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Abstract

In 1968, Chargaff and his colleagues discovered a rule in Bacillus subtilis: in single stranded DNA, A =T and C = G. This rule has
since been confirmed many times in other bacterial and eukaryotic genomes. To the best of our knowledge, this rule has not been tested
before in either single stranded DNA or RNA genomes. Over 3400 genomic sequences were examined here and included for the first time
both double and single stranded DNA and RNA genomes. We found that: (1) with the exception of the organellar DNA, this parity rule
holds for all types of double stranded DNA genomes and (2) that this rule fails to hold for other types of genomes. The parity rule

appears to be a selective force on genome evolution and codon use.

© 2005 Elsevier Inc. All rights reserved.
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Chargaff and his colleagues [1,2] discovered that the
base composition of single strands of DNA possessed
similar relationships to those of double stranded DNA
described earlier: to wit that A=T and G=C. The
basis for the first rule was elucidated in the structure
of DNA but that of the second remains elusive. Fors-
dyke and his colleagues have proposed a number of
possible reasons for its existence [3]. Zhang and Zhang
[4] have shown that this rule limits the GC content of
the protein encoding sequences to lie between 20%
and 80%.

Unlike the first parity rule, the second is not exact. Local
deviations from parity were first described by Smithies
et al. [5] and are normally small in magnitude [6]. These
have been used to identify origins of replication in a num-
ber of organisms [7-10] and it has been proposed that these
are due to both transcription and translational pressures
[11,12].
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In spite of the availability of many entire genomes, to
the best of our knowledge, the presumed universal valid-
ity of this rule has never been examined before. When
this rule has been tested, this to date has been only in
double stranded DNA genomes. We have examined over
three thousand chromosomal sequences from the viruses,
archaea, bacteria, and eukaryotes, and have found that
this parity rule is true for all double stranded DNA
sequences examined with the exception of the organelle
genomes. Instead, these genomes and the single stranded
DNA viruses obey a different rule. The hepatoviruses
obey the GC parity rule but not the AT parity rule. In
the double stranded RNA sequences, C+ T is approxi-
mately 50% but the parity rule is not obeyed. No identi-
fiable parity rule applies to the remaining types of
genomes.

Materials and methods

The genome sequences were downloaded from the NCBI server. The
data set consisted of 2177 sequences from 1495 viral genomes, 835 orga-
nelle genomes, 231 bacterial, and 20 archaeal genomes. 164 sequences were
examined from 15 eukaryotes: Anopheles gambiense, Aradopsis thaliana,
Candida albicans, Canis familiaris, Cryptococcus neoformans, Drosophilia
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melanogaster, Encephalitozoon cuniculi, Eremothecium gossypii, Kluyver-
omyces lactis, Homo sapiens, Leishmania major, Plasmodium falciparum,
Schizosaccharomyces pombe, Trypanosoma brucei, and Yarrowia lipolytica.
The GenBank Accession Nos. are given in the supplemental material.

The length and the A, C, G, and T counts were determined directly
from the sequences. In addition to the NCBI number and the name of the
sequence, it was also noted whether the sequences were circular or linear,
single or double stranded, and if the genome was fragmented. For viruses
the presence of an envelope, the number and type of hosts (plant, verte-
brate, invertebrate, bacterial, and archaea) were also noted. The number
of bases other than those present in the sequence was counted separately.
Statistical analysis was done with Microsoft Excel 2003.

Results

A number of sequences had to be removed from the data
set because they contained a significant proportion of
unidentified bases: specifically the H sapiens chromosomes
9,21,22,and Y and C. familiaris chromosome 16 and 35 in
which the proportion of unidentified bases exceeded 10%.
The sequences were then divided into thirteen groups: bac-
teria, archaea, nuclear eukaryote, organellar (plastid and
mitochondrial), double stranded DNA viruses, double
stranded RNA viruses, partly double stranded DNA virus-
es, single stranded DNA viruses, satellite DNA viruses,
satellite RNA viruses, negative strand RNA viruses, posi-
tive strand RNA viruses, and viroids. All these types of
genomes are distinct and this division was chosen to iden-
tify the characteristics of each group.

Among the bacteria, the GC content varied from 22.5%
in Wigglesworthia to 72.1% in Streptomycetes close to the
limits estimated by Zhang and Zhang [4], and the parity
rule was upheld throughout this range. Variation in the
GC content among the archaeal genomes was more modest
ranging from 36.0% in Picrophilus to 67.9% in Halobaceri-
um. The GC range in the eukaryotic sample was larger than
that of the archaea running from 18.5% in P. falciparum to
63.1% in L. major. Given the disparity in the size of sam-
ples, it is possible that the eukaryote and archaeal samples
underestimate their real respective ranges. All three of these
groups upheld the parity rule (Fig. 1).

The GC range in the organelles varied between 13.3%
(Aleurodicus dispersus) and 52.2% (Chirocentrus dorab)
but in contrast to other groups, the parity rule was not

0.45 -
0.4 4 y =1.0036x- 0.0009

2 —
035 R?=0.9971

0.3
0.25 4
0.2
0.15 A
0.1
0.05 4

O T T T T 1
0 0.1 0.2 0.3 0.4 0.5

T content

A content

Fig. 1. Plot of thymidine (T) content against adenosine (A) in 231
bacterial genomes. F = 85,447.40, p < 107166,

upheld. The AT plot shows a significant correlation
(p <107®) but the plot is markedly heteroskedastic and
accordingly this result should be viewed with suspicion.
The GC plot (Fig. 2) shows no significant correlation
(p > 0.1). Plotting A against G (Fig. 3) and C against T
gave a different picture of the relationships between the
bases: to a first approximation the A + G and C + T con-
tent of the genomes were both equal to 50%.

These regressions (A—G and C-T) were also estimated
for the bacterial, archaeal, and eukaryote genomes and
not unexpectedly the correlations were found to be signifi-
cant since approximate equality is a mathematical conse-
quence of the parity rule. The difference between the
regressions in the bacterial/archaeal groups and the
eukaryotes is explainable in the proportion of bases that
were not identified. The eukaryote sequences that had little
ambiguity had an A-G coefficient of approximately —1 like
bacterial and archaea, while those with a greater propor-
tion lay further from this line (Fig. 3).

Four hundred and thirty-six double stranded DNA viral
sequences were examined and the parity rule was found to
hold in all but with a reduced R*> compared with the other
genomes. Residual variability was not significantly reduced
by including dummy variables for the presence of an enve-
lope, a segmented genome, a circular genome or for the
type or number of hosts infected. The length of the genome
was significantly negatively correlated in the single strand
DNA viruses (1t =4.78, p<0.01) but since the adjusted
R? was increased only by ~1% after including this addi-
tional variable this raises questions about the biological
significance of this particular correlation.

Three hundred and forty-one single stranded DNA virus
genomes were examined and neither AT nor GC parity was
found. In particular, the AT correlation failed to reach sig-
nificance. In contrast, the A + G was approximately equal
to C+ T (Fig. 4).

Thirty-one hepatovirus genomes were also examined.
These genomes are partly double stranded DNA and repli-
cate via an RNA intermediate. [13] While the AT regres-
sion here failed to reach statistical significance, the GC
content obeyed the parity rule. The AG correlation was sig-
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Fig. 2. Plot of guanine (G) content against cytosine (C) in 835 complete
organellar genomes. F =2.6, p > 0.1.
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Fig. 3. Plot of the guanine (G) content against adenosine (A) in 835
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complete organellar genomes. F = 1,239.5, p <1
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Fig. 4. Plot of the guanine (G) content against cytosine (C) in 340 single
stranded DNA viral genomes. F=236.7, p > 10~%.

nificant, albeit with a regression coefficient greater than 1
but the TC correlation was not significant.

These results differed from those seen in the three hun-
dred and five double stranded RNA sequences examined.
Here, the AT correlation was significant but the plot is
moderately heteroskedastic. The GC correlation failed to
reach significance but both the AG and CT (Fig. 5) corre-
lations were significant.

The positively and negatively single stranded viruses
were considered separately in case strandedness should
influence the results. Five hundred and seventeen positive
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Fig. 5. Plot of thymidine (T) content and cytosine (C) in 305 double
stranded RNA sequences. F=179.8, p <1073!.

strand and two hundred and forty negatively strand viral
sequences were examined. In both sets of sequences, signif-
icant correlations were found in all four sets of regressions.

The viroids and satellite viruses are small single strand
DNA and RNA virus like agents that do not encode pro-
teins.[14] The viroids known to date infect only plants
and unlike satellite viruses, the infectious material is naked
RNA. Seventy-eight satellite virus (43 DNA and 35 RNA)
and thirty six viroid genomes were examined. A summary
of these correlation coefficients is presented in Table 1.

Discussion

The parity rule was found to hold for four of the five
types of double stranded DNA genomes examined here:
bacterial, archaeal, nuclear eukaryote, and viral, and it fails
to hold for organellar DNA. In these latter genomes,
another rule holds: to a first approximation A+ G =
C + T =0.5. This second rule holds automatically in other
genomes as a mathematical consequence of the parity rule
but also holds in the single stranded DNA viruses where
the parity rule fails. Only the GC parity rule holds for
the partially double stranded viruses. Why this approxi-
mate equality of purines and pyrimidines in these DNA
genomes should hold is not clear.

The organelles are thought to have been derived from
free-living bacterial ancestors. [15] Given the universality
of the parity rule in extant bacteria, it is likely that the
ancestors of the organelles also obeyed Chargaff’s rule
and this rule no longer applies in the organelles. This rule
imposes some form of evolutionary restraint on the double
stranded genomes that has been relaxed in the organelles
and instead replaced with a less stringent condition: that
the A + G and C + T content of the genomes are approx-
imately equal—a rule that is also obeyed by the single
stranded DNA viruses.

The poor correlation in the eukaryote plots was unex-
pected and it would appear likely that the as yet unidenti-
fied bases in these genomes are likely to be largely G and T.

The remaining genomes are more difficult to under-
stand. The good correlation between the G and C content
in the hepatoviruses contrasts strongly with the lack of a
similar correlation between A and T. At the moment no
explanation is forthcoming.

The lack of such correlations in the double stranded
virial genomes suggests that if an evolutionary constraint
imposed by the parity rule does exist that it does not
apply to RNA genomes. Presently an explanation for
this quite marked difference is not clear. The satellite
viruses and viroids do not as a rule encode proteins
and so are likely to be under different constraints to
the other viral genomes. If the proximate cause of this
parity rule is connected with the protein encoding genes
in some as yet unknown fashion then the lack of corre-
lations between the base composition found here may be
more understandable. Alternatively there may be another
explanation that awaits discovery.
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Table 1
Summary of the correlations. Correlation coefficients of the relationships between the bases in the several genome types
Sequence type A-T G-C A-G C-T

Coeff R Coeff RrR? Coeff R Coeff R
Bacteria 1.003 0.997 1.000 0.997 —0.996 0.999 —0.996 0.977
Archaea 0.989 0.997 0.992 0.997 —0.998 0.999 —0.998 0.999
Eukaryote 0.997 0.990 0.993 0.988 —0.899 0.787 —1.018 0.874
Organellar 0.145 0.040 0.116" 0.003 —0.981 0.598 —1.100 0.857
ds DNA 0.992 0.752 1.020 0.855 —1.047 0.892 —1.011 0.372
ss DNA —0.065" 0.004 0.570 0.192 —0.973 0.438 —1.016 0.262
Partial ds DNA ~0.81" 0.114 0.998 0.435 ~1.567 0.414 0.237° 0.025
Sat DNA —0.658 0.244 —-0.119" 0.020 —0.864 0.412 —0.454 0.149
ds RNA 0.461 0.128 0.077" 0.002 —0.554 0.178 —0.960 0.372
ss +ve RNA 0.087 0.010 —0.197 0.010 —0.189 0.062 —0.875 0.455
ss —ve RNA —0.191 0.044 0.177 0.036 —0.124 0.019 —0.144 0.037
Sat RNA 0.163" 0.026 0.432" 0.010 —0.721 0.598 —0.563 0.505
Viroids 0.300 0.154 0.558 0.465 —0.660 0.390 —0.683 0.595

Abbreviations: Coeff, correlation coefficient of the second base against the first (Bacterial A-T: A = 1.003 T + constant); R, adjusted R? value for the
correlation; bacterial, bacterial genomes; archaea, archaeal genomes; eukaryote, eukaryote genomes; organellar, plastid and mitochondrial genomes; ds
DNA, double stranded viral DNA genomes; ss DNA, single stranded viral genomes; partial ds DNA, partly double stranded DNA genomes; Sat DNA,
satellite DNA virus genomes; ds RNA, double stranded viral RNA genomes; ss +veRNA, single positive strand viral sequences; ss —ve RNA, single

negative strand viral sequences; Sat RNA, satellite RNA virus genomes; viroids, viroid genomes.

* Correlation with p > 0.05.

Szybalski et al. [16] described a transcriptional rule that
has been confirmed many times since: that in coding
sequences purines (A + G) exceed pyrimidines (C+ T).
This rule in combination with the second parity rule has
acted to shape genomes. Consider a hypothetical gene-rich
genome (90% coding). As purines are in excess on the cod-
ing strand, their complementary pyrimidines will be in
excess in the noncoding strand. To obey the second parity
rule, the genes must either be distributed approximately
equally between the strands or have a differential use of
codons on the strands. To see this more clearly, consider
a genome where all the coding sequences lie on one strand.
On the coding strand as a consequence of the transcription-
al rule A + G content would exceed the C + T and violate
the parity rule. An approximately symmetrical distribution
of coding sequences allows for greater flexibility in codon
use and this is the pattern found in many bacteria.

In the bacterium Treponema pallium, there is an unequal
distribution of the coding sequences with 64% of the coding
sequences lying on the leading strand [17]. Consistent with
the above hypothesis codon use is very biased in this genome
[9]. In the related spirochete Borrelia burgdorferi the coding
sequences are approximately equally distributed on the two
strands [19]. Codon use in this bacterium is also biased
suggesting that the parity rule is but one influence on codon
use, albeit one that has not been considered before [18].

A second consequence of these rules suggests a possible
reason for the evolution of introns. Consider an ancestral
organism whose genome is growing in complexity as it
acquires new genes. As the number of genes increases so
does the risk of a violation of the parity rule. To prevent
violation of this rule, either genes must be inserted to main-
tain approximately equal coding lengths in both strands,
codon bias must evolve rapidly, the intergenic spaces must

be comparatively large enough to act as a ‘“buffer” to
reduce the impact of parity violations or the genes them-
selves must carry their own pyrimidine “buffers” in the
form of introns. These mechanisms are not mutually exclu-
sive and any combination of them may have evolved and
should not be understood to mean that introns evolved
‘early’ or ‘late’ in evolution but rather as a reason for their
original inclusion into genes.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
J.bbrc.2005.11.160.
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