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INTRODUCTION

Evolutionary history is embedded in the DNA con-
tent of genomes. Considering the structure of double-
stranded DNA", Chargaff’s first parity rule is always
followed, and makes intuitive sense : G=C and T=A
and (G+A) = (T+C)?. However, Chargaff's second
parity rule”’—in which similar nucleotide relationships
are retained across single DNA strands—is not so eas-
ily understood. Even though the rule was reported 40
years ago, the biological significance of Chargaff’s sec-
ond parity rule has yet to be elucidated—presumably
because of its unclear biological basis. Therefore, the
evolutionary significance of this rule is not understood.
However, a recent publication claims to have solved
this historic puzzle“. The solution is based on the fact
that genome structure is homogeneous regarding nu-
cleotide composition %9 and that both the forward and
reverse strands are almost the same ”. Deviations from
Chargaff’s second parity rule were reported 89 and
animal mitochondrial deviations differed fundamentally
from the rule'®”. The first parity rule is due to the
physicochemical characteristics of nucleotides that

form double-stranded DNA, and the second parity
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rule is due to similarities of nucleotide composition be-
tween the forward and reverse strands. These two
rules represent different phenomena : the former is
mathematically definitive and independent of biological
significance, and the latter is less definite, and may or
may not have biological significance. The recent study
used regression lines (derived from Chargaff's second
parity rule) and showed that all advanced forms of life
descended from a single origin'”. The present study
was designed to evaluate Chargaff’s second parity rule

using a simulation of the random choice of nucleotides.

METHODS, RESULTS AND DISCUSSION

We tested whether nucleotide alternations in the ge-
nome are based on random nucleotide mutations (via
biological evolution) using a simulation analysis with
random nucleotide choice. We chose four nucleotide
contents of virtual genome segments at random (from
1-100) and the nucleotide numbers were plotted each
other among four nucleotides. We assumed that ge-
nome segments were replaceable with the DNA of
other organisms and then evaluated evolutionary ge-
nome changes across organisms. When plotted, the re-
lationships were highly heteroskedastic, as shown in
Fig. 1, upper panel. Other nucleotide relationships
were also heteroskedastic (data not shown). Although
there were no clear correlations, a linear equation with
a regression coefficient of nearly 0 was calculated (Ta-
ble 1). The slope was almost 0 and the line parallel



140 Yoshifumi Ebara DJMS

|OO P— __... — - S—— —— &
. ‘oo
. . .
80 . * . ——y
o. * . * * .
. . . . . . : .
O .
.
2 60l * - * -— -
E . . "
— Y o +
£ *
Z 40 e ——— E—
FCR . . * »
. . . * . .+ o
. .0 -
. . @ 2
20 S L — — *
. * * ‘
. * * * *
- * oG
0 20 40 60 80 100
Number of G
0.8 — — -
0.6 — — —_—

Content of C

Content of G

Fig. 1 Relationships between the contents of G and C nucleotides. The G and C

nucleotides, chosen at random numbers from 1 to 100, were plotted against each

other. Upper panel : C versus G in nucleotide content numbers. Lower panel : C

versus G in nucleotide contents normalized to 1.

with the horizontal axis. The constant value at the ver-
tical intercept was around 50 in each equation—the
average of 1-100, an expected result.

When the nucleotide content numbers were normal-
ized to 1, the sample distribution changed (Fig. 1, low-
er panel) : each value shifted towards the left. Compu-
tational calculations showed a linear equation with a
small regression coefficient (Table 2). The slope was
negative regarding the relationship between different

nucleotide numbers, and the slope was 1 for the rela-

tionship between the content numbers of the same nu-
cleotides (Table 2). Using normalized values of the
four equations, as the summation of the four nucle-
otides is 1, the summation of the four equation slopes
is 0 and that of the constant values at the vertical in-

' but not in the original val-

tercept is 1.0 in all cases’
ues (Table 1). The consistent result, based on various
organisms, was a product of codon evolution ” Based
on Chargaff’s first parity rule and G+C+T+A=1, 2G

+2T=1 or 2G+2A=1. Finally, T=05-G or A=0.5
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Table 1 Regression lines representing nucleotide contents
based on random choice of four nucleotide contents.

R R
G= G+0 1 G= -0.120C+50.8 0.12
C= -0.115G+54.6 0.12 |C= C+0 1

T= -0036G+56.6 0.03 | T= -0.040C+57.0 0.04
A= 0082G+47.7 0.07 | A= -0.007C+51.7 0.02

G= -0.030T+46.5 0.03 |G= 0.065A+41.5 0.07
C= -0.033T+51.2 0.04 |C= -0.005A+49.7 0.02
T= T+0 1 T= 0.046A+52.6 0.05
A= 0.049T+48.6 0.05 | A= A+0 1

R : regression coefficient.

— G, and each nucleotide content is expressed by G
content as follows : C=G, A=0.5-G, and T=0.5-G.
Eventually, Chargaff’s parity rules are expressed by
linear formulas. However, these formulas were not ob-
tained by our simulation analysis using a random
choice of nucleotides.

Using a substantial amount of genomic data, we
showed that only double-stranded DNA obeys Char-
gaff’s second parity rule, and that single-stranded
DNA (such as some viral genomes) does not. To solve
the puzzle of Chargaff’s second parity rule, both dou-
ble-stranded DNA and homogeneity of the nucleotides
are necessary“. This is consistent with Mitchell and
Bridge’s results . These facts indicate that the struc-
ture of double-stranded DNA is important in elucidat-
ing biological evolution .

In the present study, single DNA strands were sim-
ulated by random choice of nucleotides, and Chargaff’s
second parity rule was not obtained (Fig. 1 and Tables
1 and 2). Simulation analysis (with random nucleotide
choice) applies to primitive forms of life and helps de-
termine whether initial genomes were constructed
randomly —without the codon rule. We previously
showed that a random choice of nucleotides for initial
nucleotide polymers can not produce functional pro-
teins in the absence of the codon rule (ie. surprisingly,

) 13)Y al'

protein formation preceded codon formation
though we currently have no explanation for this in-
verse relationship. The present result is consistent
with our previously proposed model for the formation

of primitive life 19,

Table 2 Regression lines representing nucleotide contents
based on random choice of nucleotide contents
after normalization.

R R
G= G+0 1 G= -0.394C+0.324 0.38
C= -0.358G+0.334 038 |C= C+0 1

T= -0.383G+0.361 041 | T= —-0.211C+0.329 0.21
A= -0.259G+0.305 0.27 | A= —-0.395C+0.347 0.39

)y 0 1 hY 0 1

G= -0433T+0.344 041 |G= —-0.280A+0.294 0.27
C= -0.217T+0.313 0.21 |C= —-0.387A+0.349 0.39

T= T+0 1 T= -0.333A+0.358 0.34
A= -0.350T+0.344 034 | A= A+0 1
)y 0 1 hX 0 1

R : regression coefficient.
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