. We argue that this intricate relationship is a natural com-
mandment which has evolved over billions of years and is
followed primarily by prokaryotes since its fixation. Although
exceptions do exist, its power extends to eukaryotes, since
compartmentalization reduced the mutation pressure (for ex-
ample, by separating replication and translation in different
compartments and regulating replication and transcription dif-
ferently in cell cycles) to become largely indirect among ge-
nomes of these biologically more complex organisms.

We demonstrate that the ‘‘GC1>GC2 rule’’ is primarily
contributed to dominant amino acids. The major contributors
are five amino acids (or a subset of their codons, such as
AGR of arginine) of the intermediate-GC group. Their over-
or underuse plays a decisive role in setting the rule. Since
they are not as sensitive as the other two groups to gGC
changes, the selective usage of these amino acids mainly re-
flects natural selection acting on functions and structures of
proteins, governed by chemical properties as well as topolog-
ical characteristics. Therefore, the mutation pressure is re-
lieved at different codon positions and coped within an
orderly way by the intrinsic relationship among codons and
thus their encoded amino acids. The first ‘‘defense line’’ to
gGC changes is cp3, making them largely synonymous. The
second ‘‘defense line’’ is the distinct yet related chemical
properties of amino acids, providing compensations and toler-
ances by their relatedness through codon arrangement. The
third ‘‘defense line’’ is amino acids of the intermediate-GC
group, where the abundance of amino acids varies to accom-
modate both gGC variation and protein function (or in other
words, mutation drive against natural selection). A current
conjecture for explaining the mechanistic foundation of these
mechanisms relies on evolutionary doctrinesdthe universal
codon arrangement is a product of the genomes’ composi-
tional variations that are selected based on fitness of early
organisms, especially those which built their biological
processes and mechanisms upon a single cellular compart-
ment (largely microbes). For instance, alanine and glycine
are both high-GC amino acids and have four codons. The
slope of GC correlation to gGC changes for alanine is
11.83, about twofold greater than that of glycines (5.4). We
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believe that alanines are more amenable to being converted to
serines than glycines when residue size becomes a decisive
factor, since the residue value of alanines is identical to that
of serines, but that of glycines is smaller. This serine to ala-
nine conversion is best seen when dominant amino acids of
the Arabidopsis and rice genomes were compared; serine
and alanine are the dominant amino acids in Arabidopsis
and rice, respectively [10]. In addition, we separately in-
spected the differences between biological classification
schemes such as Archaea vs. Eubacteria, thermopiles vs. mes-
ophiles and halobacteria vs. others, and no obvious relation-
ship was detected.

The gradient effect was first found in Gramineae (grass
family) genes [30]. It has been suggested that it may correlate
with transcription-related mutation bias and translation-related
selection. The negative trend of the Gramineae-specific GC
gradient is believed to be a signature of repair enzymes that
tend to make errors toward GC-rich, as opposed to replication
that is less biased between transcribed and non-transcribed
sequences. When the repair process aborts or stalls more
frequently than transcription itself, a compositional gradient
may be generated along the transcript. In the case of prokary-
otes, a similar mechanism may be at work. The positive gradi-
ents found in Gd3 suggested that DNA repair enzymes in these
organisms make repair errors toward AT-rich, in contrast to
Gramineae species and warm-blooded vertebrates. This notion
is supported by two facts. First, as gGC increases, suggesting
that the replication system is making errors toward GC-rich,
the gradient effect becomes strong and more obvious, thus
showing a positive correlation. Second, the differential effects
between Gd1 and Gd2 indicate that Gd1 is more permissive at
reducing the GC content of cp1 due to repair errors toward AT-
rich. This argument is supported by the codon relationship
among codon groups, where several changes either involve
the same amino acids (arginine: CGR to AGR; leucine: CTR
to TTR) or occur between amino acids that have very similar
chemical properties (such as GTY to ATY for valine to isoleu-
cine in hydrophobicity; GGY to AGY for glycine to serine in
residue volume). In the case of Gd2, changes from GC to AT
are difficult, since most of them are non-synonymous so that
the biases we have seen are arguably to balance mutation
forces. The gGC increase results in stronger replication-driven
mutations toward GC-rich, whereas TCR-driven mutations to-
ward AT-rich appear strong in upstream sequences and weaken
toward downstream sequences of a transcript; Gd2 thus be-
comes negative.

Compositional dynamics of prokaryotic genomes are mea-
surable at both the nucleotide and amino acid levels. They are
connected in a very intricate yet ultimately explainable way by
the genetic codes that are arranged in a logical way related to
the biochemical characteristics of the amino acids. The amino
acid dynamics in a functional context of proteins keeps these
primitive yet powerful organisms alive and evolving for bil-
lions of years. The overall poorer protein sequence conserva-
tions among prokaryotes than eukaryotes, as well as many
better conserved protein domains over the rest of the se-
quences, all reflect such a mechanistic relationship.
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