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ABSTRACT 

Genomes consist of DNA and the genetic informa- 
tion is encoded in a linear form of DNA. According 
to the central dogma of molecular biology, the ge- 
netic information is transcribed into mRNA, and 
mRNA translated into a polypeptide. Gene expres- 
sion should be precisely regulated in order to create 
progeny. Unlike RNA, DNA has double-stranded 
structure. Is there any specific biological reason 
why DNA has evolved to possess double-stranded 
structure? In this presentation, biological implica- 
tions of the double-stranded structure of the DNA 
molecule will be reviewed. In eukaryotes, it has 
been reported that cells might have the machinery 
that distinguishes one DNA-strand from the other, 
and that the strand-recognition mechanism might 
control development, cancer and evolution. Three 
prominent models concerning biological implica- 
tions of replication of double-stranded DNA will be 
discussed: 1) Klar’s “somatic strand-specific im- 
printing and selective chromatid segregation model” 
for differential gene regulation, 2) Cairns’ “immor- 
tal strand inheritance model” for cancer prohibition, 
and 3) the “disparity mutagenesis model” for the 
acceleration of evolution proposed by the present 
author. 

Keywords: Blast; Graph Theory; Redundant Sequences; 
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1. INTRODUCTION 
The double-stranded model of DNA postulated by Wat- 
son and Crick in 1953 clearly explained how precisely 
equivalent daughter cells are produced when genetic 
material of the parental cell is replicated [1]. Further- 
more, the organisms must correctly regulate the expres- 
sion of genes. In bacteria, gene expression is regulated 
by the “so-called” Jacob-and-Monod system, using water- 
soluble molecules; an inducer and a repressor. 

Compared to prokaryotes, eukaryotes have a consi-
derably larger number of genes and the genetic constitu-
tion must provide for vast arrays of differentiated cells at 
the exact places with exact timing in development. 
Therefore, new strategies, e.g., epigenetic gene-control- 
ling mechanisms including somatic recombination by 
means of a specific recognition of DNA strand should 
have evolved [2]. 

For multi-cellular organisms the most troublesome 
problem is of cancer. Especially, cells that are subject to 
highest risk of cancer development will be stem cells. 
This is because stem cells continue to replicate through- 
out the organisms life span. Thus, errors accompanying 
DNA replication of stem cells are thought to be the main 
cause of cancer. For instance, mouse intestinal ectoderm 
stem cells multiply about 1000 times in a life span. Ac- 
cording to Cairns, when nonequivalent mitosis occurs in 
the stem cells, “oldest” DNA strands are always kept in 
the stem cells. This biased segregation of DNA strands 
suggests the existence of a strand-recognition mecha- 
nism, which guarantees the effective avoidance of car- 
cinogenesis in self-renewing intestinal cells [3]. 

Double-stranded DNA is used not only for differentia- 
tion or prevention of cancer, but also it might be used for 
controlling the speed of evolution. Without exception 
genomic DNA is duplicated by leading- and lagging- 
strand mode of replication. This troublesome way of 
replication may result in biased mutagenesis in the lag- 
ging strand replication complexes that differs in bio- 
logical activities from that of the leading strand replica- 
tion complex. This universal way of DNA replication 
may result in biased mutagenesis of one strand over the 
other. The nonequivalent distribution of spontaneous 
mutations to both strands during replication can cause 
increase in mutation rates. Accordingly, organisms can 
produce unchanged progeny maintaining the species, 
and at the same time, higher mutation rates can provide 
raw material for accelerated evolution [4]. This idea was 
tested by computer simulations and also proved experi- 
mentally using living organisms of Escherichia coli and 
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yeasts [5,6]. 
Although the above-mentioned concepts have been 

independently proposed in different laboratories, there 
exists a basic thread common to all of them; i.e., these 
three lines of research have tried to seek for additional 
biological implications of the double-stranded structure 
of the DNA molecule.  

2. KLAR’S “SOMATIC 
STRAND-SPECIFICIMPRINTING AND 
SELECTIVE CHROMATID  
SEGREGATION MODEL (SSIS)” 

2.1. Mating-Type Switching in Fission Yeasts 
The basic idea of the SSIS model [7] seems to be con- 
firmed by research on the phenomenon of mating-type 
switching in fission yeast (Schizosaccharomyces pombe) 
[2].  

A yeast diploid cell produces two P (plus sex)-cells 
and two M (minus sex)-cells, called ascospores, after 
meiosis. A remarkable feature of fission yeasts, is the 
phenomenon of mating-type switching, a process that 
spontaneously changes the cell type during mitosis. 
Three genes are essential for mating-type twitching; 
mat1, mat2 and mat3 (Figure 1). The mat2 and mat3 
loci are located near the mat1 locus. When the mat1-P 
gene is located at the mat1 locus, the haploid cell exhi-
bits a P-cell type. When the mat1-M gene occupies the 
mat1 locus, however, it becomes M-cell. Under nutrient 
starvation condition, a P-cell mates with an M-cell and 
makes a diploid cell. For the mating-type switching to 
occur, an intrachromosomal translocation of one donor 
gene from the mat2 or the mat3 locus to the mat1 locus 
is required. How does such a dramatic “cassette” change 
take place? 

In Figure 2, DNA of the mat1 locus region in the 
parent P-cell is shown. The cell-type studies in cell pe-
digrees have shown that after two mitotic divisions, one 
parental haploid cell (P) makes only one switched cell 
(M) out of four granddaughters. This biased segregation 
of chromatids is nicely explained by Klar’s unique idea 
that proposed a DNA strand-specific imprinting at mat1 
locus.  

Two daughter cells are produced after replication of a 
parent Pu (un-switchable) cell. One of the daughter cells 
(left) becomes Ps (switchable), because of the imprinting 
(or perhaps “nick”: a star-mark) in the newly-synthesiz- 
ing lagging strand, while the other cell inheriting the 
leading strand of the parental cell is of Pu type. That is, 
asymmetric cell division results as a consequence of the 
usual leading- versus lagging-strand replication at mat1. 
To generate four granddaughter cells, both daughter cells 
are required to undergo additional cell division. When Ps 
replicates, one of the granddaughter cells remains as Ps, 

but the other cell switches to Mu. Instead, the Pu daugh-
ter cell makes Ps and Pu cells, as seen in the first divi-
sion. The coupling of strand-specific imprinting and its 
recognition in the following cell cycle explains the pat-
tern of mating-type switching in cell pedigrees [8]. 

The mat2 and mat3 loci are epigenetically “silent” so 
that transcription, epigenetic conversion and recombina-
tion in the intervening interval are prohibited. Thus, self- 
fertilization in sibling cells readily takes place when 
cells are starved for nutrients. Surprisingly, mating-type 
switching occurs at a high rate (~80%), meaning that 
there is an unknown mechanism of directionality, by 
which the opposite mating-type is preferably chosen 
from one of the donor genes. 

The precise mechanism of mating-type switching re-
mains unclear. It is, however, proven that swi(for 
switch)1 and swi3 gene products temporally stop the 
replication fork at the mat1 locus and imprinting (nick-
ing) at a specific site of nucleotide takes place [9]. Using 
donor mat2-P or mat3-M genes as DNA template, one 
strand is copied into the mat1 locus. Subsequently, the 
opposite strand is synthesized by using the newly syn-
thesized strand as the template. For the details of 
switching mechanism, see Klar’s review [2]. It is very 
well established that asymmetric cell division in yeast 
results from the inherent asymmetry of replication of 
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3’

5’

Parent cell

Daughters

Granddaughters

Pu (unswitchable) mat1

Pu

Pu

Ps (switchable)

Ps PsMu

imprint

 
Figure 2. Mating-type switching in fission yeast. 
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DNA strands. However, yeast is a haploid organism, can 
such a mechanism operate in diploid organisms where 
non-random distribution of two sets of chromosomes to 
specific progeny cells will be additionally required? Dis- 
cussion of such a theory will be presented in the follow-
ing section. 

2.2. Support for SSIS Hypothesis: 
Determination of the Left-Right 
Body Axis in Mice 

Determination of mouse laterality is regulated by the 
lrd1 gene (left-and-right dynein, LRD; microtubule-ba- 
sed motor protein) [10]. In mutant mice with lrd1-/lrd1-, 
50 percent of mice develop with normal arrangement 
and 50 percent with mirror-image placement of visceral 
organs. Concerning the determination of body laterality, 
the most prominent “nodal flow hypothesis” in mice has 
been postulated. Anti-clockwise rotation of mono-cilia 
on the cell surface of the node (the mid embryonic struc- 
ture) directs the flow of extra-cellular fluid carrying put-
ative “morphogen” molecules to one side of the node. 
This directed flow is proposed to determine mouse late- 
rality [11]. 

The fundamental question of what mechanism initially 
determines the body laterality, however, remains to be 
answered. Before findings concerning the mating-type 
switching mechanism, Klar had already proposed his 
chromosomal-based SSIS model (Figure 3) as a mechan-
ism for initially breaking the embryonic symmetry [7].  

“The SSIS model proposed a cell-lineage based deve-
lopmental mechanism whereby a single laterality-ge- 
nerating progenitor cell in the embryo produces one left- 
and another right-side-generating daughter cell through 
an asymmetric cell division.” A left/right axis determin- 
ing gene (lra1) was hypothesized. As shown in Figure 3, 
usually, the lra1 of the progenitor cell is “off” by epige-
netic mechanism according to the SSIS model. When the 
progenitor cell undergoes asymmetrical cell division, 
resulting in one daughter cell having “old” W-strand 
becomes “on” and contributes to make left visceral or-
gans, while the lra1 of the other daughter cell with “old” 
C-strand is kept in the “off” condition to make right vis-
ceral organs. LDR is hypothesized to selectively distri-
bute differentiated sister chromatids to specific daughter 
cells to constitute an asymmetrical cell division. In the 
lrd1-/lrd1-mutant mice, however, random visceral situs 
would result from random distribution of sister chroma-
tids owing to the LRD defect (see the right of Figure 3). 
As a result, 25 percent of offspring develop normal situs 
and another 25 percent with inverted situs, and the re-
maining 50 percent are lethal because of LL or RR iso-
mers are predicted to be produced. The LL or RR isome-
tric embryos should die. Consequently, among the live 

homozygous embryos, 50 percent should be of normal 
situs and 50 percent should be of inverted type [12]. 
These predictions of 50 percent inverted-visceral mice in 
alive mice and 50% embryonic death had been reported in 
the original study that described the lrd1-mutation [13].  

It has been suggested that the phenomenon of selec-
tive segregation of chromosome 7 in mouse cell mitoses 
exists, and that segregation requires the lrd1 function [13, 
14,15]. Judging from these data, it can be said that 
chromosome-specific and cell-type regulated selective 
strand- specific segregation may comprise one of the 
mecha- nisms of cellular development in mammals as 
well. 

2.3. Breast Cancer Preposition and Brain 
Hemispheric Likely Share a Common 
Genetic Cause 

In 1992, a noteworthy report on the relationship between 
women breast-cancer incidence and brain laterality in a 
group of white persons was published; 18 percent of 
reversed brain asymmetry was observed in healthy sub- 
jects, while 49 percent of the reversed asymmetry oc- 
curred in the breast cancer subjects [16]. The study con- 
cluded that the increased rates of reversed brain asym- 
metry in breast cancer patients was because that embryos 
might be exposed to higher concentrations of hormones 
in the uterus to effect to both traits.  

The SSIS model, however, can explain this data by a 
completely different mechanism. It is proposed that 
brain laterality and right-handed (RH) are regulated by a 
single gene, RGHT1 (R1). The R1 may cause dominant 
hemisphere development in the left hemisphere of RH 
persons. The SSIS hypothesis proposes that a single 
asymmetric cell division in the fetus results in brain lat- 
erality specification, much like for visceral laterality 
development in mice discussed above. Namely, DNA  
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Figure 3. The strand-specific imprinting and selective chroma-
tid segregation model concerning lrd1-/lrd1-mutant mice. 
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strand-specific epigenetic imprinting differentiates sister 
chromatids, followed by selective chromatid segregation 
in mitosis produces differentiated sister cells [14,15]. 
Accordingly, left/right-hemisphere-generating progenitor 
cells are produced during embryo development [17].  

In persons carrying homozygous r/r, both traits of 
dominant-hand and left/right-hemisphere of the brain 
may be distributed independently of each other [18]. Ac- 
cordingly the group of patients of breast-cancer having 
random brain laterality is predicted to be of r/r homo-
zygous genotype. Therefore, it was proposed that the 
basic cause of breast cancers in the white females ex-
amined, the so-called sporadic cases of disease, would 
be of the r/r genotype. He speculated that “the normally 
oper- ating developmental noise resulting from stochas-
tic er- rors in the SSIS processes might cause cancer in a 
minority of r/r individuals”. “In other words, predisposi-
tion to cancer likely originates as an anomaly of the me-
cha- nism of asymmetric cell division”. The apparent 
associa- tion of two seemingly unrelated traits, the late-
rality of brain right-and-left hemisphere and predisposi-
tion to breast cancer, might indicate the existence of the 
same genetic cause responsible for the expression of 
these traits [17]. 

After all, as he says, the SSIS model proposes a new 
paradigm, of mitotic genetics (“mitogenetic”), which ex- 
plains the mechanism of differentiation of somatic cells 
in development. 

3. CAIRN’S “IMMORTAL STRAND  
HYPOTHESIS MODEL” 

In multi-cellular organisms, matured cells are continu- 
ously supplied from organ-specific immortal stem cells, 
so that, stem cells continue to replicate throughout of life. 
Consequently, stem cells are endowed a high risk for 
carcinogenesis. More than thirty-five years ago, Cairns 
proposed a fantastic idea, which is still working today, 
i.e., how stem cells could avoid becoming cancer cells, 
irrespective of their ceaseless replicating performance 
[3].  

The location of stem cells of mammalian small intes-
tine is morphologically identified. In mice, the stem cells 
replicate about 1000 times in a life span. Sixteen stem 
cells are located in a limited place, at intervals of four to 
five cells from the very bottom of the crypt of villus. The 
stem cell is asymmetrically replicated and produces two 
daughter cells, a stem cell and a differentiating cell. The 
latter replicates eleven times and makes a cell group 
consisting of non-replicating fully-differentiated cells, 
which move upward, just like an escalator-system, to the 
tips of neighboring villi, followed by shedding into the 
gut lumen accompanying apoptosis. Thus, even if the 
differentiated epithelial cells become cancer cells, there 

is almost no possibility that the individual is killed by 
the cancer. Instead, the stem cells are always located at 
the same place and never stop to replicate. Nevertheless, 
the occurrence of intestinal stem-cell cancer is very low, 
suggesting that there might be some hidden mechanism 
with which carcinogenesis is prevented in the stem cells. 

In order to explain a reasonable mechanism for a- 
voiding carcinogenesis in stem cells, Cairns proposed an 
excellent idea, well-known as “immortal-strand model”. 
When stem cells of the intestine, blood cells or skin are 
carrying out asymmetrical cell divisions, “oldest” DNA 
strands might be exclusively segregated into stem cells. 
This biased segregation of strands might occur, most 
probably through centromeres, in all chromosomes in a 
stem cell. Accordingly, in the stem-cell chromosomes, 
newly-synthesized strands are always synthesized from 
the “oldest” strands as a template (Figure 4). Conse- 
quently, the occurrence of errors accompanying DNA- 
replications, which are seemed to be the main cause of 
cancer, is considerably diminished [3]. 

In principle, Cairns’ model can be experimentally 
proven as follows. 3H-labelled thymidine (or nucleotide- 
analogue, BrDU) were injected into young mice to label 
newly-synthesizing DNA strands. After chromosomal 
DNA in divided cells was sufficiently labeled due to the 
uptake of labeled-thymidine, free labeled-thymidine mole- 
cules were removed from the body by the injection of a 
saline containing a sufficient amount of cold thymidine. 
 

 

Stem cell

Differentiating cell

“Oldest” strand

Fixed mutation

 
Figure 4. The immortal-strand inheritance model. “Oldest” 
strand is segregated in the stem cell lineage. Mutations are in- 
dicated by black stars. 
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When the treated mice grew up, they were sacrificed and 
thin sections of intestine were prepared, followed by 
autoradiography. Strong radio-activities, black dots, 
were observed only in the stem cells under a microscope, 
but other intestinal cells were unstained. These results 
clearly indicate that “oldest” DNA-strands had been re- 
tained in the stem cells during the experiment. In other 
divided cells, however, the labeled thymidine molecules 
once trapped in the DNA might be diluted out step by 
step with repeating cellular replications, and finally dis- 
appeared from their cell body.  

Cairns’ model has been proven by different research- 
ers and many supporting data have been reported [19-26]. 
On the other hand, a report which denied the model was 
also published [27]. Using other somatic cells than stem 
cells, random segregations [28,29] and also nonrandom 
segregations were reported [30,31]  

In the present state, although the mechanism of biased 
segregation of “oldest” chromatids in stem cells remains 
to be examined, it is believed that there might be a mo-
lecular mechanism for recognizing and anchoring “old-
est” DNA-stands in stem cells. 

After all, it should be emphasized here that Cairns’ 
“immortal strand hypothesis” is the first concept that 
takes notice of the biological meaning of the double- 
stranded structure of DNA. 

4. BIASED-MUTAGENESIS IN LAGGING 
STRANDS ACCELERATES  
EVOLUTION: “DISPARITY  
MODEL OF EVOLUTION” 

4.1. Leading/Lagging-Strands Replication  
System Providing an Evolutionary  
Advantage 

No evolution theory has been proposed so far in which 
the molecular mechanism of cell replication is consid- 
ered. Without exceptions, organisms use leading and 
lagging strands for the replication of genomic DNA. 
Practically, however, as seen in PCR, DNA can be syn- 
thesized by using only leading strands, but this is not the 
case in nature. So, it is likely that organisms have to pay 
a higher cost, because considerably more enzymes are 
required for the lagging strand syntheses than for the 
leading strand. Why nature has chosen such a laborious 
system? There might be some evolutional advantages. 

Figure 5 shows a pedigree of a linear chromosomal 
DNA with a single origin of replication (ori) at its upper 
end, i.e., indicating a single “replicore” (a limited region 
of DNA replicated by a single DNA-polymerase-com- 
plex). Thus, a single replicon consists of two replicors in 
a chromosome with multiple oris. It is roughly estimated 
that several genes, on average, exist in a single replicore 
in higher organisms.  

According to our disparity-mutagenesis model, muta-
tions occur preferentially in the lagging strand [4]. The 
pedigree in Figure 5 implies several interesting features; 
1) the ancestor has been kept forever; 2) a genotype that 
once appeared in the past, has been precisely guaranteed 
in any generation; 3) the threshold of mutation rates is 
increased; 4) even if circumstances changed dramatically, 
the fittest individual is selected as a new ancestor and 
starts again to produce a new pedigree as well. These 
outstanding features appear to be beneficial for evolu-
tion. 

In the conventional model of DNA pedigree, mutagene- 
sis occurs stochastically and evenly in both strands (not 
shown). Thus, when mutation rates are higher than the 
threshold value, all individuals would be eventually 
killed by the excess accumulation of deleterious muta- 
tions. 

We compared the distribution of mutations in a parity- 
mutagenesis model (average 2 mutations/replication be- 
ing introduced into both strands) with that of a disparity- 
mutagenesis model (average 1.99 mutations into the 
lagging-strand and 0.01 mutations in the leading strand). 
For the simulation, a binominal distribution was used. 
Figure 6 summarizes the results of twelve trials at the 
10th generation. Figure 6(a) shows the distribution of 
mutants in the parity model. There is no individual with 
zero-mutations. Contrastingly, the disparity shows a very 
flat distribution. The ancestral individuals with zero- 
mutations are observable and highly mutated mutants 
comparing with the parity model are produced [4]. This 
flat distribution of mutants including ancestral individu-
als in the disparity model is expected from the pedigree 
of the disparity model shown in Figure 5. 
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Figure 5. A DNA pedigree in the disparity mutagenesis model. 
Template strand (broad arrow), newly-synthesized leading 
strand (fine arrow), newly-synthesized lagging strand (dotted 
fine arrow), point mutations (short cross bars with numbers; 
different numbers indicating different sites of mutation). 
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Figure 6. Comparison of the distribution of mutations in the 
parity model and that of the disparity model at the 10th genera- 
tion. 
 

4.2. Computer Simulations of Disparity Muta-
genesis Showing Promotion of 
Evolution 

Effects of disparity mutagenesis on adaptive evolution 
were simulated. The “Neo-Darwinian genetic algorithm” 
was constructed, in which genetic information was lo- 
cated on a double-stranded linear “DNA”, and a “knap- 
sack problem” was resolved [32]. The results are sum- 
marized as follows: 1) advantageous conditions for the 
disparity model; small population, strong selection- 
pressure, high mutation rates, diploid sexual, and com- 
petitive world; 2) advantageous conditions for the con- 
ventional parity model; large population, weak selec- 
tion-pressure, low mutation rates, haploid asexual, and 
non-competitive world. In addition, in both models, ap-
propriate rates of crossing-over (recombination) increased 
fitness scores.  

In conclusion, living organisms in natural fields might 
replicate their genomes according to the disparity-muta- 

genesis-system. Especially when environments changed 
dramatically, they might decrease the fidelity of the lag-
ging-strand synthesis and adapt to new environments. 
On the other hand, a parity-mutagenesis-system might be 
useful for bacteria or yeasts cultured on an agar-plate 
with sufficient nutrients. 

Eigen’s group showed the existence of a critical er-
ror-threshold using a model RNA [33]. Different kinds 
of “RNA polymerase” having various fidelities were 
provided, and each of them was added into a reactor 
respectively. When the replication reaction reached a 
stable state, the number of mutations in each RNA mo-
lecule was calculated. Needless to say, when no-error- 
polymerase was used, no mutant was found in the reactor. 
With increasing error-rates of error-prone polymerase, 
the number of the RNA molecules carrying more muta- 
tions increased (Figure 7(a)). Finally, the error-rate in- 
creased to a critical point just before the genetic infor- 
mation being melted away (“edge of chaos”). If the mu- 
tation-rate exceeds the critical value, the population im- 
mediately falls into a deep chaotic sea, i.e., death (Fig-
ure 7(a)).  

When a mixture of error-free and error-prone poly-
merases was used, however, the extinction of the popu-
lation was avoided, even if the average mutation rates 
thoroughly exceeded the threshold value (Figure 7(b)) 
[34]. This result is expected from the above-mentioned 
simulation data (Figures 5-6) [32]. This is because, bi-
ased-mutagenesis in lagging strands means that the lag-
ging strand is synthesized by error-prone polymerase, 
while the leading-strand by error-less polymerase [6, 32]. 
In other words, co-existence of error-less (or error-free) 
and error-prone polymerase in a living cell would result 
in the increase of the error-threshold; consequently, evo-
lution might be accelerated. If so, it can be predicted that 
the efficiency of in vitro directed evolution of DNA mo-
lecules might be considerably increased by adding er-
ror-less and error-prone polymerases simultaneously in 
the reaction medium of PCR. 

4.3. Acceleration of Evolution Using Living  
Organisms 

Based on the results of computer simulations, we tried to 
accelerate evolution using a special mutator of E. coli 
and of budding yeasts (Saccharomyces cerevisiae). A 
short life-span is advantageous to evolution experiments. 
An E. coli mutant was used that has a mutated gene of 
dnaQ encoded 3’-5’exonuclease (editing enzyme). The 
dnaQ49 strain shows high mutation rates at 37℃, but 
nearly normal mutation rates at 24℃. So, we can control 
mutation rates at will. We showed that mutations were 
preferentially introduced into lagging strands. We esti- 
mated that the average mutation rate of dnaQ49  
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(a)                                                        (b) 

Figure 7. Disappearance of the error threshold by the co-existence of error-free and errorprone polymerase. The original figure 
[33] is used. One kind of polymerase was added into the reactor. In: Relative concentration of n-error mutants. One kind of poly-
merase was added into the reactor; (a) A mixture of error-free and error-prone polymerase was added into the reactor; (b) Ratio of 
error-free polymerase; (c) For details, see text. 

 
sufficiently exceeded the threshold value, and that the 
relative mutation rate of the lagging strand was at least 
100 times higher than the wild-type [35]. Irrespective of 
its high mutation rate, dnaQ49 replicates normally.  

Most surprisingly, danQ49 was able to survive at the 
super-saturation of different kinds of antibiotics tested 
(e.g., penicillin: 30 mg/ml, streptomycin: 20.6 mg/ml, 
ofloxacin, a kind of quinolone: 3 mg/ml). For instance, 
the resultant penicillin-super-resistant dnaQ49 was highly 
sensitive to other antibiotics, suggesting that dnaQ49 
was exclusively adapted to the antibiotics used for selec-
tion-pressure. Quinolone has been clinically used for 
such a long time that mutant E. coli strains having ac- 
quired-resistance to this drug in patients have been iso- 
lated. Analysis of ofloxacin-resistant danQ49 showed 
that the sites and the history of point mutations introduce 
into gyrA and topoIV gene, which are target genes of 
quinolone, were coincident with those of the samples 
from the patients. Furthermore, no other mutation was 
found in the limited regions of these genes as far as se-
quenced [5]. These results appear to indicate that E. coli 
(dnaQ49) evolution is accelerated in vitro, somehow in 
natural way. 

Eukaryotic budding yeast, S. cerevisiae, has much 
more complex structures compared to bacteria. Haploid 
yeast has 16 chromosomes and each chromosome con- 
sists of a tandem array of many replicores. Replicores 
synthesized by lagging or leading-strand might be alter- 

nately arranged along a chromosome after repeated rep- 
lications. Crossing-over (sister chromatid exchange) will 
complicate the situation. Forgetting these troublesome 
features, first of all, we decided to start an adaptation 
experiment using a mutator yeast, in which the edit-
ing-activity of polδ was deleted by one or two amino- 
acids substitutions. As lagging strands in budding yeasts 
are thought to be exclusively synthesized by polδ, this 
mutator might accumulate mutations in replicores syn-
thesized by mutated polδ. This mutant yeast proliferated 
as well as wild-type.  

The results were satisfying for us. Our mutator yeasts 
well adapted to high temperature. We quickly isolated 
adapted mutants that proliferated well at 40˚C. Then, 
mutated polδ gene was replaced by the wild-type one by 
mating with the wild-type yeasts. Genetic analyses indi-
cated that two or three genes were concerned with tem-
perature-resistant phenotype, and we identified one of 
them, named hot1 [6].  

In 1999, it was predicted that yeasts and mice might 
be the best candidates for the experiment of accelerating 
evolution [36]. In deed, mice having the deletion of ed- 
iting-activity of polδ can produce offspring normally, 
without accompanying severe deleterious phenotypes, 
indicating that mice actually are useful animals for our 
purpose [37,38]. Theoretically, mutation-rates can be in- 
creased roughly ~10,000 times using mutators having 
editing-activity-deleted polδ. 
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4.4. “Disparity Model of Evolution” Supported 
by the Study of Molecular Evolution 

Katoh and his colleagues have found that the molecular 
clock of mammals runs faster than other vertebrates. In 
order to find out the reason, they examined the amino- 
acid substitution rates of polα, polε, and polδ, which 
mainly contribute to chromosomal DNA replications, 
obtained from fishes including coelacanth, amphibians, 
reptiles, birds and mammals. The result was striking for 
us in that only mammalian polδ showed high substitu- 
tion rates. (It was recently found out that bird polδ also 
has a higher substitution rates; Kato K, personal com- 
munication). Thus, it was speculated that the fast run of 
the mammalian molecular clock might be due to the 
lower fidelity of polδ. More surprisingly, amino-acid 
substitutions occurred intensively in the editing (exonu- 
clease)-domain of polδ. They also showed that the phys- 
icochemical nature of amino-acids was changed by those 
substitutions; strongly suggesting that in the process of 
mammalian evolution, the fidelity of polδ might be oc- 
casionally changed. This change in key amino-acids for 
the editing activity would cause an occasional up-and- 
down of the speed of evolution [39]. This unexpected 
coincidence of our experimental results with those find- 
ings of Kato and his colleagues appears to indicate that 
polδ, especially its editing domain, may play a key role 
for controlling the speed of evolution. 
Polδ may contribute to lagging-strand synthesis in 

multi-cellular organisms, though the precise replication 
mechanism of the genomic DNA is still unclear. In the 
process of evolution, we can speculate that similar dis- 
tribution of mutations shown in Figure 5 might be dis- 
played in each replicore. Because of complex chromo- 
somal constitutions in eukaryotes, the effect of biased- 
mutagenesis on evolution has not yet been examined. As 
stated above, we have obtained, however, two experi- 
mental results: 1) the mutator in budding yeast can nor- 
mally replicate and quickly adapt to high temperature; 2) 
the mouse mutators can normally produce descendents 
without accompanying severe deleterious phenotypes, 
while cancer predisposition is increased. From these 
facts, we can imagine that organisms might accelerate 
evolution by means of decreasing the fidelity of editing 
activity of polδ. Or, at least, we can say that evolution 
might be experimentally accelerated by deleting the 
editing activity of polδ.  

It is however unlikely, that evolution is successfully 
accelerated by artificially-decreasing the fidelity of po- 
lymerase domain of polδ. This is because most muta- 
tions introduced by the polymerase domain of intact polδ 
may not be introduced at random but at the so-called 
“hot spots”. Accordingly, artificial destructions of the 
polymerase-domain by gene-manipulation may mean the 
disturbance of the natural cause of mutations. After all, 

the best target to be manipulated for attaining experi-
mental acceleration of evolution would be the editing 
(exonuclease)-domain of polδ gene. 

5. CONCLUDING REMARKS 
In the present review, three different concepts; 1) deter- 
mination of cell differentiation by means of selective 
segregation of chromatids, 2) preventing mechanism of 
cancer in stem cells, 3) the acceleration of evolution by 
biased-mutagenesis in lagging-strand synthesis, were 
introduced. Although these three concepts were con- 
structed from different philosophies respectively, they 
share a common point of view. Namely, three research- 
ers introduced here are advancing the same paradigm; in 
that higher organisms recognize and utilize the “double- 
stranded structure of DNA” for the works of life. 

As Klar pointed out, his model is generally expanded 
into the explanation of the causal genes of human dis-
eases that seem to relate “laterality”; e.g., the etiology of 
schizophrenia and bipolar psychiatric disorders, etc. [18].  

On the other hand, Cairns’ model not only would give 
us a new aspect of understanding cell differentiation, but 
also offer a new way of diagnosis and the treatment of 
cancer. Cairns’ concept is a developing one. To prove his 
concept, more accumulations of evidence that support 
his idea would be required.  

The most noticeable feature of our disparity mutagene- 
sis model would be that parental genotypes are guaran- 
teed by error-less leading strands for realizing more re- 
liable inheritance, while lagging strands make a venture 
for future evolution by accumulating mutations. Our dis- 
parity-mutagenesis model is also underdeveloped. First 
of all, using living organisms, we have to check whether 
strand-biased-mutagenesis does take place in germ-line 
cells. Computer simulations are also necessary using 
more complex genetic algorithms copying the genetics 
systems of multi-cellular organisms.  

The new paradigm discussed in the present review 
seems to involve implications far beyond conventional 
molecular biology. 
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