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The relationship between probability of survival and the number of deleterious mutations in the genome is
investigated using three different models of highly redundant systems that interact with a threatening environ-
ment. Model one is a system that counters a potentially lethal infection; it has multiple identical components
that act in sequence and in parallel. Model two has many different overlapping components that provide three-
fold coverage of a large number of vital functions. The third model is based on statistical decision theory: an
ideal detector, following an optimum decision strategy, makes crucial decisions in an uncertain world. The
probability of a fatal error is reduced by a redundant sampling system, but the chance of error rises as the sys-
tem is impaired by deleterious mutations. In al three cases the survival profile shows a synergistic pattern in
that the probability of survival falls slowly and then more rapidly. This is different than the multiplicative or in-
dependent survival profile that is often used in mathematical models. It is suggested that a synergistic profile is
a property of redundant systems.

Model one is then used to study the conservation of redundancy during sexual and asexual reproduction. A
unicellular haploid organism reproducing asexually retains redundancy when the mutation rate is very low
(0001 per cell division), but tends to lose high levels of redundancy if the mutation rate is increased (01 to 04
per cell division). If a similar unicellular haploid organism has a sexual phase then redundancy is retained for
mutation rates between 0001 and 0x per cell division. The sexual organism outgrows the asexual organism
when the above mutation rates apply. If they compete for finite resources the asexual organism will be extin-
guished. Variants of the sexual organism with increased redundancy will outgrow those with lower levels of
redundancy and the sexual process facilitates the evolution of more complex forms. There is a limit to the extent
that complexity can be increased by increasing the size of the genome and in asexual organisms this leads to
progressive accumulation of mutations with loss of redundancy and eventual extinction. If complexity is
increased by using genes in new combinations, the asexual form can reach a stable equilibrium, athough it is
associated with some loss of redundancy. The sexual form, by comparison, can survive, with retention of redun-
dancy, even if the mutation rate is above one per generation.

The conservation and evolution of redundancy, which is essential for complexity, depends on the sexual proc-
ess of reproduction.

[Morris J A and Morris R D 2003 The conservation of redundancy in genetic systems: effects of sexual and asexual reproduction J. Biosci.
28 671-681]

1. Introduction used in common speech. Redundancy also has a technical

meaning in information theory: a redundant system is one

The dictionary definition of redundant is “superabundant,  that reduces error in information processing (Tautz 1992;
superfluous or in excess’. This is the way the term is  Morris 2001a). The common and the technical definition
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are different but they are rather more closely related than
what appears at first sight. Systems that reduce error
often have an excess of components, more than the mini-
mum required for the task in hand. The system as a whole
is redundant in the technical sense in that it minimises the
risk of error or failure, it could also be argued that some
of the components are redundant in the common sense in
that they are present in excess. In published works in bio-
logy and genetics both the definitions are used and this
leads to confusion (Morris 1997; Nowak et al 1997; Kra-
kauer and Nowak 1999; Krakauer and Plotkin 2002).

There are conserved genes in yeast and in mice that
when deleted have no measurable or observable effect on
phenotype (Erickson 1993; Lewin 1997). This was a form
of redundancy that came as a surprise to those who use the
common definition (Oliver 1996). It led to a number of
publications concerned with the question “how can a
gene survive long term if deletion has no measurable
effect?” (Nowak et al 1997; Krakaeur and Nowak 1999;
Krakaeur and Plotkin 2002).

Those who use the technical definition of redundancy
have a different set of expectations. Redundancy reduces
error, and is an essential part of a complex system. Thus
the expectation is that redundancy will be found in all
aspects of biological function including the genome, the
proteome and in morphology and physiology. According
to this concept, there will be genes in the genome that
code for vital functions but are present in excess and
deletion will cause no discernible change. The theoretical
problem is to explain how a component can survive,
given that it is specified by a number of genes, deletion
of any one gene will delete the component but that dele-
tion has no measurable effect. It is obviously a different
and a larger problem to maintain a set of genes rather than a
single gene in the face of random mutation.

Extensive literature exists on the accumulation of dele-
terious mutations in the genome; the relationship of the
mutational load to fitness and survival; and the effects of
sexual and asexual reproduction on this process (Haldane
1937; Muller 1950; Kimura and Marauyama 1966; King
1966; Kondrashov 1982, 1988, 1994; Redfield 1994). In
many models it is assumed that the deleterious mutations
act independently to decrease fitness. This leads to a multi-
plicative or independent survival profile i.e. the probability
of survival falls progressively less rapidly as the number
of deleterious mutations increases. The assumption that
the genes are independent means that the models are con-
cerned with single genes rather than genetic systems. On
the otherhand, in a synergistic survival profile the prob-
ability of survival falls progressively more rapidly as
the number of mutations increases. A synergistic survival
profile confers advantage on organisms that reproduce
sexually, and allows for an equilibrium mutational |oad
when the new mutation rate exceeds one per generation.
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Population size is also an important consideration, since an
equilibrium in a large population can be lost in a small
population due to random genetic drift causing the over-
al fitness to decline (Lynch and Gabriel 1990; Gabriel
et al 1993). This applies in particular to asexual organ-
isms, as the lightest mutational load cannot be regained
once it has been lost. In most of the above mentioned
theoretical work, on the dynamical relationship between
mutation rate and mutational load, there is no reference
to the concept of redundancy; this is because the impor-
tance of redundancy for genetic organization has only
recently been redlized (Tautz 1992). Models published
more recently on redundancy and mutation tend to assume
an independent survival profile rather than a synergistic
profile (Nowak et al 1997; Krakauer and Nowak 1999;
Krakauer and Plotkin 2002).

Mechanisms of DNA repair are conserved in evolution
and the error rate per base pair per cell generation is
similar in unicellular and multicellular organisms (Drake
et al 1998). The most reliable measurements have been
made in bacteria, where the mean deleterious mutation
rate per cell generation is 0%002. Bacteria have in the region
of 5000 genes, yeast have 6000 genes, flies have 13000
genes, worms have 18000 genes, plants have 26000 genes,
and the latest estimate for mice and men is 30000 genes
in the haploid set i.e. 60000 in the diploid set (Baltimore
2001). Thus, extrapolating from bacteria, the probability
of a deleterious mutation per cell division in man will be
approximately 0°024. This estimate is of the right order,
since the new deleterious mutation rate per human gen-
eration exceeds one (Eyre-Walker and Keightley 1999)
and the number of cell generations per human generation
is variously estimated at 50 to 200 (Crow 1997; Morris
1999).

In this article we explore the properties of redundant
systems that reduce error and use models to determine
the relationship between probability of survival and the
number of accumulated deleterious mutations. One of the
models is then used to examine conservation of redun-
dancy in genetic systems in both sexual and asexua re-
production. The models have mutation rates per cell
division between 0001 and 0% to cover the range seen in
nature.

2. Models of redundancy
2.1 Model one
A biological organism (organism A) has a redundant sys-
tem to protect itself against a potentialy lethal parasitic
infection. The redundant system has m components, but i

of them are inactivated by deleterious mutations. Organ-
ism A is attacked by q parasites and the probability that
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one parasite can evade any one active component is p. If
a parasite evades all (m+) active components, organism
A is killed. It is assumed that each component is speci-
fied by a set of genes, and not by a single gene, and that a
deleterious mutation in any one of the genes will delete
the component.

The probability that organism A survives the parasitic
attack is (1-p™")". Figure 1 shows how the probability of
survival falls with increasing values of i. In this example
it is assumed that m= 7 and p = 0x. The survival curves
are for g = 1000 and g = 100,000. When q is 1000 there
is very little difference in survival between i =0, i=1
and i = 2. The system in this case is highly redundant.
When g = 100,000 the survival profile falls more rapidly.
Thus the degree of redundancy varies with environmental
pressure and a system with a superabundance of com-
ponents in one setting might be just adequate in another.

The components, in this model, could act sequentially
or in parallel or some combination of the two. For ease of
computation it is assumed that the components are identi-
cal, but there is no change in principle if the components
are different i.e. have different values of p.

2.2 Model two

This model concerns overlapping components each speci-
fied by a bank or set of genes. Once again, a deleterious
mutation in any one gene will delete the component. In
this model there are n? different functions to perform, and
there are 3n different components each specifying n func-
tions. The system is arranged so that every function is
covered by 3 different components. The organism (organ-
ism alpha) will survive if every function is covered by at
least one active component.

A square “n by n units’ contains n? square units each
representing a single vital function. The square is com-
pletely covered by n components each “n units by one
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Figure 1. The probability of survival of organism A is defined

by (1-p™ )% In this example, p= 04, m=7 and q is 1000
(O) or 100,000 (m).
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unit” arranged in parallel. A second layer is formed by a
further n components, each “n units by one unit”, which
are laid at right angles to the first layer. The third layer is
formed by n components each “(0%) n units by 2 units’.
Thus every function is covered three times and every
component covers a different set of n functions (see fig-
ure 2a).

Let us assume that deleterious mutations occur at ran-
dom, a single mutation will delete an entire component,
and the components have an equal number of genes and
are at equal risk of deletion. Organism alpha will survive
if only one or two components are deleted but it is at risk
of death if three or more are inactivated. The relationship
between the probability of survival and the number of
deleterious mutations is shown in figure 2b. In this ex-
ample it is assumed that n = 10, and the calculation is as
follows: Suppose there are j deleterious mutations with b
in the first layer, c in the second and d in the final layer,
so b+ c+ d=j; where the values b, ¢ and d are non-
negative integers. It is important to note that more than
one mutation may lie in the same component.

If one component is deleted from each layer the pro-
bability that a function is not covered is 1 over n. If b
deleterious mutations are present in the first layer, c in
the second and d in the third, then the probability that no
function is uncovered is:
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Figure 2. (a) A square, “n by n units’, has n? unit squares,

and is covered by three layers. In this example, n = 10. Each
layer has 10 components; each component covers a different set
of 10 unit squares; each unit sguare represents a vital function
and is covered three times. (b) The probability of survival of
organism alpha.
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since the positions of different mutations are independent
events. Hence the probability of survival of an organism
with j deleterious mutations is the sum for non-negative
integers b, ¢ and d such that b + ¢+ d =, of the follow-
ing function:
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2.3 Model three

This model is based on statistical decision theory. Figure
3a shows a classical problem of setting a decision thresh-
old to distinguish to states h-0 and h-1 given that both are
random variables. The frequency distributions of the in-
tensity of some stimulus, shown in arbitrary units, over-
lap and therefore there is always a finite chance of error
in any attempt to make a distinction. One way to reduce
error is to take multiple samples and compute the mean.
The variance of the sample mean is inversely propor-
tional to the number of samples obtained, thus more sam-
ples reduce the variance of the distributions in figure 3a
and thereby reduce overlap and error.

Consider a biological system (organism beta) capable
of obtaining m samples in parallel through m independent
components each specified by a different set of genes.
Deleterious mutations inactivate the components reduc-
ing the number of samples obtained to m+. Let us assume
that the distinction between h-0 and h-1 is crucial and the
errors respond H-0 given h-1 and respond H-1 given h-0
are both fatal. The decision threshold, placed approxi-
mately at value 10 in figure 3a, is x standard deviations
from the mean of both distributions. If m— samples are
obtained and the mean computed the decision threshold
will be x times the square root of m- standard errors of
the mean from the true means of the distributions. This
follows because the standard error of the sample mean
equals the standard deviation of the initial distribution
divided by the square root of the number of samples
obtained. In the example shown in figure 3b, x=1 and
the decision is required g times per individual lifetime.
The probability of a correct response can be read from
standard tables, raised to the power g and plotted as in
figure 3b. Once again a system can appear redundant
when the environment is less demanding, but the extra
components are needed when conditions are increasingly
harsh.
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3. Model one: reproduction
3.1 Organism A (asexual reproduction)

Let us assume that organism A, described above, is uni-
cellular and has a haploid genome. It also has a highly
redundant system with which to resist a potentially lethal
parasitic infection. The system hasm components, each
specified by y genes. A deleterious mutation in one gene
will inactivate a component. The number of components
deleted by mutation is i and the number of deleterious
mutations is j. The probability that a parasite evades an
active component is p. If the parasite evades all m-i
active components then organism A is killed. If organism
A survives attacks by g parasites it then divides by mito-
sis. The probability of a new deleterious mutation in a
daughter cell at division is b. In the models the proba-
bility of two new mutations in one daughter cell is ignored,
as is the remote possibility of a mutation reverting a dele-
ted gene to an active state.

The probability of survival for a cell with i deleted com-
ponents is s = (1 —p™)% The expected number of cells
with i + 1 deleted components following the division of a
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Figure 3. (@) The frequency distributions hO (O) and hl (m)
overlap. Attempts to distinguish hO and hl based on the inten-
sity level will lead to possibility of error. The frequency distri-
butions of the sample means, however, will show less variance;
therefore there is less overlap and the probability of error is
reduced. (b) The probability of survival for organism beta for
the values g = 10 (O) and g = 100 (O).
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single cell with i deleted components is 2b(m—i) (m™).
Let Y; be the expected number of cells with i deletions
following the next division of a single daughter cell with
i deletions, so Y; = 2s[1 — b(m—i)(m™)].

Let X be the expected number of cells with i + 1 dele-
tions following the next division of a single daughter cell
with i deletions, so X; = 25 b(m—i)(m™).

A computer program, written in Pascal, has been used
to follow the fate of alarge number of cells in which the
initial value of i is 0. In this model it is assumed that m= 7,
p=04 and g=1000. Tables 1-3 show representative
results. Table 3 gives the per centage of cells for different
values of i, and three values of b, after 100,000 genera-
tions. The population is close to equilibrium after 10,000
generations and thereafter there is little change (table 2).

When b =0%4, the seven-fold (i =0) and the six-fold
(i = 1) redundant cells die out but the five-fold redundant
cells survive. The seven-fold and six-fold redundant cells
grow in absolute numbers but fall as a percentage of the
total and in a finite population they will eventually dis-
appear (Muller’s ratchet) (Muller 1964). If the parasitic
load rose from 1000 to 100,000, this asexual population
would be wiped out. When b=0%1, the seven-fold
redundant cells are lost but the six-fold survive. With
b =001, there is no loss of redundancy. If Y; < Y.,
then those organisms with i+ 1 mutations will aways
outgrow those with i mutations. The latter will gradually
decrease in per centage terms and eventualy become
extinct. If Y; > Y., + X;, then those organisms with i + 1
mutations cannot outgrow those with i mutations in the
long term, and the former will be part of a stable equilib-
rium. Thisinequality implies the following:

§ =S > b[(M—i)(M™) (25 —Sua) + (S 40) (M7)].

The right side of the inequality takes values from 025 b
to 2 b (approximate), although in most cases the range is
(0%25)b to b. Thus, in practice, if one additional deletion
causes a decrease in the probability of survival that ex-
ceeds the mutation rate, then the former cell is unlikely to
be outgrown and will survive long term. If the decrease
in probability of survival is less than the mutation rate,
then a stable equilibrium isless likely to form.

If Yii1<Y; <Y1+ X, the situation is more compli-
cated. If Y; is towards the lower end of the interval, then
that level of redundancy is liable to disappear; if it is to-

wards the upper end, it is more likely to survive and form
part of a stable equilibrium.

3.2 Organism B (asexual)

This is a unicellular organism with a haploid genome. It
has N systems, each with m components, and each com-
ponent is specified by y genes. Each system deals with a
separate external threat equivalent to the parasitic infec-
tion. The values of m, p and q are the same for each of
the N systems and are equal to the values for organism A.
In this case b = 001 for each system, but the mutation
rate per cell per division is Nb.

Consider an extreme case in which N =100, then
Nb =02 and the cell will lose seven-fold and six-fold
redundancy from all N systems. This occurs because each
deletion from a seven-fold or six-fold system causes a small
decrease in the probability of survival, which is much
less than 04. If all 100 systems have five-fold redun-
dancy, then the probability of survival is 0599'° » 087,
and the cell will die out.

This process has been followed using the computer
model. If the probability of survival falls very slowly
with each additional mutation then an equilibrium is
reached around a mean survival equal to one minus the
mutation rate. Thus if Nb = 0%, at equilibrium the mean
survival is 009 and this applies irrespective of the rate of
fall of survival to that point. This is a demonstration of
the long established principle that in a large population
an equilibrium mutational load exists that is independent
of the mutational effect (Haldane 1937; Muller 1950).
The equilibrium, however, is not stable in an asexual
population. In the computer model, if cells below 0:01%
of the population die out, then mean survival of the popu-
lation progressively falls and the population as a whole
dies out. This is an illustration of Muller’s ratchet. This
unstable equilibrium must be contrasted with the stable
equilibrium in which one additional mutation or compo-
nent deletion causes a fall in survival that exceeds the
mutation rate.

3.3 Organism C (asexual)

This organism is also unicellular with a haploid genome.
It has N systems performing N different functions; al the

Tablel. Valuesof Y;and X; are shownfori =0toi =5and b =0%, 0201 and 0X01. In this example
m=7, p=04 and g = 1000.

i=0 i=1 i=2 i=3 i=4
b Yi Xi Yi Xi Yi Xi Yi Xi Yi Xi
04 1800 0200 1827 0471 1839 0441 1¥06 0403 0x04 0%032
001 1980 0020 1081 0017 1066 0014 1x99 0010 0%32 0003
0001 1998 0002 19096 0002 1979 0001 1809 0001 0¥35 0000
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Table2. The percentage of cells with varying levels of
redundancy (i = 0 to i = 5) after 10 to 100,000 generations
of asexual growth when b = 001. (Asintablel, m=7,
p =0% and g = 1000.)

Generations i=0 i=1 i=2 i=3 i=4
0 100 0 0 0 0

10 9049 9% 6 084 000 000
100 4140 42%6 14%70 094 00
1000 342 4500 472 363 003
10,000 001 4469 5128 40 003
100,000 000 4468 5129 40 003

Table3. The percentage of cellsfor levels of redundancy
fromi=0toi =5 after 100,000 generations of asexual growth
when b = 04, 0501 and 0>001.

b i=0 i=1 i=2 i=3 i=4 i=5
04 000 000 46x14 49929 449 08
001 000 4468 5129 400 003 0200
0001 4006 5448 485 000 000 00

functions are essential for survival. Each system hasm
components and each component is specified by y genes.
Each gene, however, contributes to z components. Thus
the total number of genes is Nmyz™'. The mutation rate
per cell per generation is Nbz™. Furthermore, the de-
crease in survival with each additional mutation is in-
creased approximately z times.

This organism can, in theory, reach stable equilibria
without loss of redundancy. Consider the example in
whichm=7, p=0x4, q=1000, b=0%01, N=100 and
z=10. The decrease in the probability of survival with
each deleted component is increased ten-fold (since
z=10), as is the mutation rate (since Nz* = 10); thus the
organism will retain a similar level of redundancy as
organism A when b = 05001.

There is no direct evidence to show that genes act in
this way but there is indirect evidence to indicate that it is
likely. There is only a six-fold increase in the number of
genes (haploid) from bacteria to mice and men (Baltimore
2001). The increase in complexity, at least from our per-
spective, seems much greater. The rate of mutation places
a limit on the extent to which complexity can be in-
creased by increasing the number of genes; but there is
no limit to the number of ways in which genes can be
used in new combinations to produce new functions and
capabilities.

3.4 Organism D (asexual)
This organism is specified in the same way as organism

C, but is multicellular. In a multicellular organism, the
N functions are performed by the whole organism and
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selection acts at that level — there is no effective selection
for most of the functions at the cellular level. Thus the
mutation rate, between bouts of selection, is Nbz*k, where
k is the number of cell generations between successive
gametes.

Thirty mitotic divisions, without cell loss, produce 1 g
of tissue, forty generations produce 1 kg of tissue, and
fifty generations produces 1000 kg of tissue. Thus in
practice, k will take values between 30 and 50 generation.
In these models this means some loss of redundancy, but
it is possible for a multicellular asexual organism to
reach a stable equilibrium in a stable environment and
survive long term. It will, however, lose some redun-
dancy and be at a risk of extinction if the environment
becomes more threatening.

3.5 Organism E (sexual reproduction)

Organism E is unicellular and haploid. Its specification is
similar to organism A, but after every ten asexual genera-
tions there is a sexual phase in which the cells fuse at
random to form diploid cells and these undergo a meiotic
division to form a new generation of haploid cells. It is
assumed that this leads to a Poisson distribution of dele-
terious mutations in the progeny. Strictly the variance
will be dightly less than Poisson because of the possibility
of close positioning of deleterious mutations on the same
or opposing chromosomes (Bulmer 1980).

Let ¢ = the mean number of mutations per cell, and let
d=cm™ be the mean number of mutations per compo-
nent at the onset of the sexual phase (meiosis), and after
10 rounds of asexua division (mitosis). The probability
that a specific component has no mutations is €, and the
probability that it has at least one mutation is 1 —e. The
probability that a post-meiotic cell hasm— functioning
components can be calculated using binomial theory. The
appropriate function is:

E@g(e-d)m-l(l_ e—d)i.
l'g

The post-meiotic cells then undergo 10 rounds of mitosis;
this uses the computer program as in organism A, but
with modifications as below. After each mitotic division
the mean number of mutations per component and per
surviving cell is calculated. There are three possible path-
ways leading to a daughter cell with i deletions: a muta-
tion may occur in a cell with i — 1 deletions, no mutation
may occur in a cell with i deletions; or a mutation may
occur in a deleted component of a cell with i deletions.
The expected number of mutations for each surviving cell
is calculated after each generation based on the expecta-
tions in the above three pathways. The final values c
and d are then calculated for the surviving cells after
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10 mitotic generations and the process of sexual repro-
duction is repeated.

Table 4 shows the equilibrium distribution for b = 0%,
b =001 and b = 0X01. If tables 3 and 4 are compared, it
can be seen that sexual reproduction preserves redun-
dancy. Thus when b =0x, the asexual organism loses
seven-fold and six-fold redundancy but this is preserved
in the sexual organism. When b = 001, seven-fold redun-
dancy is lost by the asexua organism but remains at the
modal level in the sexual phase.

It is possible, using the computer model, to run orga-
nism A and organism E in parallel (table 5 and figure 4).
It is assumed that they compete for resources in a large
but finite environment. If b = 0%, organism A forms 75%
of the total population after 60 asexual generations, but
falls to 10% of the population after 230 generations and
becomes extinct (less than 001%) after 480 generations.
If b=0%1, the asexual population forms 70% after 300
generations, but falls to 10% after 1300 generations and
dies out after 3000 generations. Even when b = 0001 the
sexual form outgrows the asexual in the long term. Thus
the asexual forms 74% of the total population after 1000
generations, but falls to 10% after 10,000 generations and
dies out after 28,000 generations.

Table4. The percentage of cells after 10,000 mitotic genera-
tions (1000 sexual generations) fori =0toi =5and b =04,

-
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Consider two variants of organism E: one in which m=
7and b=04, and onein whichm=8andb=04 x8+7
» 044 (table 6). The increased mutation rate reflects the
increased number of components. The new variant with m
= 8 can be considered an evolutionary advance with more
complexity and more redundancy. If the variants are run
in paralel the one with m = 8 outgrows and replacesm=7.
In the same way m=9 will outgrow m=8, and m= 10
outgrows m=19, but m= 11 is outgrown by m=10 (in all
cases p = 0+, g =1000 and the value of b is adjusted to
match the increased number of components). This com-
parison demonstrates the power of sexual reproduction to
maintain redundancy; when m = 10 the probability of sur-
vival is 09999999, whenm=9 it is 0099999. Sexual
reproduction can maintain this minute survival advan-
tage, but asexual reproduction cannot.

001 and 0x001.
b i=0 i=1 i=2 i=3 i=4 i=5
04 820 2464 31¥2 2268  9¥3 261
001 4249 38¥5  15%5 B4 044 003
0001 7544 2102 234 049 001 0°00

[ =
5 ” f"’fﬂ-f— ;
2 80| -
2 I /
E 60 f ,
E 40 -\ /,/
" o
8
: 20 - :
g8 0 i
0 &00 1000 16500 2000 2500

Number of Asexual Generations

Figure 4. The graph shows the relative sizes of the sexual and
asexual populations over the first 2500 asexual generations
when organisms A and E are grown together (asin table 5) and
b =0%01. (A, organism A; E, organism E).

Table5. Organism A (asexual) and organism E (sexual) are grown
together in the same environment and compete for finite resources. In each
case (b =0, 001 and 0X01), organism E outgrows and eventually

displaces organism A.

b=04 Asexual generations
50 100 150 200 250 500
orgA  75¥%1 66%0 42%5 1845 580 001
orgE 24®9 3360 5745 8165 9420 9999
b =001 Asexual generations
100 200 500 1000 2000 5000
orgA 7160 74925 6395 2562 062 000
orgE 2840 25%5 365 7448 99288 100°00
b =001 Asexual generations
500 1000 2000 5000 10000 25000
orgA 7366 73¥2 6941 43%3 966 003
orgE 2684 26%28 3069 5627 9084 9997
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3.6 OrganismF (sexual)

This organism is the sexual equivalent of organism D. It
is multicellular and has N functions. The mutation rate
between zygotes is Nbz k. It is assumed that deleterious
mutations follow a Poisson distribution in zygotes.

The expected number of mutations per component is
r = ze(mN)™, where ¢ is the number of deleterious muta-
tions per cell. The probability that a component has at
least one deleterious mutation is 1—¢e”; the probability
that the component is active ise™.

Let P(i) be the probability of i deletions in any one
system, so

P(i) =§ng(e'f)m'i(1- &)

The probability of survival for a system with i deletions
iss, as before.

Let t; be the number of systems with i deletions. The
probability of survival of the organism is then

O,

where the product is over all possible values of i. The
model estimates this probability using NP(i), which is the
expected number of systems with i deletions, rather than
ti. The product is for al values of i from 0 to m— 1: this
isto avoid multiplying by 0, ass = 0wheni =m.

Figure 5 shows the distribution of deleterious muta-
tions in zygotes and in survivors, assuming that N = 60,
z=5,b=0%01, p= 04, q=1000, m= 7, and Nbz 'k = 1.
The Poisson distribution in zygotes has a mean of 7X5
mutations per cell. The distribution in survivors has a
mean of 6x75. The computer model goes through a series

-
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of iterations to produce this equilibrium point. In this
example 65% of the population of zygotes survive.

The multicellular sexual organism can, therefore, sur-
vive long term, even with a mutation rate of 1 per genera-
tion. It maintains a high level of redundancy in the
population as a whole and a small per centage of the
organisms have few or no mutations.

4. Discussion

In using the concept of redundancy there is a problem of
definition. It is possible to emphasize the positive aspects
of redundancy, as in this article: to consider complex
systems undertaking vital functions and to be reassured
that there is more than the minimum number of com-
ponents so that the risk of error is reduced. It is also pos-
sible to emphasize the negative aspects: if components
are present in excess, then some are inessential and
surplus to requirements.

The negative view of redundancy has predominated in
recent publications (Nowak et al 1997; Krakauer and
Nowak 1999; Krakauer and Plotkin 2002), but there are
exceptions (Tautz 1992). The negative view leads to sur-
prise that there is redundancy in the genome and a need
to explain it away. It leads to the idea that true redun-
dancy or perfect redundancy is the condition in which
genotype AB has no advantage over A or B (Nowak et al
1997). It leads to concentration on the actions of single
genes rather than genes in systems, and to the idea that
gene duplications are a form of redundancy. It also leads
to the prediction that redundant genes act independently
and the fitness profile will be proportiona to (1-s9),
where s is the deleteriousness of each mutation and j is
the number of mutations (Krakauer and Plotkin 2002).

Table6. Two variants of organism E, one with m=7 and one withm=8
are grown together in the same environment and compete for finite
resources. The mutation rate per gene per generation isthe same, so b is

slightly greater for m = 8 than for m =

7. In each case m = 8 outgrows and

eventually displacesm=7.

Sexual generations

10 20 50 100 200 500
b=04 m=7 3582 3229 2320 12286 208 003
b=044 m=8 6448 67¥1 7680 8764 9702 9997
Sexual generations
50 100 200 300 500 1000
b=001 m=7 3798 2906 16%3 834 249 006
b=0014 m=8 62902 7004 8347 9126 9781 9994
Sexual generations
250 500 750 1000 2000 5000
b = 0001 m=7 3442 2286 14+49 884 103 000
b=00014 m=8 6588 7744 8551 9146 9897 100%0
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With this profile the rate of fall is progressively less as |
increases (a multiplicative or independent profile).

The concept of redundancy as error reduction leads to
the prediction that it will be essential for complex
systems and will be found in all aspects of biological
function including genetic structure. In order to build
models it is necessary to concentrate on genetic systems
rather than single genes, and in particular develop models
that interact with a changing environment.

The three models of redundancy, described in the first
part of this article, show a survival profile that falls
slowly and then more rapidly asi or j isincreased. Thisis
a synergistic fitness profile rather than the independent
profile described above. This synergistic profile is inter-
mediate between the quadratic and truncated viability
profiles described by Redfield (1994). It is sometimes
referred to as quasi-truncation selection. The first and the
third models interact with the environment and it is pos-
sible to show that when external conditions are more
threatening the degree of redundancy apparently decreases
i.e. more components are required than in normal circum-
stances and the degree of excess is diminished. The
second model is designed to show that even when all
components have different functions, but the functions
overlap, then the same synergistic profile is produced.
Although all models of complex biological processes are
abstractions and none is perfect, the fact that three dif-
ferent models of redundant systems predict similar
synergistic curves indicates that this is a property of redun-
dancy.

Percentage of population

-

679

This synergistic profile, however, creates a number of
theoretical problems. How can high levels of redundancy
survive in the face of recurrent mutation? If there is little
survival difference between i = 0 and i = 1, then recur-
rent mutation will lead to loss of a component. This is a
bigger problem with a genetic system than with a single
gene as the risk of mutation is proportionately greater. It
is also important to note that redundancy must be pre-
served in times when the environment is less threatening
in order to survive through periods when conditions are
harsher.

There has been considerable debate about the relative
advantages and disadvantages of sexual and asexual
reproduction. Females who reproduce sexualy pass on
half as many genes to the next generation as those who
reproduce asexually — there must be a major advantage to
sexual reproduction to compensate for this two-fold dis-
advantage. One advantage of the sexual state is that gene
mixing impairs the co-evolution of parasites and protects
against lethal infection (Hamilton et al 1990). A second
advantage, and the one considered in this article, is that
sexual reproduction distributes deleterious mutations un-
equally in the next generation (Kondrashov 1988, 1994).
This means that progeny can have fewer mutations than
their parents and the progressive build up of deleterious
mutations can be limited.

The relationship between survival, the accumulation of
deleterious mutations and the mode of reproduction is
complex. In general, if the new mutation rate per genera-
tion exceeds one and there is synergistic interaction bet-

=00
10 15 20

Number of mutations (j)

Figure 5. The frequency distribution of number of mutations ( j) in zygotes (" ) and in the germ
line of adult (O) survivors. At equilibrium the difference in the mean values of the two distribu-
tions equal's the mean of the new mutation rate per generation.
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ween mutations then sexual reproduction is advantageous
(Kondrashov 2001). If the mutation rate is less than one
and mutations act independently then the advantage of
the sexual processis less clear cut.

The simplest way to compare sexual and asexua re-
production is to consider a unicellular haploid organism
growing by mitosis, with or without a diploid phase and a
reduction division with maximum recombination. Orga-
nism A grows asexually, in the process it loses redundancy
by mutation. If b= 04 then seven-fold and six-fold redun-
dancy are lost. If b = 0501, seven-fold redundancy is lost.
Only if b= 0%01 is seven-fold redundancy retained in
some of the cells. This organism is at risk of extinction if
the environment changes and the parasite load increases.
Organism E is the sexual equivalent of organism A, it
grows by mitosis but has a sexual phase. In the sexua
organism an equilibrium is reached in which the redun-
dancy is retained. Thus the organism would survive even
if the parasitic load were increased markedly. In addition
organism E outgrows organism A at all values of b. This
occurs because a seven-fold redundant cell produces over
1000 progeny in 10 generations, a five-fold or a four-fold
cell, by comparison, produces far fewer because the sur-
vival per cell is reduced. If organism E and organism A
compete in the same environment for finite resources the
latter will be extinguished.

Variants of organism E with increased values of m will
outgrow those with lower values. This means that once
the sexual process is established the evolution of com-
plexity through increased redundancy is possible.

Increasing complexity by increasing genome size poses
problems for asexual organisms. The mutation rate is
directly proportional to the size of the genome and this
means that some redundancy will be lost. Furthermore, if
survival fallsin small steps with each mutation, the orga-
nism will not reach a stable equilibrium and the progres-
sive accumulation of mutations will lead to extinction. If
complexity can be increased, however, by using genes in
different combinations to perform different functions
then the rise in the mutation rate is less than the rise in
complexity. In addition decrements in survival with each
mutation will be greater and a stable equilibrium, in theory,
is possible. Under these circumstances asexual organisms
could survive long term, but there would be some loss of
redundancy and the organism would be at risk if the envi-
ronment changed.

The increase in the number of functioning genes in the
genome between bacteria and men is much less than expec-
ted given the apparent increase in complexity. It is there-
fore an attractive idea to suggest that during the evolution
of complexity, genes can be used in new combinations to
perform new tasks. There are countless ways of combin-
ing 30000 genes to form new genetic systems and there-
fore no limit to the complexity that can be aobtained.
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There is no direct evidence that thisis how the genomeis
organized, but there is a large number of RNA transcripts
that do not directly code for proteins and there are sug-
gestions that these are used in genomic control (Mattick
1994). The complexity of the proteome exceeds that of
the genome, since 30000 genes code for over 250000
proteins (Banks et al 2000). This is achieved by differen-
tial splicing of RNA products and requires a high level of
regulation of functioning genes. If this analysis is correct,
it implies that evolutionary steps are likely to arise by
using old genes in new combinations rather than through
the emergence of new genes. It also implies that evolu-
tion is concerned with genetic systems rather than single
genes.

The synergistic survival profile of redundant systems
enables multicellular sexual organisms to survive even
when the mutation rate per generation exceeds one. The
organisms that fail to survive remove severa mutations
from the population and those that survive carry only a
few deleterious mutations as a result. There is some loss
of redundancy in the process but there are always a few
organisms in which the mutational load is very small.
Selective mating, rather than random mating, can, in
theory, reduce the load even further (Morris et al 2002).

The diploid state in multicellular sexual and asexual
organisms is another complication. It is a form of redun-
dancy in that there are two genes for each protein, and if
both genes are absent recessive disease occurs. Consi-
deration of the rate of recessive disease in the children of
cousin marriages and the progeny of sibling incest indi-
cate that the mean number of deleterious mutations in
humans is between 4 and 12 (Morris 2001b). Given that
at least one new mutation arises in each human genera-
tion (Eyre-Walker and Keightley 1999) there must be
selection against the heterozygote deletion or the number
of deleterious mutations would be much greater than 12.
This observation is consistent with the fact that lethal
recessives in Drosophila show fitness decrements in hete-
rozygotes (Simmons and Crow 1977). Even an identical
alelic pair of genes must be used differently at some
stage of development to allow differential selection. There
are ways this could occur using methylation and differential
regulation. Given differential selection it is reasonable to
build models, asin this article, using the haploid state.

In conclusion, there is a tendency for redundancy to be
lost in asexual reproduction. In the absence of a stable
equilibrium this loss will lead eventually to extinction.
Even in the presence of a stable equilibrium loss of redun-
dancy means that the organism risks extinction if the
environment becomes more threatening. Sexual repro-
duction, by comparison, preserves redundancy. The sim-
plest form of unicellular haploid organism gains an
advantage from a sexual phase; the conservation of redun-
dancy enables it outgrow and displace its asexual rela-
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tion. The models also indicate that sexual organisms with
higher levels of redundancy will outgrow those with
lower levels even though the difference in survival is too
small to measure. These models show that redundancy in
the genome is not about superfluous components; on the
contrary it concerns essential components: redundancy
maintains integrity, preserves function, and confers sur-
vival advantage. The conservation and evolution of
redundancy is only possible because the otherwise steady
erosion of complexity by mutation is reversed by the sto-
chastic process of sexual reproduction.
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