frontiers in
GENETICS

REVIEW ARTICLE
published: 04 December 2014
doi: 10.3389/fgene.2014.00421

=

The disparity mutagenesis model predicts rescue of living
things from catastrophic errors

Mitsuru Furusawa *

Neo-Morgan Laboratory Incorporated, Kawasaki, Japan

Edited by:
James J. Cai, Texas A&M University,
USA

Reviewed by:

Xianyun Mao, Guardian Analytics,
USA

David Goode, Peter MacCallum
Cancer Centre, Australia

Kun Chen, Dana-Farber Cancer
Institute, USA

*Correspondence:

Mitsuru Furusawa, Neo-Morgan
Laboratory Incorporated,
Biotechnology Research Center,
907 Nogawa, Miyamae-ku,
Kawasaki 216-0001, Japan

e-mail: furusawa@neo-morgan.com

In animals including humans, mutation rates per generation exceed a perceived threshold,
and excess mutations increase genetic load. Despite this, animals have survived without
extinction. This is a perplexing problem for animal and human genetics, arising at the
end of the last century, and to date still does not have a fully satisfactory explanation.
Shortly after we proposed the disparity theory of evolution in 1992, the disparity
mutagenesis model was proposed, which forms the basis for an explanation for an
acceleration of evolution and species survival. This model predicts a significant increase
of the mutation threshold values if the fidelity difference in replication between the
lagging and leading strands is high enough. When applied to biological evolution, the
model predicts that living things, including humans, might overcome the lethal effect of
accumulated deleterious mutations and be able to survive. Artificially derived mutator
strains of microorganisms, in which an enhanced lagging-strand-biased mutagenesis
was introduced, showed unexpectedly high adaptability to severe environments. The
implications of the striking behaviors shown by these disparity mutators will be discussed
in relation to how living things with high mutation rates can avoid the self-defeating risk of

excess mutations.

Keywords: disparity mutagenesis, DNA replication, lagging, leading, error-threshold, human evolution

INTRODUCTION

The number of mutations per generation per diploid was calcu-
lated for several species, and found to range widely: nematode
(0.32), drosophila (2.8), mouse (60), and human (128) (Drake
et al., 1998). At this time, the average number of mutations
introduced per one generation in human was estimated by indi-
rect methods. In one method, the number of cell-cycles from
a zygote to the next generation’s zygote and the average muta-
tion rate per one cell-cycle were used. With a second method,
the number of SNPs (single nucleotide polymorphisms) between
chimpanzee and human, their generation times and the phy-
logenetic relation between both species were used. These two
indirect approaches gave nearly equal values; 135 + 25 muta-
tions per generation per diploid (Kondrashov, 1995; Crow, 1997;
Drake et al., 1998; Eyre-Walker and Keightley, 1999; Nuchman
and Crowell, 2000). Subsequently, using direct sequencing meth-
ods, spontaneous mutations between parents and their children
were detected on a genome-wide scale, resulting in the smaller
numbers, closer to 56~77 mutations per generation per diploid
(Roach et al., 2010; Conrad et al., 2011; Campbell et al., 2012;
Kong et al., 2012). In one study a higher number of 100 muta-
tions per generation per diploid was reported (Xue et al., 2009).
At the present time, it is believed that the number of mutations
per generation per diploid in human is ~70 (Keightley, 2012).
This assumption can also be demonstrated by the following cal-
culation. With a human mutation rate considered to be about
107 per site per year, genome size—about 3 x 10° bp and aver-
age generation time—20~25 years, the human mutation number

per generation can be estimated with a value between 60 and
75. Therefore, the mentioned above number of mutations per
generation per diploid about 70 lies within this range.

From the viewpoint of phylogenetics, this two-fold differ-
ence in mutation rates becomes important, because it critically
influences the determination of the branching period of both
chimpanzee and human species. In contrast, when we consider
the relationship between mutation rates and the extinction of
populations, this two-fold difference can be ignored, since the
values of mutations per generation obtained from the direct and
indirect methods are far above the so-called “threshold.” The
meaning of the term threshold, which is Eigen’s threshold, will
be explained below.

In this article, we would like to consider the distinction of pop-
ulation to focus on error (mutation)-threshold. Quasi-species is
a conceptual species in chemistry, in which DNA or RNA pop-
ulation is produced by means of mutation and selection (Eigen
et al., 1989). The error threshold means the maximum allow-
able value of mutation rate, when a quasi-species climbs up a
fitness-landscape. In other words, when the mutation rate/base
is less than the reciprocal number of the length of the genomic
base sequence (i.e., the mutation number/replication/genome
<1), the quasi-species can evolve. When mutation rates overstep
this value (Eigen’s error-threshold), a quasi-species model shows
that the population becomes extinct due to the self-destruction
of genetic information (Eigen et al., 1989; Nowak, 2006). The
term self-destruction of genetic information means that genetic
information itself becomes meaningless merely due to excess
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accumulation of mutations, consequently, these individuals can-
not survive. Humans have the highest mutation rate/generation
as far as we know. How can we survive with these extremely
high mutation rates? According to Drake et al., the number of
deleterious mutations is 1.8 in mice and 3.2 in humans (Drake
et al., 1998). Here, however, we use the number of deleterious
mutations at 2.2 per generation (Keightley, 2012). Judging by
the knowledge of traditional population genetics, humans should
already have too heavy a genetic load and be extinct. This is
one of the biggest questions in human population genetics today
and is frequently discussed (Crow, 2000; Charlesworth, 2012,
2013; Keightley, 2012; Lesecque et al., 2012; Scally and Durbin,
2012).

When considering this, is the premise correct that living things
are inevitably exposed to the danger of extinction when muta-
tion rates exceed the threshold? When tracing the cause of a
mutational incident, it is generally believed that spontaneous
mutations are evenly introduced into two daughter DNAs inde-
pendently from the lagging and the leading strand. This assump-
tion, which appears to be relatively unchallenged, should be called
into question. Evenly distributed spontaneous mutations do not
necessarily mean that the mutations are introduced evenly in the
process of DNA replication. For instance, if biased-mutagenesis
occurs in either the lagging or leading strand in every replica-
tion, evidence of biased-mutagenesis can be hard to discover by
analysis of SNPs between two individuals. This is because the
basic biased-partitioning of spontaneous mutations in replica-
tion will become equalized after repeated semiconservative DNA
replications (Iwaki et al., 1996).

Base mismatching errors accompanying DNA replication
mainly give rise to SNPs and are a root cause of evolution.
Therefore, we focused on the molecular mechanism of DNA
replication, in particular to the asymmetrical structure of the
DNA-replication machinery. Our disparity mutagenesis model,
includes the proposition that lagging strand biased mutagene-
sis occurs in every replicore in every cell division. In such an
unbalanced situation, we demonstrated that living things can
overcome the fatal effects of deleterious mutations by increasing
the threshold of mutation (Furusawa and Doi, 1992, 1998).

The present article consists of the following sections. (1)
Reasons for why living things can survive irrespective of high
mutation rates; (2) How the disparity mutagenesis increases the
threshold of mutation rates; (3) Acceleration of evolution using
digital organisms with disparity mutagenesis; (4) Acceleration of
evolution using disparity-mutators of living microorganisms; and
(5) Discussions and conclusive remarks.

PREVIOUS ARGUMENTS FOR WHY HUMANS CAN SURVIVE
IRRESPECTIVE OF HIGH MUTATION RATES

As mentioned above, depending on the methodologies used the
number of mutations per generation in human varies in some
degree, from 56 to 175 (Kondrashov, 1995; Crow, 1997; Drake
et al., 1998; Eyre-Walker and Keightley, 1999; Nuchman and
Crowell, 2000; Roach et al., 2010; Conrad et al., 2011; Campbell
et al.,, 2012; Kong et al.,, 2012). Yet, irrespective of the excess
accumulation of mutations per generation, humans continue to
exist. This simple but significant discrepancy has been addressed

differently from the viewpoint of natural selection in population
genetics.

EFFECT OF POPULATION SIZE

In human, selection against deleterious mutations is not as strong
as thought; 30-42% of amino acid changing mutations are weakly
deleterious mutations, 27-29% are neutral or nearly neutral and
the remainders are highly deleterious. This is because humans’
selection coefficient (s) is small mainly due to the small popula-
tion size (Ne = 10,000 at 800,000 years ago) (Boyko et al., 2008).

TRUNCATION SELECTION

Truncation selection allows only individuals with highest trait val-
ues to produce (Barton et al., 2007). The reduction of fitness is
expressed by genetic load L = 1—e~Y, where U is the number of
deleterious mutations that are added in each generation (Kimura
and Maruyama, 1966). When U is 0, L = 0. No reduction of fit-
ness occurs. When U is enough high, L is close to 1. This indicates
that the extinction of population occurs. Deleterious mutations,
which are added in every generation, might significantly decrease
relative fitness by synergistic epistasis, resulting in the chance that
a majority of individuals might accumulate an excess number
of deleterious mutations. In order to keep the population size,
these individuals must be cut off by truncation selection (Crow
and Kimura, 1979; Barton et al., 2007). As a result, deleterious
mutations are effectively eliminated from the population.

Moreover, an efficacious increase in this genetic cleanup would
be expected owing to positive epistasis among deleterious muta-
tions (Nuchman and Crowell, 2000). Individuals who slipped
through the truncation must immediately shoulder a burden of
deleterious mutations. Notably, a positive epistasis among dele-
terious mutations seems to be rare (Kouyos et al., 2007). Thus,
the average fitness of this population may decrease with time, and
to keep the population size under such a severe situation, surviv-
ing individuals must increase their reproduction rate toward the
corresponding death rate. Advantageous mutations may be min-
imally helpful for increasing the reproductive rate of surviving
individuals because the incidence of advantageous mutations is
though to be extremely low (Boyko et al., 2008). In conclusion, it
is likely that truncation selection is still not sufficient to explain
how humans are rescued from extinction.

On the other hand, Crow emphasized the contributions
of sex (Crow, 2000). Sex shuffles genes within a population,
resulting in an increased chance of producing individuals with
accumulated deleterious mutations, but these could be effectively
eliminated from the population via their death or loss of breeding
potential. Yet, how can the population size be sustained in the
connection of sex and natural selection? For that, a concept
named “quasi-truncation selection” was applied, in which mildly
deleterious mutations were considered (Crow and Kimura, 1979;
Crow, 2000). Certainly, genetic shuffling via sex might have merit
for decreasing the harmful effects of mutations, but will this
prevent decreasing of fitness in an actual human population? The
human mutation rate was not necessarily always the same as it
is today, and future human mutation rates might increase ten
or more times (Lesecque et al., 2012). These problems will be
discussed later.

Frontiers in Genetics | Evolutionary and Population Genetics

December 2014 | Volume 5 | Article 421 | 2


http://www.frontiersin.org/Evolutionary_and_Population_Genetics
http://www.frontiersin.org/Evolutionary_and_Population_Genetics
http://www.frontiersin.org/Evolutionary_and_Population_Genetics/archive

Furusawa

Evolution and catastrophic error

RELATIVE SELECTION

When U = 2.2 in humans, L = 0.89. Humans seem to be intol-
erant of this deleterious mutation when selection is strong.
However, if natural selection pressure act on relative fitness dif-
ferences between individuals, the population will continue to
exist through competitions among individuals. Unlike a direct
selection pressure from environment, the selection pressure from
different individuals which is caused by the fitness difference
between individuals would be weak. The results of simulations
based on this idea indicated that even when 10 ~ 100 deleterious
mutations per generation per diploid are introduced, humans do
not become extinct (Lesecque et al., 2012).

Considering functionally important sites, where natural selec-
tion may be weak, we can estimate U and L to be around 0.35
and 0.3, respectively. Thus, humans might overcome this range of
genetic load (Charlesworth, 2012; Lesecque et al., 2012).

STABILIZING SELECTION

Recent studies on human spontaneous mutations show that the
rates of both advantageous and deleterious mutations are higher
than expected (Halligan and Keightly, 2006; Eory et al., 2010;
Zeng and Charlesworth, 2010; Ward and Kellis, 2012). These
evidences cannot be explained by purifying selection because
purifying selection refers to directional selection against delete-
rious mutations. Thus, in humans, it is presumed that only very
weak purifying selection may act on non-synonymous and 7-
to 8-digit number of silent-site mutations. Under this assump-
tion, weak purifying selection will allow to maintain the damaged
genes which were formerly advantageous before the mutation.
As a result, the variation of advantageous genes contributing to
the increase of fitness for quantitative trait (genetic variance in
fitness) is reduced significantly, and at the same time, genetic
load comes close to 1 by accumulating deleterious mutations.
Thus, purifying selection may not contribute to preservation of
the species (Charlesworth and Charlesworth, 2010; Charlesworth,
2013).

On the other hand, when weak stabilizing selections act on
an excessively large number of sites scattered throughout the
genome, the species merely takes a mild genetic load, resulting
in evoking a mild genetic variance in fitness. For instance, when
10% of non-coding genomic regions (108 sites) receive stabiliz-
ing selection, the genetic load is estimated to be 0.05 (population
size: Ne = 10,000 and the rate of heterozygote: p = 0.001).
Therefore, the human population can tolerate to the genetic load
(Kong et al., 2012). In this regard, when Ne is adequately large,
L becomes too large to ignore (Charlesworth, 2013). At any rate,
it seems likely that the direct application of traditional models of
population genetics to human populations would be stretching
things a bit. The main reason would be an unpredictable effect
of genetic drift on evolution due to the small population size of
humans.

HOW THE DISPARITY-MUTAGENESIS MODEL INCREASES
THE THRESHOLD OF MUTATION RATES

The disparity mutagenesis model is deduced from the principles
of the “Disparity Theory of Evolution” (Furusawa and Doi, 1992,
1998; Furusawa, 2013) and provides an explanation for why living

things do not become extinct even when mutation rates exceed
the threshold. The theory and model predict that the error fre-
quency is significantly higher in the lagging DNA strand, since a
more complex system is used in the synthesis of the lagging strand
compared to that of the leading strand (Furusawa and Doi, 1992).
Indeed, biased mutagenesis was observable in the lagging strand
in Escherichia coli (E. coli) when both strands are synthesized by
pola (Iwaki et al., 1996).

Figure 1 shows the basic principle of the disparity-mutagenesis
model of evolution. The replicore has one replication origin (ori)
at the upper end of a linear DNA. When it replicates semicon-
servatively, random point mutations (SNPs) are deterministically
introduced exclusively to the lagging strand and each muta-
tion once introduced is certainly inherited. Conclusions obtained
from the pedigree shown in the disparity-mutagenesis model
(Figure 1B) are as follows. (1) Each replication produces two
daughter DNAs. One has the same genotype as its parent, while
the other inevitably has a different genotype by newly added
two mutations in each replication. (2) The ancestral genotype
with zero mutations is guaranteed forever. (3) Any genotype that
appeared in the past is inherited and its existence is guaranteed at
any down-stream generation.

In other words, the creation of diversity with a guarantee of
principal can be realized. Within the model, mutations are postu-
lated to be neutral or mildly deleterious, and all mutants are able
to survive. In nature, however, there exist neutral, mildly deleteri-
ous and deleterious mutations. When an unchanged environment
continues for a long period, the ancestral genotype with zero
mutations can be used. When the environment changes, an ade-
quate mutant is selected from previously provided mutants. The
newly selected mutants can continue to produce their offspring
in the same manner. It is noticeable that the ancestral genotype
is always guaranteed independently of mutation rates. However,
when environments change again dramatically, the ancestral indi-
vidual is no longer able to adapt to the new environment.
Increasing mutation rates would be beneficial to adapt to new
environments. When mutation rates are too high, however, there
is little chance to find appropriate individuals from preexisting
mutants because they have accumulated an excess of deleterious
mutations which might cause a significant decrease of fitness.
Generally speaking, however, one can predict that the threshold
must be significantly increased with increasing mutation rates in
the disparity mutagenesis model.

In fact, our previous studies clearly showed that Eigen’s error-
threshold (Eigen et al., 1989) in his quasi-species model moved
up or disappeared when a mixture of two kinds of error-less and
error-prone polymerases was used (Aoki and Furusawa, 2003;
Furusawa, 2012). Our experimental conditions used in this study
correspond to realizing the fidelity difference between the leading
and lagging strands in DNA replication.

ACCELERATION OF EVOLUTION USING DIGITAL ORGANISMS
WITH DISPARITY MUTAGENESIS

Using a “hill-climbing” game, we showed that the intracellular
coexistence of error-prone mutator DNA polymerase and normal
high fidelity DNA polymerase increased the mutation threshold
and accelerated evolution (Aoki and Furusawa, 2001).
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A Parity mutagenesis model ori

replicore

FIGURE 1| The distribution of mutations according to the
deterministic model of a single replicore is shown. A broad arrow
indicates a template DNA strand, a thin arrow indicates a newly
synthesized leading strand and a dashed thin arrow indicates a newly
synthesized lagging strand. Each number on the side of a short
horizontal bar indicates a base substitution at a different site. The ori

B Disparity mutagenesis model ori

indicates the replication origin. (A) Parity mutagenesis model. One
mutation per a single replication is evenly introduced into both daughter
DNAs. (B) Disparity mutagenesis model. Two mutations are introduced
exclusively in the lagging strand per a single replication. Notice that for
instance, in the family line of the genomes with the symbol marked #
or $, the genotype is guaranteed forever.

Genetic algorithms can be used as a metaphor of evolution
of living things. We constructed a DNA-type genetic algorithm,
the “neo-Darwinian algorithm” (Wada et al., 1993). Genetic algo-
rithms can be used as a metaphor of evolution of living things.
Knapsack optimization problems mimic the evolutionary pro-
cess. There are a given kinds of objects with weights and values
determined at random. The objective is to maximize the total
value of objects placed in a knapsack, subject to a loading-
weight limitation, and taking a plural number of the same
object is not allowed (Goldberg, 1989). At appropriate mutation
rates and disparity mutagenesis, the algorithm clearly resolved a
knapsack optimization problem, and the threshold was consider-
ably increased compared to the conventional parity mutagenesis
model in which mutations occur evenly in the lagging and leading
strands (cf. Figure 1A). For instance, when the total mutation rate
was 2.32%, the population became extinct under parity mutagen-
esis conditions. In contrast, when using the disparity mutagenesis
model, the population quickly adapted and solved even when the
total mutation rate was 8% (Wada et al., 1993). Knapsack prob-
lems were resolved more effectively when the fidelity differences
between both strands were larger, meaning that the algorithms
evolved well (Wada et al., 1993).

ACCELERATION OF EVOLUTION USING
DISPARITY-MUTATORS OF LIVING MICROORGANISMS

As E. coli used in our earlier experiments had no F-factor, sex-
ual conjugation was not involved. E. coli has a circular DNA
genome consisting of 4.6 x 10° bp and about 4300 genes. Both
DNA strands are synthesized by pola and proofreading is done
by dnaQ. Mutant dnaQ49 is a temperature-sensitive mutator.
At 37°C, the proofreading activity is deleted. Therefore, dnaQ49

appears to reflect the net errors in the base-paring process to
which pola is committed without the help of dnaQ. Our pre-
vious experiment with dnaQ49 showed that the error frequency
in the lagging strand synthesis was about 100 times higher than
that of the leading strand (Iwaki et al., 1996). dnaQ49 muta-
tors were cultured at 37°C to introduce mutations and followed
by selection with gradually increasing concentration of different
antibiotics at 24°C, where no mutator phenotype was expressed.
Surprisingly, they were able to make colonies in the presence of
saturated concentrations of all antibiotics tested. Their pheno-
types thus acquired were stable and maintained for a long period
(Tanabe et al., 1999). The super-ampicillin-tolerant dnaQ49
strain (resistant to 30 mg/ml; the highest concentration testable)
thus obtained was highly sensitive to other antibiotics compara-
ble to intact E. coli or intact dnaQ49. It can be concluded that the
dnaQ49 adapted exclusively to ampicillin given as a selection pres-
sure. This is consistent with other studies which describe bacterial
disparity mutators with high adaptabilities to different environ-
ments and genome-wide base changes (Itakura et al., 2008; Loh
et al., 2010).

Haploid yeast, Saccharomyces cerevisiae, has sixteen chromo-
somes, 1.2 x 107 bp genomic DNA and about 6000 genes. It
replicates by budding asexually. Hundreds of oris exist in the total
genome. S. cerevisiae pol3 (pold) is specialized to synthesize the
lagging strand and Pol3-01 is a mutator with deleted proofread-
ing activity. Thus, biased mutagenesis may occur in the lagging
strand, which is one of the disparity-mutators. Pol3-01 was cul-
tured with gradually increasing temperature in order to isolate
temperature-resistant strains. Two temperature-resistant strains
that produce colonies at 40°C were isolated. Genetic analysis
showed that at least two stepwise mutations were necessary for
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acquiring this phenotype. Namely, the first mutation at the hotl
locus provided 38.5°C-resistant properties, and by the addition of
the second mutation (not identified) the mutant was able to grow
at 40°C (Shimoda et al., 2006).

There are several other experiments in which yeast disparity-
mutators displayed high adaptabilities to different conditions
(Abe et al., 2009a,b,c; Park et al., 2011; Kato and Park, 2012).
Beyond unicellular organisms, disparity-mutators in mice also
can repeat generations with increased incidence of carcinogene-
sis, while the evidence of apparent adaptive evolution has not yet
been reported (Albertson et al., 2009; Uchimura et al., 2009).

Collectively, the following conclusions can be deduced from
experiments using disparity-mutators of living organisms: (1)
Growth rates of disparity mutators and of the intact cells are
nearly equal, when cultured in normal conditions. This fea-
ture would be an essential condition for evolution experiments,
because a delayed cell-cycle will work against the rate of accumu-
lating mutations, resulting in delayed adaptive evolution; (2) The
principle of the disparity mutagenesis model may be applicable
to all living prokaryotes and eukaryotes; (3) A prolonged period
of high mutation rates, during which most likely average muta-
tion rates exceed the threshold value, does not necessarily lead
to the death of organisms; (4) To attain a final intended pheno-
type, a number of appropriate mutations should be introduced
in a correct order (Furusawa, 2013) and most probably, genome-
wide changes with mutations are necessary. These might be the
reasons why final phenotypes were so stable.

DISCUSSION

IMPLICATIONS OF SELECTION, SEXUALITY AND THE DISPARITY
MUTAGENESIS FOR BIOLOGICAL EVOLUTION

Due to the molecular mechanism of DNA replication, which pro-
duces disparity in mutagenesis, higher organisms might maintain
population survival and still evolve irrespective of high mutation
rates. In contrast, population genetics postulates that truncation
selection will play a central role, yet it cannot fully resolve the
problem.

With that perspective, the role of sex was pointed out by Crow
(2000). In fact, our simulations with the neo-Darwinian algo-
rithm showed that adequate degrees of cross-over and sex brought
about increased fitness, the delay of extinction time or some-
times the avoidance of extinction (Wada et al., 1993). It has been
shown that Paramecia can become extinct by the accumulation
of harmful mutations when cultured for a long period without
conjugations (Holmes and Holmes, 1986). As mentioned above,
however, our disparity mutagenesis model predicts an increased
mutation rate threshold; i.e., in the case of the knapsack prob-
lem without sex (Wada et al., 1993), in our evolution experiments
with living microorganisms (Tanabe et al., 1999; Shimoda et al,,
2006) and in the case of human tumor expansion (Furusawa,
2013). These systems were carried out without relation to sex.
Accordingly, from the above-mentioned viewpoint of population
genetics, these results must be explained mainly by the effect of
truncation selection which would be expected to be difficult.

Recently, it has been reported that spontaneous deleterious
mutations per generation per diploid in humans are estimated
as 2.2 (Keightley, 2012). If this estimation is correct, then L is

0.89 and high genetic load should have led to human extinction.
Recent studies of human population genetics have tried to explain
this discrepancy by focusing on natural selections other than
truncation selection. Most notably, relative selection and stabiliz-
ing selection seem to be attractive, if appropriate parameters are
selected. In nature, however, various kinds of selection pressure
might act on thousands of mutated sites scattered throughout the
genome. Moreover, we have to pay attention to the interaction
among sites. Overall then, it can be said that much more work
will be necessary to clarify this problem.

Here, we would like to stress the different positions between
population genetics and our disparity mutagenesis model as we
approach the mechanism of evolution. Population genetics deals
with a relatively large population and very large time scale, such
as 4 billion yeas of the history of life, or 6 million years of the
history of humans. From this view, evolution is considered to
progress extremely slowly. By contrast, our disparity mutagenesis
model deals with the non-equilibrium phase of evolution. We deal
with numerable number of generations and focus on the mecha-
nism for how species can avoid extinction when faced with rapid
environmental change. A possible strategy to avert crisis would
be increase mutation rates in order to reproduce many variants
within a short period. As a function of increased mutation rates,
excess deleterious mutations might accumulate in the population,
indicating that the risk of extinction must increase. We believe the
clues to resolve this contradiction lie in the molecular mechanism
of DNA replication.

The primary role of the disparity mutagenesis model on evo-
lution would be not to provide a broad repertoire of candidates
for future evolution, but to positively guarantee the genetic infor-
mation existing at the present generation and to transfer it intact
to the next generation by means of the leading strand with high
fidelity.

Let us suppose that there are 10,000 replicores in a human
diploid cell and the number of mutations introduced into each
replicore per generation is 0.01. As this value is far less than the
threshold value, the effect of disparity mutagenesis cannot be
expected in a single replication unit. At a cellular level, however,
mutations per generation run up to 100. This number is well in
accordance with the actually observed values in case of humans,
which are too high to keep the average fitness and the popula-
tion size. Mutations are thought to be intensively introduced at
the late stage of spermatogenesis (Crow, 2000). The point worth
noting for the present discussion is not the timing of mutagene-
sis, but the total number of mutations that has been introduced
during the maturation of germ cells in both parents.

According to the disparity mutagenesis model, when the muta-
genesis occurs exclusively in the lagging strand in the parent germ
cells, the preexisting genotypes are guaranteed by the leading
strand. This means that when the genomic DNA replicates, all of
the preexisting genotypes in genome DNA are kept intact in terms
of replicore. This situation would not be changed even when the
mutation rate increases up to 10-fold or more, such as might
occur at in a hot spot. However, the lagging strand will contribute
to providing new genotypes. Of course, any new genotype once
produced by the lagging strand will be guaranteed in descendants
by virtue of the leading strand (Figure 1B). Shuffling of genomic
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DNA by sex and chromosomal recombination would produce
chromosomes consisting of various combinations of mutated
replicores. These replicores with enlarged diversity are drifting in
a population. By these means, the disparity mutagenesis model
predicts increased possibility for producing better zygotes than
the conventional random-mutation model, even when mutation
rates are very high.

The triadic synergy effect of disparity mutagenesis, sex and
natural selection would make it possible to increase the chance to
make a quality zygote that harbors fewer deleterious mutations
or even has increased fitness. Different kinds of selections will
indirectly contribute to decreasing average mutation rates in the
population through removing effectively deleterious mutations
from the population. Characteristics of the disparity-mutagenesis
model are the guarantee of parental genetic information and the
increase of error-threshold, both of which reflect a “robustness”
of our model. This mechanism is thought to function as a basic
principle independently of natural selection. The methodology of
population genetics after taking the concept of disparity mutage-
nesis into consideration would serve as a key toward resolution of
this difficult problem.

ROLE OF THE LAGGING-STRAND-BIASED MUTATORS

As expected, the parity-mutator in yeasts, in which the proof-
reading activities of both DNA polymerase (pold and, pole) are
deleted, could not make colonies (Morrison and Sugino, 1994).
The 3’ — 5 exonucleases of both DNA polymerase 8 and ¢
participate in correcting errors of DNA replication in S. cere-
visiae. This destructive effect of parity-mutagenesis on a living cell
was also deduced from the experiments with the neo-Darwinian
algorithm, in that the parity-mutator with high mutation rates
definitively resulted in rapid decrease of fitness scores or even
the extinction of the population (Wada et al., 1993). The loss of
growth in the parity mutator yeasts likely comes about because as
excess mutations are evenly introduced in both strands, the estab-
lished quality genotype for surviving would be easily canceled by
additional mutations.

For a variety of reasons, we have never used a disparity
mutator which carries out biased-mutagenesis in the leading
strand. Eight evolutionary experiments using mutator strains of
eukaryotes have been reported. They exclusively used mutators
with lagging-strand-biased mutagenesis (Shimoda et al., 2006;
Abe et al., 2009a,b,c; Uchimura et al., 2009; Park et al., 2011;
Kato and Park, 2012). Each of their experimental protocols was
based on the essential idea of our disparity theory of evolution,
the lagging-strand-biased mutagenesis (Furusawa and Doi, 1992,
1998). There are two examples in which the lagging-strand-biased
mutagenesis has been observed in natural environment. The first
one is an experiment conducted in natural mutator with the pur-
pose of occurrence of the lagging-strand biased mutagenesis using
dnaQ49 mutator of E. coli (Twaki et al., 1996).

The other one is a molecular evolution study, which suggests
a frequent decrease of proofreading function of pol delta in the
lagging strands during the mammalian evolutionary process. It
has been shown that the speed of mammalian molecular clocks
is faster than those of other vertebrates. It was presumed that the
cause of their faster molecular clock might be due to the frequent

replacements of key amino acids in the proofreading domain of
pold, indicating that the proofreading activities of pold might have
gone up and down repeatedly in the past (Katoh et al., 2005).
Accordingly, in these species including humans, the speed of evo-
lution might change frequently during the evolutionary process.
An observation supporting this idea is that amino acid substitu-
tion rates in mammals are higher in the proof-reading domains of
pold compared to those of other vertebrates. It is also known that
in all vertebrates examined, amino acid substitution rates of the
polymerase domain of pold and pole, and those of the proofread-
ing domain of pole are low, compared to those of the proofreading
domain of mammalian pol8 (Katoh et al., 2005; Furusawa, 2012).
Similar observations were obtained in the case of birds (K. Katoh,
personal communication).

In vertebrates, although the precise role of pol$ and pole in
replicating DNA has not yet been clarified, it is presumed that
ancestors of mammals and birds might have many occurrences of
the disparity mutator phenotype, where excess mutations might
be introduced exclusively in the lagging strand and each time evo-
lution might be accelerated (Furusawa, 2012). Consequently, it
can be predicted that the fidelity of the leading strand of existing
vertebrates including humans might remain high.

In fact, there was a research on a mutator yeast with the
leading-strand-biased mutagenesis done by the present author
and his colleagues. Although the mutant grew normally (Shimoda
et al., 2006), this evolutionary experiment was not proceeded
due to the fact that this mutator phenotype for DNA replication
goes against the basic concept of our model, the lagging-strand-
biased mutagenesis (Figure 1B). However theoretically said, the
“leading-strand mutator” may also show a high adaptability.

CONCLUDING REMARKS

Genomic DNA not only codes genetic information but also works
as an excellent genetic algorithm which can resolve dynamic and
complicated optimization problems in changing environments.
Its driving force for resolving the problems (pursuing evolution)
comes from the fidelity difference between the lagging and leading
strands. The key enzyme which creates and controls the fidelity
difference would be the proofreading domain of pold. In plain
words, “the ultimate cause of the precise heredity would be traced
in the leading strand of high fidelity, and that of evolution in the
lagging strand of low fidelity” (Furusawa, 2012).

To the extent that the disparity mutagenesis model works,
humans will not become extinct. More likely, humans might well
adapt to drastic environmental changes by increasing the muta-
tion rates in the lagging strand, and might be able to adjust the
speed of evolution depending on the situations. This may well be
true for other species as well.

ACKNOWLEDGMENTS

The author thanks Drs. F. Rueker and D.J. Stearns-Kurosawa
for their critical reading of the manuscript and for useful sug-
gestions. The author thanks Dr. A. Uchimura, Dr. T. Yagi,
Dr. I. Fujihara and Mr. M. Noda for their fruitful discus-
sions. The author also thanks Drs. N. Takahata and Y. Satta for
their fruitful discussions and comments concerning population
genetics.

Frontiers in Genetics | Evolutionary and Population Genetics

December 2014 | Volume 5 | Article 421 | 6


http://www.frontiersin.org/Evolutionary_and_Population_Genetics
http://www.frontiersin.org/Evolutionary_and_Population_Genetics
http://www.frontiersin.org/Evolutionary_and_Population_Genetics/archive

Furusawa

Evolution and catastrophic error

REFERENCES

Abe, H., Fujita, Y., Chiba, Y., Jigami, Y., and Nakayama, K. (2009a).
Upregulation of genes involved in gluconeogenesis and the glyoxylate cycle
suppressed the drug sensitivity of an N-glycan-deficient Saccharomyces cere-
visiae mutant. Biosci. Biotechnol. Biochem. 73, 1398-1403. doi: 10.1271/bbb.
90069

Abe, H., Fujita, Y., Takaoka, Y., Kurita, E., Yano, S., Tanaka, N., et al. (2009b).
Ethanol-tolerant Saccharomyces cerevisiae strains isolated under selective con-
ditions by over-expression of a proofreading-deficient DNA polymerase delta. J.
Biosci. Bioeng. 108, 199-204. doi: 10.1016/j.jbiosc.2009.03.019

Abe, H., Takaoka, Y., Chiba, Y., Sato, N., Ohgiya, S., Itadani, A., et al. (2009c).
Development of valuable yeast strains using a novel mutagenesis technique for
the effective production of therapeutic glycoproteins. Glycobiology 19, 428-436.
doi: 10.1093/glycob/cwn157

Albertson, T., Ogawa, M., Bugni, J., Hays, L., Chen, Y., Wang, Y., et al. (2009).
DNA polymerase € and 8 proofreading suppress discrete mutator and can-
cer phenotypes in mice. Proc. Natl. Acad. Sci. U.S.A. 106, 17101-17104. doi:
10.1073/pnas.0907147106

Aoki, K., and Furusawa, M. (2001). Promotion of evolution by intracellular coex-
istence of mutator and normal DNA polymerases. J. Theor. Biol. 209, 213-222.
doi: 10.1006/jtbi.2000.2257

Aoki, K., and Furusawa, M. (2003). Increase in error threshold for quasispecies by
heterogeneous replication accuracy. Phys. Rev. E Stat. Nonlin. Soft Matter Phys.
68(pt 1):031904. doi: 10.1103/PhysRevE.68.031904

Barton, N. H., Briggs, D. E. G., Eisen, J. A., Goldstein, D. B., and Patel, N. H. (2007).
Evolution. New York, NY: Cold Spring Harbor Laboratory Press.

Boyko, A., Williamson, S., Indap, A., Degenhardt, J., Hernandez, R., Lohmueller,
K., et al. (2008). Assessing the evolutionary impact of amino acid mutations
in the human genome. PLoS Genet. 4:e1000083. doi: 10.1371/journal.pgen.
1000083

Campbell, C., Chong, J., Malig, M., Ko, A., Dumont, B., Han, L., et al. (2012).
Estimating the human mutation rate using autozygosity in a founder popula-
tion. Nat. Genet. 44, 1277-1283. doi: 10.1038/ng.2418

Charlesworth, B. (2012). Rates and fitness consequences of new mutations in
humans. Genetics 190, 295-304. doi: 10.1534/genetics.111.134668

Charlesworth, B. (2013). Why we are not dead one hundred times over. Evolution
67, 3354-3361. doi: 10.1111/evo.12195

Charlesworth, B., and Charlesworth, D. (2010). Elements of Evolutionary Genetics.
Greenwood Village, CO: Roberts & co.

Conrad, D., Keebler, J., De Pristo, M., Lindsay, S., Zhang, Y., and Casals, F, et al.
(2011). Variation in genome-wide mutation rates within and between human
families. Nat. Genet. 43, 712-715. doi: 10.1038/ng.862

Crow, J. (1997). The high spontaneous mutation rate: is it a health risk? Proc. Natl.
Acad. Sci. U.S.A. 94, 8380-8386. doi: 10.1073/pnas.94.16.8380

Crow, J. (2000). The origins, patterns and implications of human spontaneous
mutation. Nat. Rev. Genet. 1, 40—47. doi: 10.1038/35049558

Crow, J. E, and Kimura, M. (1979). Efficiency of truncation selection. Proc. Natl.
Acad. Sci. U.S.A. 76, 396-399. doi: 10.1073/pnas.76.1.396

Drake, J., Charlesworth, B., Charlesworth, D., and Crow, J. (1998). Rates of
spontaneous mutation. Genetics 148, 1667-1686.

Eigen, M., McCaskill, J., and Schuster, P. (1989). The molecular quasispecies. Adv.
Chem. Phys. 75, 149-263. doi: 10.1002/9780470141243.ch4

Eory, L., Hallingan, D., and Keightley, P. (2010). Distributions of selec-
tively constrained sites and deleterious mutation rates in the hominid
and murid genomes. Mol. Biol. Evol. 27, 177-192. doi: 10.1093/molbev/
msp219

Eyre-Walker, A., and Keightley, P. (1999). High genomic deleterious mutation rates
in hominids. Nature 397, 344-347. doi: 10.1038/16915

Furusawa, M. (2012). Implications of fidelity difference between the leading and
the lagging strand of DNA for the acceleration of evolution. Front. Oncol. 2:144.
doi: 10.3389/fonc.2012.00144

Furusawa, M. (2013). The role of disparity-mutagenesis model on tumor develop-
ment with special reference to increased mutation rate. J. Solid Tumors 3, 22-31.
doi: 10.5430/jst.v3n4p22

Furusawa, M., and Doi, H. (1992). Promotion of evolution: disparity in the fre-
quency of strand-specific misreading between the lagging and leading strands
enhances disproportionate accumulation of mutations. J. Theor. Biol. 157,
127-133. doi: 10.1016/S0022-5193(05)80761-1

Furusawa, M., and Doi, H. (1998). Asymmetrical DNA replication promotes
evolution: disparity theory of evolution. Genetica 102-103, 333-347. doi:
10.1023/A:1017078924245

Goldberg, D. E. (1989). Genetic Algorithms in Search, Optimization and Machine
Learning. Reading, MA: Addison-Wesley.

Halligan, D., and Keightly, P. (2006). Ubiquitous selective constrains in the
Drosophila genome revealed by a genome-wide sequence comparison. Genome
Res. 16, 875-884. doi: 10.1101/gr.5022906

Holmes, G., and Holmes, N. (1986). Accumulation of DNA damages
in aging Paramecium tetraurelia. Mol. Gen. Genet. 204, 108-114. doi:
10.1007/BF00330196

Ttakura, M., Tabata, K., Eda, S., Mitsui, H., Murakami, K., Yasuda, J., et al. (2008).
Generation of Bradyrhizobium japonicum mutants by selection after intro-
duction of mutated dnaQ gene. Appl. Environ. Microbiol. 74, 7258-7264. doi:
10.1128/AEM.01850-08

Iwaki, T., Kawamura, A., Ishino, Y., Kohno, K., Kano, Y., Goshima, N., et al. (1996).
Preferential replication-dependent mutagenesis in the lagging DNA strand in
Escherichia coli. Mol. Gen. Genet. 251, 657—664.

Kato, T., and Park, E. (2012). Riboflavin production by Ashbya gossypii. Biotechnol.
Lett. 34, 611-618. doi: 10.1007/s10529-011-0833-z

Katoh, K., Kuma, K., Iwabe, N., and Miyata, T. (2005). “Putative decline of DNA
polymerase 3 in mammalian lineage,” in Proceedings of the 28th Conference on
The Molecular Biology Society of Japan, (Fukuoka).

Keightley, P. (2012). Rates and fitness consequences of new mutations in humans.
Genetics 190, 295-304. doi: 10.1534/genetics.111.134668

Kimura, M., and Maruyama, T. (1966). The mutational load with epistiatic gene
interactions in fitness. Genetics 54, 1337—1351.

Kondrashov, S. (1995). Contamination of the genomes by very slightly deleterious
mutations. Why have we not died 100 times over? J. Theor. Biol. 175, 583-594.
doi: 10.1006/jtbi.1995.0167

Kong, A., Frigge, M., Masson, G., Besenbacher, S., Sulem, P.,, Magnusson, G., et al.
(2012). Rate of de novo mutations and the importance of father’s age to disease
risk. Nature 488, 471-475. doi: 10.1038/nature11396

Kouyos, R., Silander, O., and Bonhoeffer, S. (2007). Epistasis between deleterious
mutations and the evolution of recombination. Trends Ecol. Evol. 22, 308-315.
doi: 10.1016/j.tree.2007.02.014

Lesecque, Y., Keightley, P., and Eyre-Walker, A. (2012). Genetics 191, 1321-1330.
doi: 10.1534/genetics.112.140343

Loh, E,, Salk, J., and Loeb, L. (2010). Optimization of DNA polymerase mutation
rates during bacterial evolution. Proc. Natl. Acad. Sci. U.S.A. 107, 1154-1159.
doi: 10.1073/pnas.0912451107

Morrison, A., and Sugino, A. (1994). The 3'—5 exonucleases of both
DNA polymerase a and e participate in correcting errors of DNA repli-
cation in Saccharomyces cerevisiae. Mol. Gen. Genet. 242, 289-296. doi:
10.1007/BF00280418

Nowak, M. A. (2006). Evolutionary Dynamics: Exploring the Equations of Life.
Cambridge: President and Fellows of Harvard College.

Nuchman, M., and Crowell, S. (2000). Estimate of the mutation rate per nucleotide
in humans. Genetics 156, 297-304.

Park, E., Ito, Y., Nariyama, M., Sugimoto, T., Lies, D., and Kato, T. (2011). The
improvement of riboflavin production in Ashbya gossypii via disparity mutage-
nesis and DNA microarray analysis. Appl. Microbiol. Biotechnol. 91, 1315-1326.
doi: 10.1007/500253-011-3325-0

Roach, J.,, Glusman, G., Smit, A., Huff, C., Hubley, R., and Shanon,
P, at al. (2010). Analysis of genetic inheritance in a family quarted
by whole-genome sequences. Science 328, 636-639. doi: 10.1126/science.
1186802

Scally, A., and Durbin, R. (2012). Revising the human mutation rate: implica-
tions for understanding human evolution. Nat. Rev. Genet. 13, 745-753. doi:
10.1038/nrg3295

Shimoda, C., Itadani, A., Sugino, A., and Furusawa, M. (2006). Isolation of ther-
motolerant mutants by using proofreading-deficient DNA polymerase 8 as an
effective mutator in Saccharomyces cerevisiae. Genes Genet. Syst. 81, 391-397.
doi: 10.1266/ggs.81.391

Tanabe, K., Kondo, T., Onodera, Y., and Furusawa, M. (1999). A con-
spicuous adaptability to antibiotics in the Escherichia coli mutator strain
dnaQ49. FEMS Microbiol. Lett. 176, 191-196. doi: 10.1111/j.1574-6968.1999.
tb13661.x

www.frontiersin.org

December 2014 | Volume 5 | Article 421 | 7


http://www.frontiersin.org
http://www.frontiersin.org/Evolutionary_and_Population_Genetics/archive

Furusawa

Evolution and catastrophic error

Uchimura, A., Hidaka, Y., Hirabayashi, T., Hirabayashi, M., and Yagi, T. (2009).
DNA polymerase 8 is required for early mammalian embryogenesis. PLoS ONE
4:e4184. doi: 10.1371/journal.pone.0004184

Wada, K., Doi, H., Tanaka, S., Wada, Y., and Furusawa, M. (1993). A
neo-Darwinian algorithm: asymmetrical mutations due to semiconservative
DNA-type replication promote evolution. Proc. Natl. Acad. Sci. US.A. 90,
11934-11938. doi: 10.1073/pnas.90.24.11934

Ward, L., and Kellis, M. (2012). Evidence of abundant purifying in human
for recently acquired regulatory functions. Science 337, 1675-1678. doi:
10.1126/science.1225057

Xue, Y., Wang, Q. Long, Q., Ng, B. L, Swerdlow, H, et al. (2009).
Human Y chromosome base-substitution mutation rate measured by direct
sequencing in a deep-rooting pedigree. Curr. Biol. 19, 1453-1457. doi:
10.1016/j.cub.2009.07.032

Zeng, K., and Charlesworth, B. (2010). Studying patterns of recent evolution at
synonymous sites and intrinsic sites in Drosophila melanogaster. ]. Mol. Evol. 70,
116-128. doi: 10.1007/500239-009-9314-6

Conflict of Interest Statement: The author declares that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 20 August 2014; accepted: 17 November 2014; published online: 04 December
2014.

Citation: Furusawa M (2014) The disparity mutagenesis model predicts rescue of living
things from catastrophic errors. Front. Genet. 5:421. doi: 10.3389/fgene.2014.00421
This article was submitted to Evolutionary and Population Genetics, a section of the
journal Frontiers in Genetics.

Copyright © 2014 Furusawa. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CCBY). The use,
distribution or reproduction in other forums is permitted, provided the orig-
inal author(s) or licensor are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Genetics | Evolutionary and Population Genetics

December 2014 | Volume 5 | Article 421 | 8


http://dx.doi.org/10.3389/fgene.2014.00421
http://dx.doi.org/10.3389/fgene.2014.00421
http://dx.doi.org/10.3389/fgene.2014.00421
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Evolutionary_and_Population_Genetics
http://www.frontiersin.org/Evolutionary_and_Population_Genetics
http://www.frontiersin.org/Evolutionary_and_Population_Genetics/archive

	The disparity mutagenesis model predicts rescue of living things from catastrophic errors
	Introduction
	Previous Arguments for Why Humans Can Survive Irrespective of High Mutation Rates
	Effect of Population Size
	Truncation Selection
	Relative Selection
	Stabilizing Selection

	How the Disparity-Mutagenesis Model Increases the Threshold of Mutation Rates
	Acceleration of Evolution Using Digital Organisms with Disparity Mutagenesis
	Acceleration of Evolution Using Disparity-Mutators of Living Microorganisms
	Discussion
	Implications of Selection, Sexuality and the Disparity Mutagenesis for Biological Evolution
	Role of the Lagging-Strand-Biased Mutators

	Concluding Remarks
	Acknowledgments
	References


