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10
Genetic Bases of Biotic Regulation and Life
Stability: Analysis of Empirical Evidence
All the known features of the genome structure, the characteristics of life cycle, the
morphology and behavioural traits of individuals work to enhance the genetic
stability of species and to speed up the process of relaxation back to the normal
genome after external perturbations of natural environmental conditions. The
available quantitative data are consistent with the statement that under natural
conditions intraspecific genetic variation is allowed to accumulate up to a certain
limit prescribed by the sensitivity of competitive interaction and stabilising selection.

10.1

GENETIC RECOMBINATION

As noted in the previous chapter, competitive interaction of conspecific individuals
prevents genetic information of the species from decay. Efficiency of competitive
interaction is at its maximum under conditions of the natural ecological niche of the
species. In a perturbed environment competitive interaction becomes weaker and
deviations from the normal genetic programme may accumulate in genotypes of
individuals. Restoration of the normal environment switches on competitive
interaction which ensures relaxation of the genotypes to the normal genome (see
Section 9.7 and Figure 9.3).
Relaxation to the normal genome may occur as a result of reverse mutations that
lower the number of decay substitutions in the genotype, which results in a stepwise
growth in competitiveness of the corresponding individuals and following exponentially quick capture of the whole population by individuals with the lowest number
of decay substitutions. However, reverse mutations occur very rarely. For example,
to observe a single reverse mutation in a particular genome site in a population of
mammals, (z/fc)~'~ 109 individuals should be accumulated, i.e. 104 generations
should pass in a population of 105 individuals. Here v is the rate of mutations per
site per cell division, k is the number of divisions in the germ line (see Section 9.1).

Figure 10.1. Genetic recombination—exchange of genetic material between chromosomes. Crosses
indicate deleterious substitutions in the two chromosomes. After recombination one of the new
chromosomes contains two decay substitutions, while the other does not contain them at all. If the cut
(dashed line) happens to the one side of both decay substitutions, recombination does not change the
number of decay substitutions in the chromosomes. Genetic recombination significantly accelerates the
process of relaxation of a population to the normal genome.

Genetic recombination (crossover) may drastically accelerate the rate of genetic
relaxation of the population to the normal state. Basically, recombination represents
exchange of portions of genetic material between homologous chromosomes when
the latter are engaged in the production of gametes.
Assume that there are two homologous chromosomes, each containing one decay
substitution. The probability of random coincidence in localisation of these
substitutions is negligibly small. Let us cut both chromosomes at some arbitrary
but identical point and connect the right-hand part of one to the left-hand of another
and vice versa (see Figure 10.1). The obtained two new chromosomes get the head of
one parent chromosome combined with the tail of the other. If the cut (the chiasma)
passes between the decay substitutions, one of the two new chromosomes will
contain no decay substitutions, that is, it will be normal, while the second one will
contain two decay substitutions. If both decay substitutions lie to one and the same
side of the chiasma, the recombination changes nothing.
In the course of gamete production a number of chiasmata occur in the process of
each act of recombination (Cano and Santos, 1990; Burt et al, 1991). Contact
(syngamy) of two chromosomes belonging to different genomes is always needed for
genetic recombination to occur, which is attained in the course of sexual breeding of
individuals. Note also that in the course of the individual's life cycle there should be
a period of diploid phase in which the haploid genomes (or haploid parts of the
genomes as is the case with bacterial recombination) of two different individuals
combine into one. Different species allocate the most part of their life cycle to either
diploid or haploid phase (see Section 10.3, Maynard Smith, 1978; Kondrashov, 1988;
Michod and Lewin, 1988).
In a general case genetic recombination between homologous chromosomes
results in the appearance of genomes with both higher and lower numbers of
decay substitutions, as compared with the parent genomes. Recombination is a
random process which brings about a Poisson distribution of the number of decay
substitutions in the recombinant genomes of the offspring (Maynard Smith, 1978).
The Poisson multiplicity, Eq. (9.1.6), i.e. the average number of mutations in the
recombinant genomes should, apparently, coincide with the average number of
decay substitutions in the genomes of the parent population, as soon as genetic
recombination does not change the total number of decay substitutions in the
population. If decay substitutions already followed a Poisson distribution in the
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parent population, recombination would not change anything if no reverse
mutations took place in the parent genomes. However, if the parent population is
characterised by a narrow peak in the n > «c range (Figure 9.3), recombination leads
to appearance of normal individuals with n < tic as early as in the first generation of
the offspring. Hence, genetic recombination accelerates the process of genome
relaxation by several orders of magnitude, as compared with reverse mutations.
If all the fragments of the normal genome are present in the population, which
otherwise consists of decay individuals each carrying some fragment of the normal
genome, sexual breeding and genetic recombination may result in recovery of normal
individuals as early as in the first generation of offspring. Recombination makes it
possible to bring together all the fragments of the normal genome into a single
genome of an individual in the offspring.
Thus genetic decay of a sexual population (or even a whole species) placed under
unnatural conditions accompanied by loss of all normal individuals with n < nc and
accumulation of decay individuals with their numbers of decay substitutions close to
the lethal threshold n ~ nL presents no danger for survival of the species. Thanks to
sexual breeding and genetic recombination, restoration of the natural environment
and normal process of competitive interaction is almost immediately followed by
recovery of the high population frequency of normal individuals. Note that sexual
breeding does not necessarily imply sexual dimorphism, i.e. splitting of the population into males and females. The only essential thing is that exchange of genetic
material between different individuals must be ensured. Thus hermaphrodites (i.e.
organisms that are able to perform functions of both male and female) are also able
to make use of genetic recombination.
To support a stationary state of a continuously decaying genome, condition
(9.3.2) should be satisfied, which equals the rate BO of appearance of normal
individuals in the population with their death rate do, BO = d0. Note that the rate
of appearance of normal individuals is not equal to the total number b0 of progeny
produced by normal individuals of the former generation, because a certain part of
this progeny is composed of individuals that carry additional decay substitutions
absent in the genomes of their parents, see (9.3.2). With p, being the average number
of mutations per genome per generation, the number of normal individuals
appearing in the population during a single generation is given by BO = b0e~p
(Section 9.3). When ^ is small (p <C 1) the stationary condition B0 = d0 means that
each normal individual should produce about one offspring during its lifetime,
bo = doe1* sa do. However, to have at least one normal individual among the offspring
of each normal parent at high values of n, p, > 10, the total number of offspring
produced by a single (pair of) normal parent(s) should exceed e'1 > 2 • 104.
Many species are indeed characterised by a very high fecundity (number of
offspring produced by an individual during its lifetime). The number of seeds in
many higher plants satisfies that condition (Wilson, 1975). The number of eggs
spawned by a single fish during its lifetime often exceeds 106 (Wilson, 1975). Both
higher plants and fishes are on average characterised by large genome sizes and.
consequently, by large values of/i (9.1.3). (Note that high fecundity is not necessarily
related to high values of //. It may result from ecological reasons as well, when the
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main ecological work specific to the given species is carried out by the numerous
juvenile individuals, while the few adult ones are only responsible for reproduction of
those juveniles. Such is presumably the situation with fishes.) However, in both
mammals and birds their progenies cannot be numerous because of their endothermic (warm-blooded) nature. There are limits imposed on body sizes of endothermic
animals. Very small animals cannot in principle sustain constant body temperature
(Gorshkov, 1995). While the ability to have numerous offspring is necessarily
characterised by small individual body size (e.g. fish roe), this means that
fecundity of endothermic animals is limited.
A stationary state of genetic organisation in organisms with low fecundity and
large value of ^, b0/d0 < e^, may be ensured if a large number of offspring
characterises the haploid phase of otherwise diploid organisms. For example, in
humans (^ « 10) the number of haploid spermatozoids in sperm ejaculate exceeds
108 (Vogel and Rathenberg, 1975), while only one of them fertilises the ovule. Decay
mutations affecting germ cells may be thus selected out at the haploid stage.

10.2 SEXUAL DIMORPHISM AND REGULATION OF BIRTH RATE OF
DECAY INDIVIDUALS
The considered advantages of sexual breeding and genetic recombination relate to
both single sex (hermaphrodite) and bi-sexual (sexually dimorphic) species.
In bi-sexual species only part of the population (the females) is capable of actually
producing the offspring, while in single-sex species all individuals in the population
are capable of producing offspring (such as hermaphroditic and parthenogenetic
species). This leads to a reduced biotic potential of the population (i.e. of the
maximum possible value of fitness, WQ = bo — do, which defines the maximum
possible rate of exponential growth of the population), which is considered to be a
significant drawback of the bi-sexual strategy of existence (Wilson, 1975; Maynard
Smith, 1978; Bell, 1982; Hamilton et al, 1990). Large non-productive losses of both
pollen and sperm are envisaged as another drawback of sexual breeding. However,
no population ever increases its numbers at a rate close to the biotic potential under
natural conditions. In some species of invertebrates the sex ratio of emerging adults
can vary from nearly 100% males to nearly 100% females (Clutton-Brock, 1982).
Therefore, halving the biotic potential in a bisexual population with an equal
number of males and females against that of a hermaphroditic unisexual or an
asexual population can never manifest itself under the natural conditions and will
never lead to an advantage of unisexual species over bisexual ones. Energy losses
associated with futile expenditure of either pollen or sperm are negligible in
comparison with natural variations of individual productivity. Therefore, genetic
recombination, based on unisexual (hermaphrodite) and bisexual (sexually
dimorphic) modes of breeding are practically equivalent to each other in all the
characteristics so far considered.
However, the bisexual strategy of genetic recombination is a much more complex
system, which requires additional genetic information to form two different types of
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individuals in the population—the male and the female. In this respect the bisexual
mode of existence may indeed be considered to be more costly compared with the
unisexual one. Therefore the observed wide spread of sexual dimorphism in the
biosphere requires an explanation.
As demonstrated in Section 9.3, it is only possible to prevent genetic degradation
of the population and support it in a stationary state when the death rate of decay
individuals is forcefully increased or their birth rate is decreased compared with that
of normal individuals.
When the strategy of regulation of the birth rate of decay individuals is realised,
the average lifetime of both normal and decay offspring (bora to normal parents due
to the inevitable processes of genetic decay) may be kept the same. The alternative
strategy (that of regulation of the death rate of decay individuals) is physical
elimination of all the decay individuals at early stages of their development, so
that their average lifetime is low compared to that of normal individuals. Such a
strategy requires additional energy expenditures from normal individuals. Within the
first strategy, juvenile mortality is low. Normal individuals do not spend their energy
on forced elimination of decay individuals. Decay individuals are allowed to exist in
the population until their life capacity permits. Such a strategy permits the
identification of normal and decay individuals with high precision. The competitive
capacity of an individual and the quality of its genotype are assessed during the
individual's lifetime. It cannot be predicted or estimated a priori due to a huge
number of characteristics involved. The longer individuals live, the more precise
determination of their competitiveness is possible. Thus it proves to be advantageous
for a species to keep the juvenile mortality at a low level allowing all born individuals
to manifest themselves during their normal lifetime. Meanwhile the low birth rate of
decay individuals necessary for the stationarity of population is maintained by
normal individuals that prevent decay individuals from reproduction.
However, that is not an easy task to perform. By all appearances, there is only one
way to regulate the relative birth rate of decay individuals (briefly discussed in
Section 2.3). That is polygamy based on sexual dimorphism, during which two
different but correlated normal genomes—of the male and the female—appear in the
population. Sexual dimorphism is often understood as apparent morphological
differences between the male and the female. However, the main difference
between them is functional. The male is incapable of reproduction by himself. The
female is only capable of reproduction after sexual contact with the male.
In such a situation it is possible to translate all the processes of competitive
interaction into sexual relations between individuals. The stabilising function will
then be performed by sexual selection. The normal male may prevent one female (a
decay one) from reproduction, while stimulating another female (a normal one) into
it. Similarly, the normal female may accept for mating the normal male and reject the
decay male. Competitive interaction between males is thus aimed at winning the
normal female instead of being determined by availability of environmental
resources. In one way or another, competitive interaction between males results in
suppressing sexual activity of the decay males. As a result, most offspring in the
population appear to be produced by normal females and males, while reproduction
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of all decay individuals is suppressed (see Figure 2.2). Competitive interaction
between females may be either completely switched off or minimised (Partridge
and Harvey, 1986), which in many cases allows the female to completely devote her
time to parental care. All these advantages have worked to make sexual dimorphism
and sexual selection widely spread throughout the animal world independent of
species ecology (Emlen and Oring, 1977; Bradbury and Andersson, 1987).
Sexual dimorphism in plants (diclinous plants) also provides for regulation of
birth rate of decay individuals: specific aerodynamic properties of pollen, specific
structure of the female sexual organs to catch the normal pollen and other similar
means may be here employed. However, that does not exclude competitive
interaction between all the individuals within the population of plants, so that the
principal mechanism for genetic stabilisation of the species in the plant world
remains that of regulating the death rate of the decay individuals. Thus sexual
dimorphism among plants is a feature much less developed than in the animal world.
The relative number of diclinous plant species constitutes not more than several per
cent of the total number of plant species (Maynard Smith, 1978; Geodakyan, 1987).
All the advantages of sexual dimorphism are only manifested in polygamy, be that
polygyny (one male having many female sex partners) or polyandry (one female
having several male sex partners). In fact, many cases of polyandry may actually
represent hidden polygamy: decay males either totally or partially barred from
sexual contacts are used to help the females to bring up the offspring (Gorshkov,
1995; Andelman, 1987), while normal breeding females keep coupling with normal
males.
Meanwhile monogamy loses all the advantages of sexual dimorphism. In
monogamous bisexual species, as well in hermaphrodite and parthenogenetic ones,
regulation of the death rate of decay individuals is only possible when the number of
decay individuals in the population is reduced via increased juvenile mortality. When
the monogamous pattern is governing the population structure (i.e. when every two
individuals unite for life to produce offspring), it becomes practically impossible to
prevent two decay individuals from reproduction. Meanwhile under conditions of
polygamy normal males control reproduction of all the females in the population
and vice versa. In its stabilising strategy monogamy does not differ from hermaphroditism at all. Monogamous couples of sex partners may be envisaged as an
analogue to a single hermaphrodite individual capable of self-fertilisation. All the
population consists then of internally correlated associations—families—composed
of monogamous couples and their offspring. Competitive interaction and stabilising
selection then operate at the level of such associations. At low population densities
hermaphroditism and parthenogenesis may appear even more advantageous than
monogamy, since there is no need to waste energy seeking for a sexual partner.
As indicated in Section 9.3, see Eq. (9.3.4) and below, regulation of the birth rate
of decay individuals and sexual dimorphism may only be completely effective at low
values of genome decay rate /j,. In such a situation the population overwhelmingly
consists of normal individuals, so that the presence of a small number of nonbreeding decay offspring of normal parents does not perturb the normal genetic
information of the population. In an opposite case, when /j,^S> I, i.e. each normal
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individual needs to produce a huge number of offspring in order to ensure that at
least one of them is normal, only regulation of the death rate of the decay individuals
may be effective. That is seemingly testified to by the data on plants for which fj, > l
(Williams, 1975). The majority of plants exhibit no sexual dimorphism (Maynard
Smith, 1978) and hence do not ensure regulation of birth rate of decay individuals.
Meanwhile in animals, including those with large values of /j, (mammals, birds),
sexual dimorphism is widely spread and, hence, the strategy of regulation of the birth
rate of decay individuals and maintenance of relatively low juvenile mortality is
followed. This is made possible owing to the fact that in these species regulation of
the death rate of decay individuals (which is inevitable at large values of p) is
transferred from the diploid phase to the haplophase stage of the life cycle. In
haplophase it is possible to attain huge population numbers of haploid individuals
(germ cells) and select out the majority of decay individuals. As already noted, in
humans one spermatozoon out of 108 present in the ejaculate fertilises the egg cell.
Strong selection of decay germ cells in the haplophase makes it possible to keep the
juvenile mortality at a negligibly low level in the diploid phase, where the organisms
spend most part of their life cycle.

the deleterious mutation effects (Efroimson, 1932; Orr, 1995; Gorshkov and
Makarieva, 1999): the copy that is not mutationally affected can compensate
defective function of the mutant copy.
The mean number of somatic mutations /us per cell of an organism with the
genome size G and body mass M can be estimated as follows. The mutation rate per
one nucleotide pair (bp) per cell division (d) is of the order of v ~ 10"10(bp)~1 d"1
(see Section 9.1). We can estimate the number of cell divisions in a somatic line ks
using the dichotomous approximation, i.e. assuming that the whole body of the
multicellular organism is built on the basis of dichotomous cell divisions only. In this
case, an organism that consists of n cells will have ks = Iog2« somatic cell divisions.
The value of n can be estimated as n = m/mcei\, where m is the body mass, and mce\\ is
the mean mass of cells of the organism. Taking mean mass of an eukaryotic cell to be
10~9 g and converting logarithms from binary to decimal ones, we obtain

10.3 HAPLOIDY AND DIPLOIDY

For small organisms having body mass of about O . l g and the genome size not
exceeding that of haplodiploid insects GI w 2 • 108 bp (Jordan and Brosemer, 1974;
Rasch et al, 1977) we obtain from (10.3.1)

Most species in the biosphere including humans are diploid, i.e. they carry two copies
of their genetic material in most of their cells. Certain organisms (e.g. bacteria) are
haploid, i.e. they carry a single copy of their genome. Finally, some species (some
plants, amphibians, fishes) display polyploidy, which means that they have more
than two copies of their genetic material in their cells.
In a multicellular organism, genetic information pertaining to individual development and complex concerted action of its cells and organs must be stored.
Consequently, multicellular organisms have large genomes with the minimum size
of 108 bp (base pairs or nucleotide pairs); most multicellular animals have genomes
of 109 to 1010bp (White, 1973). For comparison, bacteria are characterised by
genome sizes of the order of 107 bp (Lewin, 1987).
Large genomic and body size entails the problem of somatic mutations. Somatic
mutations are those that are not inherited from parents but occur during the lifetime
of an organism in its somatic cells.1 Deleterious germline mutations are eliminated
from the population by selection of individuals. However, deleterious somatic
mutations cannot be thus eliminated because cells of different organs in a multicellular organism are highly differentiated and associated and cannot substitute each
other like individuals in a population. Thus, a multicellular organism carries a load
of somatic mutations. We demonstrate below that this load is proportional to the
genome and body size. One can assume that, if the critical genomic and body sizes
are exceeded, the existence of a multicellular organism in the haploid phase is
impossible and the organism becomes diploid. Diploidy (i.e. presence of two
homologous copies of the genome in each somatic cell) ensures protection from
1

A somatic cell is any cell of the body except for germ cells (sperm cells and egg cells) and their precursors.

ks = Iog210 • lg(m/mceii) = 3.3(lgm + 9)

(10.3.1)

where m is the body mass in grams. Thus,
m + 9).

Hi = 3.3 • 1(T10 • 2 • 108 • (Ig 0.1 + 9) w 0.5 < 1

(10.3.2)

(10.3.3)

This means that the mean number of somatic mutations arising in each cell during
development of the organism is less than unity, i.e. somatic mutations are absent or
rare. This value of n\ can be regarded as the critical value, which determines the
transition to diploidy, because males of haplodiploid insects apparently are the
largest haploid animals having the largest genome.
Note that some haploid algae are large in size. This is explained by a weak
association between their cells because algae lack the vascular system. The
appearance of cells with an unacceptable number of somatic mutations may result
in the death of these cells, but the normal functioning of other cells is not impaired.
In animals, which have strongly associated cell systems, this course of events is
impossible because the death of cells of any specialised organ may lead to death of
the individual. Consequently, in algae, the correlation radius (the area within which
the death of given cells results in the death of all cells associated with them) is small,
not exceeding the size of strongly correlated small haploid organisms (Section 3.3).
Thus, relationship (10.3.3) apparently holds for all haploid algae as well.
Large animals, e.g. mammals of about 10kg (104 g) in mass, which have the 1 C
(one copy) genome size G2 ss 4 • 109 bp (Orlov and Bulatova, 1983), would have
contained about 20 expressed somatic mutations in each cell, if the genomes of these
cells were haploid. This is 40 times higher than the corresponding value for haploid
insects m (10.3.3):
i2 = 3 . 3 - 1 0 " 1 0 - 4 - 1 0 9 - ( l g l 0 4

(10.3.4)
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It is known that about 1 % of the genome is not polymorphic in any individual of
any population (Lewin, 1987). This means that any mutations in this part of the
genome lead to lethality or sterility of their carriers. Thus, if the mean number of
mutations per cell is higher than unity (10.3.4), up to 1% of cells of an individual
would contain mutations in impermissible regions, which would result in mortality
of large haploid organisms having large genomes. Thus, diploidy seems to be a
necessary prerequisite for the existence of large organisms with large genomes. The
fact that //] -C ^2 quantitatively demonstrates the significance of diploidy in the
protection of an organism from deleterious somatic mutations.
This role of diploidy is confirmed by the results of experiments on irradiation of
haploid males and diploid females of haplodiploid insects (Rasch et al., 1977).
Irradiation in these experiments serves as an artificial source of mutations. In
haploid males, cells of many organs are known to acquire diploidy or even
polyploidy in ontogeny. In adult males, most cells have ploidy of 2, 4 and more.
However, at early stages of development, most somatic cells in these males remain
haploid. In females, somatic cells have ploidy of 2 or higher throughout their life.
When males and females are exposed to radiation at early developmental stages,
males whose cells are still haploid die far more often than females. At later stages of
development, this difference in mortality rates decreases and ultimately disappears
when diplo- and polyploidisation of most male cells is completed. Finally, after
irradiation of adult males and females, their mortality is equal. Thus, diploidy of
somatic cells can have a substantial effect on individual mortality.
Estimation of the division number ks in the somatic line on the basis of
dichotomous approximation (10.3.1) is not exact because of the fact that after
termination of individual development, stem cells in many tissues continue to divide
and old cells are substituted by new ones although the organ and the entire body do
not grow. However, only part of the genome, which is several times smaller than the
total genome size, functions in all specialised organs. Totipotency, i.e. functioning of
the entire genome required for development of the organism, is preserved only
during the first cleavage divisions of the zygote. Consequently, the account for stem
cell divisions in an adult individual is unlikely to change the order of magnitude of
the mean number of mutation substitutions in somatic cells [(10.3.3.) and (10.3.4)]
estimated using the dichotomous approximation.
Another argument in favour of using dichotomous approximation (10.3.1) is low
variation of ks in different organisms as compared with the variance in genome size
G. Indeed, the genome of multicellular animals varies in different taxa by several
orders of magnitude (from 108 bp in sponges to 10 " bp in some fish species and tailed
amphibians) (White, 1973). By contrast, the minimal number of cell divisions in
somatic line ks, which is proportional to the logarithm body mass (10.3.1), changes in
those organisms by less than an order of magnitude (from ks « 10 in the smallest to
ks « 50 in the largest multicellular animals). Thus, the primary relationship is that
between p, and G (10.3.2), whereas possible bias in the ks estimation is not significant.
In diploid organisms, somatic mutations are fully expressed only in the case when
they simultaneously occur in the same site of the two copies of the diploid genome.
The probability of this double event is proportional to the product of the
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Table 10.1. Dependence of the coding region of the genome on the total genome size
in different organisms. After (Szathmary and Maynard Smith, 1995). The values
were approximated by the power function Gg = aGb, which gave b = 0.58 ± 0.06
(r = 0.98,;? < 0.001 with 5 d.f.).
Organism

Total genome size
(G= lC)(10 9 bp)

Bacterium (E. coli)
0.004
Yeast (Saccharomyces)
0.009
Nematode (Caenorhabditis)
0.09
0.18
Fruitfly (Drosophila)
Newt (Triturus)
19.0
Man (Homo sapiens)
3.5
Lungfish (Protopterus)
140.0

Relative size of the
coding region (%)
(Gg/G • 100)
100
70
25
33
3
18
0.8

Absolute size of the
coding region Gg
(10'bp)
0.004
0.0063
0.0225
0.0594
0.57
0.63
1.12

probabilities of the single events (v2), i.e. this probability is very small. Thus, the
appearance of diploidy opened the possibility for constructing organisms as large as
is wished.
Equation (10.3.2) may be written for the coding region of the genome Gg:
Hg = vGgks = 3.3vGg(\gm + 9),

(10.3.5)

where fig is the mean number of somatic mutations in the coding region of the
genome. According to the data reviewed by Szathmary and Maynard Smith (1995),
the size of the coding region of the genome Gg increases with the total genome size G
following the relationship Gg ~ G 0 6 (Table 10.1). Because of this, the difference
between p,g values estimated similarly to (10.3.3) and (10.3.4) for large and small
organisms having respectively large and small genomes, persists in being approximately 1.8 • 20°6 « 10. Thus, these values differ approximately 10 times: by a factor
of 1.8 due to the difference in kg values between small and large organisms and by a
factor of 6 due to the change in the coding genome regions, which corresponds to the
20-fold change in the total genome size:
,^0.67H

(79

51

(4 • IP 9 ) 0 ' 6 (lg!0 4 + 9)
( 2 - 1 0 8 ) 0 - 6 ' (lgO.1+9)"

20 °'6

10.

Thus everywhere below we operate with characteristics pertaining to the coding
region of the genome, since this region is studied in most detail in a great number of
organisms.
10.4 EFFECTIVE HAPLOIDY: AUTOSOMAL HETEROZYGOSITY AND
SEX HEMIZYGOSITY
In all diploid organisms, a small portion of the genome can be haploid not violating
condition (10.3.3). This possibility is used in nature for chromosomal determination
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unpaired sex chromosomes,
sex heterozygosity (hemizygosity) Ho
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(no decay substitutions)
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(inherited slightly deleterious substitutions)
autosomal heterozygosity Ha
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strongly deleterious somatic mutation affecting
a homozygous site
strongly deleterious somatic mutation affecting
a heterozygous site

Figure 10.2. Schematic description of heterozygous and homozygous sites of a diploid genome of a
heterogametic individual. In homogametic individuals sex chromosomes are paired.

of sex. Heterogametic males in mammals (and females in butterflies and birds) carry
unpaired sex X and Y (in birds and butterflies, W and Z) chromosomes. Being
unpaired, sex chromosomes are referred to as hemizygous and represent a haploid
part of the diploid genome. In mammals, these chromosomes constitute 5% of the
total genome (Orlov and Bulatova, 1983).
In addition to sex chromosomes, the diploid genome contains a small heterozygous part, in which alleles of the diploid set of paired chromosomes (autosomes)
do not coincide because of accumulated decay substitutions (Figure 10.2). This part
of the genome can be described by the value of autosomal heterozygosity Ha, which'
for the protein coding region of the genome is determined as the ratio of
heterozygous (non-coinciding) genes to the total number of studied genes and is
called protein heterozygosity. Different variants of one and the same gene locus are
called alleles.
If a certain heterozygous locus contains a normal and a decay allele (i.e. an allele
carrying decay substitutions), the decay allele may not be manifested at all in the
phenotype, or its manifestation may be significantly masked by functioning of the
normal allele. In such a case one speaks about the dominant (normal) and the
recessive (decay) alleles.
Dominance of the normal allele of a gene owes itself to the fact that the normal
allele encodes enzymes that are able to join the concert of correlated biochemical
reactions of the organism, which are enzyme-controlled. By contrast, enzymes
transcribed from the recessive decay allele do not fit into the general set of the
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normal biochemical reactions of the organism because its coding sequence is
randomly 'spoilt' by mutation. Decay mutations affecting the normal allele of a
heterozygous gene reveal the masked dysfunction of the decay allele.
The heterozygous part of the diploid genome actually represents a set of normal
genes in a single copy. It may be thus envisaged as the effectively haploid part of the
genome, because mutations affecting the normal alleles of heterozygous genes remain
unmasked as well as in truly haploid genomes. Note that the same situation is
realised for the unpaired sex chromosomes.
We define total effective heterozygosity H, which characterises the effectively
haploid part of the genome, as the number of non-coinciding sites of the diploid
genome related to the total genomic site number. In this case, sites of unpaired sex
chromosomes are supplemented by null sites. The total effective heterozygosity H is
thus equal to the sum of random autosomal heterozygosity Ha determined by
randomly distributed decay mutational substitutions and fixed sex heterozygosity
(traditionally called as hemizygosity) H0 (see Figure 10.2):
H0.

(10.4.1)

Comparing effects of somatic mutations in the hemizygous sex part and the
heterozygous autosomal part of the genome, it should be taken into account that
the observed protein heterozygosity Ha mostly corresponds to the presence of
slightly deleterious inherited mutation substitutions (Ohta, 1987) that were able to
pass through the 'selection sieve' which eliminates from the population all the
extremely deleterious variants. Meanwhile, as noted above, newly-arising somatic
mutations escape selection. Consequently, deleterious somatic mutations in heterozygous autosomal loci may have a weaker phenotypic expression than corresponding
mutations in the effectively haploid hemizygous parts of the genome. This is due to
the fact that in heterozygous autosomal loci somatic mutations affecting the normal
allele (Fig. 10.2b) unmask the slightly deleterious substitution, while the only existing
copy of the effectively haploid sex chromosomes (Figure 10.2a) displays severe
dysfunction when affected by somatic mutation.2
Sex heterozygosity (hemizygosity) HO, associated with unpaired sex chromosomes, exists only in the heterogametic sex, i.e. in males of mammals and females
of butterflies and birds (Haldane, 1922; Charlesworth et al., 1987; Figure 10.2a). In
homogametic sex, the sex chromosomes are paired, HO = 0, and the total effective
heterozygosity H practically coincides with conventional autosomal heterozygosity
Ha. In mammals, autosomal heterozygosity Ha is on average 4% (Nevo et al., 1984),
whereas the relative length of the X and Y chromosomes (that determine the value of
sex heterozygosity HO) is on average 5% of the haploid genome (Orlov and Bulatova,
1983).
2

This fact can be formally accounted for by introducing a coefficient a (0 < a < 1) before Ha in all
expressions. In other words, the fact that manifestation of somatic mutations is milder in the heterozygous
autosomal part than in the effectively haploid part may be accounted for by effective reduction of the
value of Ha as compared to HO, which essentially corresponds to the reduction in the number of mutations
themselves. However, as this substitution does not alter any further results and conclusions, we omit
coefficient a in all further intermediate calculations, i.e. for simplicity we consider a = 1.
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Thus, the total effective heterozygosity H is at least twice as low in the
homogametic as in the heterogametic sex:
H=(Ha + H0) < 9%
for the heterogametic sex and
H~Ha< 4%
for the homogametic sex. Here, we neglected the contribution of X-chromosome
heterozygosity in the homogametic sex, which provides a correction of not more
than 5%. Thus, the homogametic sex is at least twice better protected from the effect
of deleterious somatic mutations. This can account for the fact that mammalian
males have a higher mortality rate than females (Loudon, 1985). In birds, females
(the heterogametic WZ sex) should have a higher mortality rate than males, which is
actually observed (Payevski, 1985; Curio, 1989; Blondel et al., 1992).
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generations in the genome of each parental species, but also by fixed differences
between the normal parental genomes that appear in strictly defined locations
irrespective of the presence or absence of random intraspecific mutational substitutions. These differences can be termed as hybrid heterozygosity ///, in contrast with
random heterozygosity Ha of each parental species.
The total effective heterozygosity of a homogametic hybrid Hhom, which is equal
to the sum of hybrid and autosomal heterozygosities, appears to be larger than the
total effective heterozygosity of homogametic individuals of each parental species
and can be close to the lethal threshold HL\
Hhom = Ha + Hh < HL.

The addition of the contribution of sex chromosomes HQ to the total autosomal
heterozygosity may drive the total effective heterozygosity of the heterogametic
hybrid //het beyond the lethal threshold and cause the hybrid lethality or sterility:
H^=Ha + Hh + H0>HL,

(10.5.1)
3

10.5 THRESHOLD HETEROZYGOSITY VALUES AND
HALDANE'S RULE
In large animals having large genomes, the effective haploid part of the diploid
genome H cannot increase indefinitely due to the rapid accumulation of deleterious
mutational substitutions in ontogeny. The larger the animal, the more cell divisions
required for its development, and the more new mutational substitutions contained
in each cell of its body.
This limitation determines two threshold values of heterozygosity: Hc, which
characterises the sensitivity of competitive interaction of individuals and HL (the
lethal threshold). Hc and HL have the same qualitative meaning as the threshold
numbers of decay substitutions «c and nL (Section 9.4). All individuals with total
effective heterozygosity H that does not exceed Hc are equally competitive in a
natural population. Individuals whose total effective heterozygosity H is higher than
Hc are characterised by low competitive capacity and are forced out from the
population by normal individuals with H < Hc. However, such decay individuals
retain their viability up to HL > Hc. Outside their natural ecological niche and in the
absence of competitive interaction, the number of decay individuals can increase. All
individuals with heterozygosity H > HL are inviable or sterile, i.e. their genotypes
are in any case eliminated from the population.
The existence of the lethal threshold heterozygosity HL makes it possible to
explain the famous Haldane's rule, according to which the heterogametic sex in
interspecific hybrids is often absent, inviable, or sterile (Haldane, 1922; Laurie,
1997). Haldane's rule holds for a wide range of organisms (mammals, birds,
butterflies, Drosophild) irrespective of which sex (male or female) is heterogametic.
i.e. carries unpaired sex chromosomes.
The diploid genome of an interspecific hybrid is composed of two different
haploid genomes of the parental species. In this case, autosomal heterozygosity is
determined not only by random mutational substitutions accumulated through

which corresponds to Haldane's rule (Gorshkov and Makarieva, 1999).
In simple words, Haldane's rule is observed due to the fact that heterogametic
hybrids are more exposed to the deleterious effects of somatic mutations having a
larger haploid part of their genome due to the presence of the unpaired sex
chromosomes.
Note that either the fact that in some cases patterns of hybrid lethality or sterility
are highly predictable (e.g. when hybrids always die at one and the same stage of
development) or the fact that one is often able to map Haldane's rule inviability
genes (i.e. genes where artificial changes cause inviability of heterogametic hybrids)
do not contradict the proposed explanation of Haldane's rule based on the effect of
spontaneous and, hence, unpredictable somatic mutations.
All genes perform some function in the organism. Mutations in these genes have
unequal effects on fitness. If we take humans, for example, there are many genes
where mutations are very deleterious and lead to drastic reductions in fitness or even
to death. Meanwhile there are loci where mutations are more or less tolerable. But
one cannot say that humans die only from the first type of mutations, because all
people die sooner or later while not all of us carry this crucial type of mutations. The
same is true for hybrids. One may find a gene in one of the two hybridising species
which plays a very important role for hybrid viability. If one introduces deletions or
insertions into this gene, its function will be most likely damaged and the hybrid will
die. But it does not mean that hybrids cannot die due to other reasons. The same is
true for sterility loci.
We do not argue that all those loci that may cause hybrid sterility, are affected by
somatic mutations. We do not actually think that decrease in hybrid fitness is due to
mutations in some particular loci, because somatic mutations are spontaneous and
3

Taking into account that Ha enters into expressions (10.5.1) instead of aHa (see the previous footnote),
note that the result holds true for any possible values of a including a = 0, since Haldane's rule is
determined by the a-independent term H0 which describes the difference between total effective
heterozygosites of the hetero- and homogametic sexes.
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thus unpredictable. One may then ask why the pattern of hybrid in viability is often
very predictable in that sense that for a given cross the developmental stage at which
hybrids die is almost always the same. The explanation goes as follows.
Due to incompatibilities between genomes of the two different hybridising species,
hybrids always possess a number of 'weak' incompatible sites—loci where normal
functioning of genes is disrupted. Random accumulation of somatic mutations
decreases the organism's fitness and results in a hybrid breakdown. But what
exactly happens with the hybrid organism may to a considerable degree depend
on the quantity and quality of these weak sites. The following analogy may be
helpful here. Compare hybrid fitness to a cord, weak sites to incisions in this cord
(more or less deep) and somatic mutations to a load fixed to the cord. This load is
heavier for males than for females, so that the male cord is more often to break. But
where it breaks does not depend on the load, it depends on the properties of the cord,
that is, hybrid genome properties. If, for example, loci responsible for larvae
development are the weakest, hybrids will die at the larvae stage.
A hybrid differs from both parental species in a variety of properties. Particular
properties of hybrids that are absent in the parental species allow one to speak about
'hybrid force' with respect to this property and use it in artificial selection. Thus one
may often hear about advantages of hybrids as compared to their parents. However.
such logic completely ignores the adverse changes in a vast majority of other
important characteristics that are due to incompatibilities of the genomes of the
parental species.
In very much the same manner, a heterozygous state of a gene when the
dominance of one of the alleles is not complete may differ from the two corresponding homozygous states. In artificially changing environmental conditions one may
encounter a situation where the heterozygous individuals will display higher viability
and fitness than homozygous ones. This phenomenon is known as heterosis. Under
natural environmental conditions the normal genome ensures long-term sustainable
existence of the species via correlated interaction of the species individuals with other
species of the ecological community. Under randomly distorted conditions the
stabilising programme of the normal genome 'goes to waste' and the long-term
stability of the species is undermined. Competitive capacities of normal and decay
individuals even out and the latter begin to accumulate in the population, which is
continuously degrading. In such a situation some decay individuals (including
heterozygous ones) may for some period of time become the most fit. However,
further maintenance of the distorted environment finally leads to death of all
individuals including the fittest ones. In this sense one cannot speak about their
adaptation to a changed environment.
This situation is realised with sickle cell anemia in the presence of malaria
infection (see also Section 9.8). Very roughly, this disease can be characterised as
follows. Sickle cell gene homozygotes die from the sickle cell anemia. Normal
homozygotes die from malaria. Meanwhile sickle cell gene heterozygotes (i.e.
those individuals who have one normal and one sickle cell gene) survive malaria
better. The more often the population experience malaria attacks, the more
pronounced the advantage of the heterozygotes. In the extreme case of a continuous
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malaria epidemic the advantage of heterozygotes becomes overwhelming and they
are indeed the last to die.
Apparently, such a situation cannot be interpreted as genetic adaptation of the
sickle cell gene heterozygotes. In other words, it is useless to speak about better or
worse adaptation, when the absolute survival (or any other absolute characteristic of
the population wellbeing) is continuously decreasing nearing zero. When things
similar to the example of the sickle cell anemia are observed, it suggests that the
population is placed under distorted environmental conditions and the stability of its
existence is undermined. In the case of the sickle cell anemia, the most likely factor
responsible for the unnatural situation is the unnaturally high population density of
people in the malaria-affected regions.

10.6 ESTIMATES OF LETHAL AND HYBRID HETEROZYGOSITIES
On the basis of the absence (or, more precisely, relatively low abundance) of hybrids
in natural environments (Raven and Johnson, 1988) and Haldane's rule for artificially produced hybrids, it is possible to estimate values of threshold heterozygosities He and HI. Under natural conditions the population is mostly composed of
normal individuals with H < HC, which is equal to the relation
H0 + Ha<Hc<HL.

(10.6.1)

Under natural environmental conditions, interspecific hybrids of both sexes are
noncompetitive compared with normal individuals from the corresponding species.
It means that the total effective heterozygosity of homogametic hybrids (H/, + Ha)
already exceeds the limit of sensitivity of competitive interaction HC, i.e.
Hh + Ha>Hc

(10.6.2)

Note that the fact that hybrid zones in nature are strictly limited provides an
independent argument in favour of the protective function of diploidy with respect to
accumulation of phenotypically manifested somatic mutations in the process of
development and functioning of multicellular organisms.
From inequalities (10.6.1) and (10.6.2), we obtain
Hh > H0

(10.6.3)

This means that hybrid heterozygosity (i.e. the relative number of fixed (regular)
differences in genes of related hybridising species) exceeds the relative length of sex
chromosomes H0. Hybrid heterozygosity HI, can be estimated from the data on Nei's
genetic distance D available for a great number of species (Nei, 1975). For two
species 1 and 2 Nei's genetic distance is determined as
£>=-ln(lwhere H\2 = H/, is the hybrid heterozygosity, and H\ and //2 are the random
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i.e. Ha. With

(homogametic hybrids are viable)

HL < Hh + Ha + H0

(heterogametic hybrids are inviable)

(10.6.5)
(10.6.6)

which on average gives for mammals (Hi, « 0.29, Ha « 0.04, H0 K 0.05),5 see Figure
10.3:

0.3 < HL < 0.4.
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Coyne and Orr (1989) list values of Nei's genetic distance D for 101 pairs of
hybridising Drosophila species with an average of D = 0.78. Nevo and colleagues
(1984) estimated the average autosomal heterozygosity to be about Ha = 0.12 for 34
species of Drosophila. The average hybrid heterozygosity Hh for Drosophila
estimated using these values according to (10.6.4) appears to be 0.60. The relative
length HQ of sex chromosomes in Drosophila varies around 25% with a maximum of
40% (Turelli and Begun, 1997). Thus, we have for Drosophila 0.60 > 0.25 in complete
accordance with (10.6.3). In mammals, the average value of D for 144 pairwise
congeneric species comparisons was equal to 0.30 (Avise and Aquadro, 1982),
whereas the average autosomal heterozygosity Ha is about 0.04 (Nevo et al.,
1984), giving HI, « 0.29. Relative length of sex chromosomes in mammals is about
0.05. Thus, inequality (10.6.3) holds true for mammals as well [0.29 > 0.05].
Haldane's rule makes it possible to estimate the lethal heterozygosity HL. The
existence of homogametic hybrids and effective absence (inviability or sterility) of
heterogametic hybrids corresponds to inequalities
Hh + Ha < HL,
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Figure 10.3. Haldane's rule. Total eifective heterozygosity of the homogametic sex (females in mammals)
is determined by autosomal heterozygosity Ha. Heterozygosity of the heterogametic sex (males in
mammals) Hc exceeds Ha by the relative value of the length of sex chromosomes, H0. The sum
Ha + H0 = Hc is equal to the maximum value of heterozygosity tolerated by stabilising selection.
Individuals with H > Hc are noncompetitive. Hybrids possess additional heterozygosity Hh determined
by regular differences between genomes of the hybridising species. If the value of Hh is large, the total
effective heterozygosity of homogametic hybrids may approach the lethal threshold HL. Heterogametic
hybrids with their additional heterozygosity H0 may go beyond HL and become inviable or sterile. The
predominant sterility and inviability of heterogametic hybrids as compared to homogametic ones
constitutes the essence of Haldane's rule.

(10.6.7)

Note that values of total effective heterozygosity H close to the obtained estimate of
HI (10.6.7) are practically never observed in natural biological species of mammals
(see Figure 10.9 in Section 10.10). This clearly demonstrates that under natural
conditions the heterozygosity is limited by competitive interaction of viable and
fertile individuals, i.e. total effective heterozygosity of natural species is determined
by the limit of sensitivity of competitive interaction HC- Meanwhile under distorted
environmental conditions where competitive interaction of individuals may be
completely switched off, individuals with a number of decay substitutions in their

genomes usually unacceptable in nature may accumulate. Heterozygosity of such
individuals may increase up to the lethal threshold HL (10.6.7). To our knowledge,
the highest values of heterozygosity ever encountered in mammals characterise
Przewalski horses, for which only zoo populations are preserved, and domestic
horses. Total effective heterozygosity of horses is close to 40%, which, at least in
Przewalski horses, is accompanied by increased juvenile mortality and decreased lifespan (Bowling and Ryder, 1987). Other domestic animals (cows, sheep) also
demonstrate elevated heterozygosity values (see Figure 10.9 below).

4

Note that namely the hybrid heterozygosity H\2 = Hh characterises non-random genetic distance
between the two species. The intraspecific heterozygosity of parent species H\ and #2 are due to
random accumulation of decay substitutions the number of which is limited by the sensitivity of
competative interaction. Combining these two principally different variables (Fuerst and Ferrell, 1983;
Kellog and Appels, 1995) into one, D, the only peculiarity of which is the fact that it turns to infinity at
HI, = 1, seems unreasonable.
5
The lower limit is obtained when Ha in (10.6.5) is substituted by aHa with a = 0, while the upper limit is
obtained when Ha in (10.6.6) is substituted by aHa with a — 1 (see footnote 3 on page 291). Note that the
unknown true value of a does not significantly affect the obtained result, because the main contribution to
the upper and lower limits in (10.6.5) and (10.6.6) comes from Hh,Hh » Ha. The unknown value of a
results only in larger error of HL.

10.7

BRIEF ACCOUNT OF DIFFERENT VIEWS ON THE NATURE OF
INTRASPECIFIC VARIABILITY

Under natural conditions the limit of sensitivity of competitive interaction determines the observed value of the total effective heterozygosity Hc of individuals. The
value of Hc is equal to the sum of fixed value of sex heterozygosity (hemizygosity)
HQ and random (mutational) heterozygosity Ha (10.4.1). The sex heterozygosity HQ
is equal to the relative length of chromosomes and appears to be an evolutionary
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conserved parameter. Most mammals have their HO values close to 5% (Orlov and
Bulatova, 1983). Thus, the only characteristic that may be controlled in the process
of competitive interaction of individuals is the random autosomal heterozygosity Ha,
which we will below call simply heterozygosity6 and omit the low index 'a'. It is
natural to denote the value of H that is under natural environmental conditions
tolerated by competitive interaction due to its limited sensitivity as ecological
threshold heterozygosity. Heterozygosity is one of the possible quantitative characteristics of intraspecific genetic variability.
The question of the nature and maintenance of intraspecific genetic variability is
widely discussed in the literature (Nei, 1984; Nevo et al., 1984; Ayala and Fitch,
1997). There are two polar views on the problem. According to the first one (the
older of the two) intraspecific variability represents the adaptive potential of species.
In other words, the presence of genetic variability has a direct relevance to the
population wellbeing. This view is often referred to as selectionist's. The more
genetic variability a species possesses, the more easily it can adapt to an unpredictably changing environment. That is, the more genetic variability, the more chances
to survive in a changing environment, because when there are many genetic variants.
the probability that one of them will fit a future environment is higher than when
there is only one genetic variant (i.e. when all individuals are genetically uniform).
Thus, many conservation biologists are seriously concerned about the fact that some
endangered species exhibit very low levels of genetic variability. Accordingly, for
conservation breeding programmes populations with high genetic variability are
generally preferred (Cohn, 1986; O'Brien, 1994).
We have repeatedly noted that the concept of genetic adaptation to changing
environment contradicts a variety of the observed data, among which the most vivid
is the incompatibility of genetic adaptation based on intraspecific genetic variability
and the observed discreteness of extinct and extant species. More concrete critique
pertains to the absence of a general view on the problem. Single cases are usually
cited as if they were representative of the whole picture. Contrary to common
statements, there are many examples of perfectly prosperous species with very low
intraspecific variability (Merola, 1994) and many cases where endangered species are
characterised by a very high level of genetic variability. For example, among more
than 340 mammalian species studied by the present authors (see Figure 10.4), over 40
species were characterised by protein heterozygosity values not exceeding one per
cent, which is four times less than the average of the considered data set. Among
these, there were many populations of widely spread rodents (e.g. genera Dipodomus,
Peromyscus, Spermophilus, Rattus and others) which may in no way be characterised
as endangered. Among non-rodent species, there were indeed some endangered
mammals, e.g. the famous cheetah Acinonyx jubatus, but also many 'safe' species
like, for example, the northern elephant seal Mirounga angustirostris which at the
time of measurements numbered more than 30,000 individuals (Bonnel and
Selander, 1974), which led the researchers to conclude that 'genie variability is not
6
In mammals autosomes account for about 95% of the genome size. Thus, autosomal heterozygosity
coincides to the accuracy of 5% with the random heterozygosity of the whole genome.
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essential for the continued existence of animal species'. Meanwhile the critically
endangered greater one-horned rhinoceros Rhinoceros unicornis exhibits a very high
level of protein heterozygosity, namely 10%, which is more than twice the mean
value for mammals (Dinerstein and McCracken, 1990). We have already cited the
example with Przewalski horse which exhibits the highest value of protein heterozygosity ever recorded in mammals (about 40%) and is characterised by high
juvenile mortality and decreased lifespan (Bowling and Ryder, 1987).
Thus, in accordance with the biotic regulation concept, the available empirical
data show that a low level of intraspecific genetic variability in no way threatens the
species existence. Rather, the observed accelerating process of species extinctions
(with both high and low genetic variability) is apparently due to the increased
anthropogenic pressing imposed on natural habitats and the on-going, large-scale
degradation of the biosphere as a whole (Merola, 1994). Meanwhile, too-high values
of intraspecific may indeed be harmful for species, whereas lowered level of protein
heterozygosity prove to be normal for large mammals in their natural ecological
niches (see Section 10.10 and Figure 10.9).
The second view about the intraspecific genetic variability consists of the
statement that most part of the inherited variation is neutral, i.e. it does not have
any effect on the individual phenotype. This neutralist's view is now shared by the
majority of population geneticists, especially those who work on developing mathematical models for understanding genetic variation. Due to the extreme complexity
of calculations that emerges when a non-zero selection coefficient, see (9.3.6), is
assigned to mutational substitutions, the only approach that lends itself to be
relatively easily modelled is that of neutral mutations theory first introduced by
Kimura (Kimura, 1968; 1983). Kimura stated that most of the observed variation
does not have any considerable impact on the organism's fitness.
Such an assumption leads to a drastic simplification of all calculations related to
population genetical models, as one may cancel the selection coefficient making it
equal to zero. As a result, the neutral approach is extensively used in population
biology. The main conclusion yielded from it is that the observed variation appears
as a result of balance between newly-arising mutations and random genetic drift that
tends to decrease the variation. Genetic drift means random changes of allele
frequencies between successive generations. In a relatively small population, one
may sometimes observe that some allele become fixed solely due to stochastic
fluctuations in frequency. Very simply, the fluctuation in frequency may be so
high that the frequency becomes equal to unity and the mutational substitution is
fixed.
An essential condition for application of the neutral theory is that the mutation
rate should be considerably lower than the rate of fixation, so that a mutation has
time to be fixed until another mutation occurs, exactly the same. This is not true for
huge populations (e.g. bacterial ones), which makes the nature of genetic variation
there not very easy to explain in terms of neutral theory. However, it is helped by
stating that bacteria actually do not represent huge populations, but exist in the form
of isolated, not very numerous, populations. In other words, their effective population size is small. The effective population size Ne is very difficult to be measured
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directly, as it involves the unknown coefficient of mixing among sympatric
populations. Thus, in most cases when the neutral expectations do not fit the
observed results, it is very convenient to modify namely Ne and state that the
observed poor fit is due to the poor knowledge of Ne.
A direct test of the neutral theory and its relevance to explaining the nature of the
existing variation can be made comparing changes in genetic heterozygosity H of
populations in relation to the effective population size Ne. The value of H should
grow roughly proportionally to vgkNe/(\ + vgkNe) approaching unity at large Ne,
where vgk is a very small value of mutation rate per gene per generation (see Section
9.1). As soon as Ne remains practically unknown, the only way to perform such
analysis is to assume a proportional relationship between the Ne and the real
population size N and test the dependence of H on N.
To our knowledge, such a test was performed only once with a sufficiently
large number of species (Nei and Graur, 1984).They indeed found that, despite
sharp fluctuations, genetic variation H tends to grow with increasing population
size. However, the observed dependence was very far from the predicted
vgkNe/(\ + vgkNe) dependence, which was related to the poorly known Ne. Since
then no such testshave been performed, so that the statements about the explained
nature of genetic variation on the basis of the neutral theory remain unproved.
An indirect way of testing the neutral theory and its relevance to the problem of
the intraspecific genetic variability is to compare evolutionary genetic distances
between different species. The neutral theory predicts that genetical distance between
species grows linearly with the time of their evolutionary separation, the proportionality coefficient being again the mutation rate per gene per generation which is
expected to vary not very significantly among species, being determined by the
universal biochemical nature of life. This statement constitutes the essence of the
well-known molecular clock (Zuckerkandl and Pauling, 1965; Zuckerkandl, 1987).
It is indeed observed that species that separated a longer time ago are more
genetically different than closer relatives (in terms of species). The coefficient
proportionality varies greatly from gene to gene and from one group of species to
another, leaving one to doubt: whether there is a neutral molecular clock or the
observed trend is simply due to the fact that evolution is a time-dependent process
and, naturally, the more time has elapsed, the more difference is accumulated, the
proportionality coefficient being in each particular case determined by some specific
reasons (see, e.g. Ayala, 1999 for this point of view).
But even if molecular clock does exist in the neutral understanding of it, there is
ample evidence showing that the observed interspecific variation (that refers to
evolutionary changes) has nothing to do with intraspecific variability (see, e.g. Fuerst
and Ferrell, 1983; Kellog and Appels, 1995). Thus, no evidence gathered on the
evolutionary field may support the neutral theory statements when the nature of the
observed intraspecific genetic variation is concerned, rendering the present-day
situation with regard to explaining the nature and maintenance of intraspecific
genetic variability as confused as ever.
Within the biotic regulation concept, the phenomenon of intraspecific genetic
variability acquires a clear meaning. The observed intraspecific genetic variability
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represents 'genetic noise', i.e. loss of the meaningful species-specific genetic
information. Thus, in its very nature the intraspecific variability is by all means
harmful to the species (contrast to the assumptions of both the neutral and
selectionist theories). However, a certain amount of variation is allowed to persist
in natural populations. This is not due to a balance between genetic drift and
mutation, but to the fact that the process of competitive interaction that performs
stabilising functions in the population is not (and cannot be) infinitely precise. In
what is to follow, we show that the observed patterns of intraspecific genetic
variability in different taxa are in accordance with such view.

10.8

POISSON DISTRIBUTION OF THE NUMBER OF
POLYMORPHIC LOCI

To date, ample evidence on heterozygosity of the protein coding region of the
genome has been accumulated for a great number of species (Nevo et al., 1984).
Measurements of the protein heterozygosity H are based on differences in electrophoretic mobility of proteins encoded by different alleles of the same gene. This is
one of the oldest methods of measuring genetic variability and has been widely used
in genetics since the end of the 1960s. At present, owing to rapid development of
measuring techniques, many studies assess the DNA variability directly (e.g. by
DNA sequencing) rather than by proteins encoded by it. However, development of
DNA technique during the last several years has not yet led to creation of a
comparable DNA variability data set for different species, especially taking into
account the growing bias in molecular studies towards medicine and, consequently,
the single species Homo sapiens. Thus, the protein variability data still remain unique
due to their extensiveness with respect to the number of species studied. Here,
mammals are one of the best studied taxa.
Due to the continuous process of mutagenesis the intraspecific genetic variability
(and, hence, protein heterozygosity as one of its quantitative characteristics) should
increase up to a certain threshold level, which is determined by the sensitivity
(accuracy) of competitive interaction. It is natural to expect that the threshold values
of genetic variability are similar inside groups of evolutionary close organisms.
Meanwhile the observations show that intraspecific genetic variability is remarkably
different even among evolutionary close species, e.g. within the class of mammals
(Nevo et al., 1984). In what is to follow, we show that the observed different values of
protein heterozygosity in different species and the wide spread of the observed values
of protein heterozygosity around the mean are explained by the small number of loci
studied. With increasing number of studied loci the scatter of heterozygosity values
decreases in accordance with a Poisson distribution while the mean does not change.
This suggests that all natural species of mammals are characterised by nearly the same
level of protein heterozygosity, which can be thus considered the ecological threshold
heterozygosity common for the whole class of mammals.
The coding region of the mammalian genome is known to contain about 100,000
genes. Such numbers of genes cannot be studied in any modern experiment. In most
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studies, sets of L ~ 20 H- 30 gene loci are investigated. For each individual in the
population the number of the observed heterozygous loci (i.e. loci where two
different alleles of the gene are present) is related to the total number of studied
loci yielding the value of the heterozygosity. These individual heterozygosity values
are further averaged over all individuals studied in the population. The obtained
average population heterozygosity HLo characterises genetic variability of the chosen
group of L loci and may differ significantly from the value of heterozygosity H of the
total protein-coding region.
Gene loci that are heterozygous in some individuals in the population (i.e. those
loci that have at least two different alleles) are called polymorphic. Polymorphic loci
appear in the population due to mutations. The new alleles may further spread over
the population in a number of generations, provided that the new mutational
substitutions are not very deleterious and may remain unnoticed by competitive
interaction. Note that a polymorphic locus characterises population as a whole,
while heterozygous locus is a state of the polymorphic locus in a particular
individual. In other words, polymorphic loci are heterozygous in some individuals
and homozygous in the others, while monomorphic loci are homozygous in all
individuals of the population.
Localisation of polymorphic loci in the diploid genome of the population should
be random, as the appearance of polymorphic loci is determined by the random
process of mutagenesis. If this is the case, the number / of polymorphic loci observed
in different sets of L loci studied in a population should follow the Poisson
distribution. The probability p(l) to observe / polymorphic loci in a given set of L
loci is equal to

.rl'

(10.8.1)

where / is the average number of polymorphic loci observed in sets of L loci.7 The
number of polymorphic loci observed in the population is related to the population
heterozygosity HLo (see below). If the ecological threshold heterozygosity is the same
for all mammals, then all mammals should be characterised by the same average
proportion of polymorphic loci. In such a case the number / of polymorphic loci
observed in sets of L studied loci in different species will follow the same Poisson
distribution as the number of polymorphic loci in sets of L loci chosen in different
parts of the coding region of the same species. We collected published data on
heterozygosity of 343 mammalian species (Figure 10.4). Let us now show that the
observed distribution of heterozygosity values (Figure 10.5) indeed agrees with the
Poisson distribution of the number of polymorphic loci / observed in different
species.
For each polymorphic locus, the relative frequency h of its occurrence in a
heterozygous state is determined as
7
To be precise, formula (11.8.1) holds true for cases when /~< L, i.e. the proportion of the observed
polymorphic loci is not large. This is usually the case for mammals where the average polymorphism (i.e.
the relative number of polymorphic loci) does not exceed 0.20 (Nevo et al, 1984).
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Figure 10.4. Heterozygosity #i(1 of natural species of mammals with respect to the number L of loci
studied. Points represent values for one population each. Large empty circles, large filled circles and large
filled squares represent randomly coincided values of heterozygosity for two, three and four populations,
respectively. Vertical dotted lines divide the total range of L values into eight intervals. The proposed
division is arbitrary. It was chosen to minimise differences between lengths of intervals and at the same
time between numbers of heterozygosity values observed in each interval. It can be shown, however, that
the results of the study do not depend on different ways of choosing intervals. For each /-th interval the
number of heterozygosity values NL and the average number of loci L is shown. Horizontal dotted line
corresponds to HLo = 0.010 and delimitates over 40 species with low heterozygosity. Horizontal dashed
line corresponds to the average heterozygosity of natural mammals HLo = 0.041.

where qf is the population frequency of the /-th allele of the considered locus,
Yli #>• = !• If all the / polymorphic loci were characterised by the same value of
heterozygosity h, each individual would on average have hi heterozygous loci among
the L loci studied. The mean value of heterozygosity of individuals in the population
could be then determined as
HLo = hl/L.

(10.8.2)

From this expression we obtain the following relationship for the average values /,
HLo, L and h, where the averaging is made over populations of different species of
mammals:
= HLoL/h.

(10.8.3)
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Figure 10.5. Frequency distribution of heterozygosity values in natural species of mammals. Crosshatched diagram is drawn on the basis of observed values represented in Figure 10.4. Area enveloped
by the histogram is equal to the total number of species studied (343). The polygonal line with dots shows
the best approximation (\ significance level S = 0.75 with 4 degrees of freedom) of the observed values by
a Poisson distribution of the effective of polymorphic loci / (the lower horizontal axis), see text for the
procedure of relating heterozygosity HLo to the effective number / of polymorphic loci.

The Poisson distribution is characterised by the equality between the variance and
the mean. Thus, if the number of polymorphic loci / follows a Poisson distribution,
the following equality should hold:
/ = ( / - / ) 2 =o- 2 ,

(10.8.4)

where a\ is the variance of the number of polymorphic loci /. Using (10.8.2) we may
express the variance a] using the variance of heterozygosity HLo and neglecting the
non-zero variances of L and h, i.e. considering these values to be the same for all
species and all loci in all species, respectively:8
i=<t = aj^.

(10.8.5)

Equating the right-hand parts of relationships (10.8.3) and (10.8.5) we thus obtain:
h = °2H,,^.

(10.8.6)

Values of a2HL =0.00090, HLo =0.041 and L =26.7 are known from the collected
data set (Figure 10.4). Using the relationship (10.8.6) which was obtained under the
8

Variance of the number of the studied loci L may be kept at a low level if approximately the same
number of loci is studied in all species. Variance of heterozygosity of polymorphic loci h may be obtained
empirically studying the distribution of h values in different loci of different species. According to this
distribution (data not shown), the non-zero variance of h does not violate expression (11.8.4) and all the
further results by more than 30%.
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assumption of a Poisson distribution of the number of polymorphic loci / we get h =
0.59 and estimate the effective average number9 of polymorphic loci fusing (10.8.5)
to be T = 1.85. Using this value we may transform the observed continuous
distribution of heterozygosity values into a discrete distribution and further
compare it with a Poisson distribution. This is done as follows. As soon as the
average effective number of polymorphic loci 1 = 1.85 corresponds to the average
heterozygosity HLo =0.041, it means that one effective polymorphic locus corresponds to heterozygosity HLo/l = 0.022. The whole range of heterozygosity values
was thus divided into intervals corresponding to integer numbers of effective
polymorphic loci. Heterozygosity values less than Q.5HLo/I (i.e. less than a half of
effective polymorphic loci) were assigned the integer value 0 (i.e. such values roughly
correspond to complete absence of polymorphic loci). Heterozygosity values falling
within the interval from G.5HLo/Iio 1.5//io//were assigned the integer value 1 (i.e.
such values roughly correspond to one polymorphic locus), and so on, Figure 10.5.
The obtained distribution of integer values was then compared to Poisson
distribution using the x2-criterion (Figure 10.5). It was shown that, indeed, it
nicely agrees with the Poisson distribution with the average multiplicity / = 1.85
(significance level S = 0.75 with four degrees of freedom). Poisson distribution with
low average multiplicity of the order of unity is characterised by a high frequency of
zero values. Thus, the obtained low value of the average multiplicity f=1.85
explains the high frequency of occurrence of zero heterozygosity values in natural
biological species, which repeatedly causes concern to conservation biologists who
consider the intraspecific genetic variability as the adaptive potential of species
(O'Brien, 1994).
Thus we have shown that the observed distribution of heterozygosity in different
species is well described by a Poisson distribution of an effective number of
polymorphic loci averaging I— 1.85. This effective value is three times lower than
the observed average number of polymorphic loci 7$ =5.3 and corresponds to a three
times higher single-locus heterozygosity h =0.59 than the actually observed value of
hs =0.21, which is related to ls =5.3 by the relation (10.8.3).
Poisson distribution describes a multiplicity of independent events. The observed
situation indicates that loci in the studied sets are not independent but form
internally-correlated groups. Within groups all loci are characterised by specific
heterozygosity values. The appearance of particular groups in the studied sets of loci
is independent and conforms to the Poisson distribution. Thus, the effective number
of polymorphic loci / actually stands for the number of independent groups of
polymorphic loci, the average number of loci in a group being close to three. Within
a polymorphic group, each locus is characterised by the averaged single-locus
heterozygosity hs =0.21, while the group as a whole naturally makes a three times
higher contribution equal to & =0.59.
The existence of correlation between the studied gene loci is confirmed by
independent analysis of the empirical evidence. Most studied proteins are coded
9

This value appears to be three times lower than the observed average number of polymorphic loci /, see
below.
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by two, three or more genetic loci. If a given protein is studied, all its loci are studied
as a rule, such pattern being determined by the applied techniques. These groups of
loci are characterised by significantly different values of heterozygosity (Selander and
Johnson, 1973; Powell, 1975; O'Brien et al, 1980). For example, in the studied
species the average heterozygosity of esterases and phosphoglucomutases exceeds the
overall average heterozygosity of all loci more than twofold, while lactate dehydrogenases, malate dehydrogenases and hexokinases have average heterozygosity
which is 4-5 times less than the overall average value.
Another reason for correlation between the studied loci is the fact that different
researchers may use different techniques when analysing protein heterozygosity. If
one researcher uses a more sensible technique than the others, he may discover
higher levels of heterozygosity in all studied loci. This effectively resembles the
situation when some researchers study only polymorphic loci, while others study
only monomorphic ones. In such a case the average number of correlated loci in a
group can theoretically increase up to the total number of studied loci L.
A good analogy seems to be a situation when a person has a broken telephone
which rings in response to a call but makes no connection. If a colleague rings this
person, and the connection is lost, the colleague dials the number again and again
until he realises that the line is bad and gives up. Thus, rings from each colleague
form correlated groups and follow each other in a non-random manner. In other
words, if one hears a ring, one is nearly sure to hear at least one ring more during a
short period of time. Thus, separate rings do not follow the Poisson distribution.
Meanwhile, groups of rings from different colleagues are evidently independent and
do conform to the Poisson distribution.
A group of loci characterised by high heterozygosity may be thus compared to a
number of correlated telephone signals. They are considered against the background
of loci with low heterozygosity which constitute the majority of the loci studied and
correspond to absence of calls (negligibly low heterozygosity). Thus, the observed
fact that the effective number of polymorphic loci which corresponds to the Poisson
distribution (Figure 10.5) is three times lower than the actual number of the observed
polymorphic loci is explained by the peculiarities of the applied techniques and
properties of the studied loci.
Distribution of heterozygosity values shown in Figures 10.4 and 10.5 is obtained
for natural species of mammals only. Domestic and zoo populations were ignored in
this study. The obtained Poisson approximation of the observed heterozygosity
distribution makes it possible to determine the probability of natural occurrence of
high values of heterozygosity observed in mammalian species living under unnatural
conditions (horses, cows and humans themselves).
As we have seen, the Poisson distribution (10.8.1) describes the observed
heterozygosity distribution (Figure 10.5) if we understand / as the number of
groups of polymorphic loci with approximately three loci in each group. Let us
denote for m the number of such groups observed in each species. If the actual
number of polymorphic loci observed is /, the number of triplets is apparently
m = 1/3. Using (10.8.2) we may thus express heterozygosity HLo as HLo — mh/(3L),
where h is the observed average heterozygosity of polymorphic loci (h ~ 0.21), L is
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the total number of loci studied. According to (10.8.3), the average number of
observed polymorphic triplets m is naturally proportional to the total number L of
loci studied and is equal to m = HLoL/(3h) = 0.065L. The probability p(H) of
observing heterozygosity H in a species where L loci is studied is equal to the
probability of observing m = HL/(3h) triplets of polymorphic loci. As the number
of triplets of polymorphic loci m follows the Poisson distribution with m = 0.065L,
we may write for p(H):
~,

HL

IA"'

m = 0.065L

(10.8.7)

For humans we have H = 0.125, L = 107 (Nevo et al., 1984), which gives us m « 21
and p(H) = p(m) < 10~ 5 . Homo sapiens is the only species studied with L > 70.
Thus, the observance of the value H = 0.125 within the natural distribution (10.8.7)
is highly improbable. Heterozygosity of humans apparently differs from the natural
patterns observed in other mammals living under natural conditions of their
ecological niches. This means that the genetic information of Homo sapiens has
considerably degraded during the time that people have spent living in the artificial
conditions of civilisation outside the natural ecological niche. The obtained result
indicates that, under the existing conditions, competitive interaction of individuals
within the human population is no longer able to support genetic stability of the
species.
Similar results are obtained for the other species living under artificial conditions
outside their natural ecological niche. For horses (Equus caballus) H w 0.36, L = 18
(Bowling and Ryder, 1987), and p(H) < 10~ 6 . Given that the total number of the
studied species is less than 500, the probability to observe H « 0.36 within the
studied data set is less than 10~3, which indicates that genetic variability of horses is
also in excess as compared with what is tolerated in nature. For various breeds of
cows (Bos taurus) H K, 0.30, L = 11 (Bannikova and Zubareva, 1995), which gives
p(H) < 10~ 3 , which is also on the verge of real probabilities. Although the above
estimates are tentative, as they are based on the assumption that all polymorphic loci
exhibit similar values of heterozygosity h « 0.21 (while in highly heterozygous
species greater values of h may be encountered), they do show that species living
under artificial conditions exhibit significantly elevated levels of heterozygosity. This
is in full agreement with the prediction of the biotic regulation concept, according to
which the accuracy of competitive interaction becomes low in artificial environments, so
that individuals with high numbers of decay substitutions in their genomes may
accumulate and the intraspecific genetic variability increase (see Figure 9.la).
Note that the fact that some domestic species do not show high heterozygosity
values (e.g. for some domestic goats H = 0.030 (Randi et al., 1990)) does not
contradict the above way of reasoning. The elevated level of heterozygosity in
domestic species is not necessarily due to accumulation of deleterious substitutions
during the process of mutagenesis which, as we have seen in Section 9.2, operates
very slowly. Rather, it is due to the breeding practice to which the domestic animals
are exposed. For example, increased variability may be due to crosses between
genetically distant breeds, whereas in populations where no such crosses are
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performed and, besides, inbreeding is present, intrapopulational variability may
sustain its natural low level. (High variability may also characterise a combined
population composed of all individuals from different breeds of the same species.)
The most important thing here is that if individuals with high heterozygosity do
accumulate, it may only occur under artificial environments, where competitive
interaction is weak or absent. Meanwhile under natural conditions competitive
interaction of individuals does not tolerate high heterozygosity.
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10.9 NATURAL LEVEL OF HETEROZYGOSITY IN MAMMALS
-3.6

Values of heterozygosity observed in different natural species of mammals are
characterised by a rather wide spread around the mean (see Figure 10.4). If the
sensitivity of competitive interaction is indeed similar in all mammals (which would
mean that all mammals are actually characterised by approximately the same
heterozygosity), the observed scattering should be solely due to the small number
of loci studied. In other words, in some species many polymorphic loci were found
occasionally and, consequently, high value of heterozygosity, while in other species a
small number of polymorphic loci and low heterozygosity were found. In such a
case, variance of heterozygosity should decrease inversely proportionally to L in
accordance with relationship (10.8.6), which may be written in the form
a2HLi=h-j^.

(10.9.1)

If, on the other hand, the observed wide scattering (Figure 10.4) reflects true
differences in heterozygosity values of different species of mammals, variance of
heterozygosity cannot depend on the number of studied loci L.
More generally, dependence between a2H and L may be written in the allometric
form as follows:

For the Poisson distribution of polymorphic loci we should obtain in accordance
with (10.9.1):

a=l,

= \gh= -0.68.

(10.9.3)

To test this prediction, the whole range of L values (Figure 10.4) was divided into
eight intervals, each of them containing not less than 10 values of heterozygosity
HLo. For each interval the average number of studied loci L, the average
heterozygosity HLo, and variance of heterozygosity u2H were calculated. In
accordance with (10.9.1), logarithms of CT^ and of the ratio TT^/L were then
tested with a linear regression, which gave the following results (Figure 10.6):
a =1.1 ±0.2,

b = 0.1 ±0.7

(r = 0.88, /> = 0.004 with 6 degrees of freedom)

The obtained estimate of b exceeds significantly the expected value (10.9.3), though
the latter still falls within the 95% confidence interval of the obtained estimate. Such

-3.2 -3.0 -2.8 -2.6 -2.4 Ig (HLo/L)
Figure 10.6. Dependence of heterozygosity variance a2Hui = (HL(I - HLll)2 of heterozygosity HLo of
different species of mammals on the number of studied loci L in the logarithmic form (10.9.2).
Parameters of the linear regression: r = 0.88, P = 0.004 with six degrees of freedom.

discrepancy is due to the peculiarities of the studied loci, which were discussed in the
previous section. Meanwhile, the obtained value of a agrees very well with the
corresponding relationship (10.9.3). The high correlation coefficient and low
probability level both testify in favour of the statement that variance of heterozygosity decreases inversely proportionally to L.
Thus, we have seen that the observed wide scattering of heterozygosity values
obtained when measuring a small number of loci does not contradict the prediction
of the biotic regulation concept that all mammals are likely to be characterised by a
similar level of heterozygosity that is determined by the accuracy of the process of
competitive interaction in natural mammalian populations. With increasing number
of studied loci the observed heterozygosity distribution (Figure 10.5) should shrink
to a narrow peak around the average value of H - 0.04, which thus represents a
quantitative estimate of the average sensitivity of competitive interaction in natural
species of mammals.
As noted in the previous section, heterozygosity values of domestic animals do
not belong to the natural heterozygosity distribution and are thus unlikely to change
significantly with an increased number of studied loci, as was demonstrated for
humans.

10.10 HETEROZYGOSITY DEPENDENCE OF BODY MASS AND
GENOME SIZE
As we have seen, protein heterozygosity may serve as a quantitative characteristic of
the sensitivity of competitive interaction in a population. The fact that the sensitivity
of competitive interaction is likely to be conserved in evolutionarily close species
determines the fact that all natural species of mammals are characterised by
approximately the same average heterozygosity.
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However, competitive interaction is a process of comparison of phenotypic
characteristics of individuals, meanwhile heterozygosity characterises an individual's
genotype, i.e. the number of accumulated decay substitutions. In diploid organisms
only a certain part of the decay substitutions present in the genome is manifested.
The relative number of manifested decay substitutions is dependent on heterozygosity, but not equal to it. Thus, heterozygosity represents an indirect characteristic of the limit of sensitivity of competitive interaction.
The sensitivity of competitive interaction can be measured directly as the
permissible total number of phenotypically manifested decay substitutions per
individual genome, which is influenced (beside heterozygosity) by such parameters
as the mutation rate per nucleotide per cell division, genome size, number of
divisions in the germ line (and, hence, individual body size). Let us now discuss
how the number of phenotypically manifested decay substitutions may be expressed
using these parameters (as above, we only consider the protein coding region of the
genome).
The number of heterozygous (and, hence, effectively haploid) gene loci of the
genome is equal to
GgH,

(10.10.1)

where Gg is the total number of gene loci in the protein coding region of the genome.
H is the heterozygosity. We defined heterozygosity as the relative number of noncoinciding loci in a diploid genome. Similarly, heterozygosity may be denned for a
haploid population as the average relative number of non-coinciding loci between
any two randomly compared haploid genotypes. As soon as in haploid phase all
decay substitutions are manifested, GgH represents the total number of decay
substitutions (i.e. defective genes) manifested in each cell of a haploid unicellular
organism.
Random mixing of genetic material in a sexually breeding population due to
genetic recombination results in the fact that in any individual certain parts of gene
loci contain decay substitutions in both copies of the diploid genome. Such loci are
deprived of normal alleles that could ensure a masking effect, so that the decay.
substitutions in these loci are manifested. The number of such loci in a unicellular
diploid organism is naturally given by
GgH2,

(10.10.2)

because the probability of occurrence of two decay alleles in a single site is equal to
the squared probability of occurrence of one decay allele, which is equal to H.
In multicellular organisms, beside slightly deleterious inherited substitutions,
strongly deleterious somatic mutations are also present. Somatic mutations are
manifested if they affect the normal copy of a heterozygous locus (Figure 10.2b). The
number of phenotypically manifested somatic mutations per cell is equal to
GgHksv,

(10.10.3)

where ks = 3.3(lg m + 9) is the average number of divisions in the somatic line (m is
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the body mass in grams), see (10.3.1), v = 10~7 (gene) ' d ' is the rate of mutations
per gene per cell division.
Accumulation of phenotypically manifested decay substitutions is limited by
competitive interaction of individuals. Individuals with an intolerable number of
such substitutions are forced out from the population by normal individuals.10 The
limit of sensitivity of competitive interaction determines the permissible number of
decay substitutions that may remain unnoticed in the individual. In other words, it
represents the permissible level of erosion of species-specific information that yet
does not disintegrate correct behaviour of the species in the community. It is natural
to assume that this fundamental characteristic should be similar in evolutionarily
close species. In such a case, evolutionary increase in the genome size Gg in haploid
organisms should be accompanied by an inversely proportional decrease in species
heterozygosity H, so that the total number of manifested decay substitutions GgH
(10.10.1) remained the same.
Similarly, in diploid organisms heterozygosity should decrease proportionally to
Gg
with increasing genome size Gg of the organisms, so that the total number of
manifested substitutions GgH2 remained the same (10.10.2). However, in multicellular organisms increase in the genome size is also accompanied by an increase in
the number of somatic mutations (10.10.3), which grows proportionally to Gg.
The average number of cell divisions in the somatic line does not significantly
exceed 40 for most multicellular organisms. The ratio of the number of inherited to
somatic decay substitutions is equal to GgHksv/GgH2 = vks/H ~ 10~4 at H K, 0.04
(as in mammals) and ks ~ 40. Under the assumption that diploidy evolved to protect
multicellular organisms from deleterious effects of somatic mutations (Section 10.3),
we have to conclude that the negative phenotypic effect of not numerous but strongly
deleterious somatic substitutions in most multicellular organisms exceeds the
cumulative phenotypic effect of more numerous but only slightly deleterious
inherited substitutions. Otherwise diploidy would make no sense. From this we
obtain that phenotypic effect of a single somatic substitution is comparable to the
phenotypic effect of 104 inherited, slightly deleterious substitutions. In other words,
a somatic substitution is 104 times more deleterious than an inherited one. Thus, for
natural species the value (10.10.2) can be considered as a lower estimate of the
permissible number nc of decay substitutions tolerated by stabilising selection under
natural conditions, whereas for domestic species this value represents a lower
estimate of the maximum number nL of decay substitutions compatible with
viability (the lethal threshold), see Sections 9.5-7. Hence, it is possible to estimate
the ratio between nc and «/, from the known values of heterozygosity of natural
species (e.g. mammals, H = 0.04) and the maximum recorded heterozygosity values
still compatible with viability, HL « 0.40 (for horses, see above). We thus obtain
10
The statement that it is the total number of manifested decay substitutions per genome rather than their
genome density that is stabilised by competative interaction, is suggested by the rigidly correlated structure
of the genome. This property can be compared to a complex computer program, where a single mistake
may lead to disintegration of the whole programme irrespective of its length and the absolute number of
blocks in it.
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from (10.10.2) that nL/nc ~ (H2/H2L) ~ 100, i.e. the lethal threshold number of
decay substitutions is about a hundred of times larger than what is tolerated by
stabilising selection under natural environmental conditions.
Qualitatively, the necessity to limit the number of phenotypically manifested
decay substitutions with increasing genome size and body mass of multicellular
organisms can be described by the following pattern. Small multicellular organisms
(m < 0.1 g) with small genomes (G < 108 bp) can be haploid, which is exemplified by
the existence of haploid males in haplodiploid insects11 (see also Section 10.3). In
haploid organisms, all somatic mutations are phenotypically manifested. Their
number increases proportionally Gsvks irrespective of the value of heterozygosity
HI which for haploid organisms decreases as H\ ~ G" 1 . When the critical values
G ~ 108 bp and m ~ 0.1 g are reached, the negative phenotypic effect of somatic
substitutions exceeds that of inherited slightly deleterious substitutions. As a result,
existence of larger multicellular organisms with larger genome sizes becomes
impossible.
Appearance of diploidy results in a sharp stepwise reduction of the number of
manifested somatic substitutions due to the masking effect of the normal copy of the
diploid genome unaffected by mutations. The number of manifested inherited
substitutions becomes equal to GgH\, where H2 is heterozygosity of diploid
organisms. Thus, relatively small diploid organisms with relatively small genomes
can afford an elevated level of heterozygosity as compared to haploids of similar
body and genome sizes, so that

GgH\

(10.10.4)

i.e. the number of manifested decay substitutions remains approximately the same).
In other words, a diploid organism is allowed to accumulate more decay inherited
substitutions as compared to a haploid organism, because the deleterious effect of
most decay substitutions in the diploid organism is masked. The observed distributions of heterozygosity values of haplodiploid (H\) and diploid (H2) insects with
similar genome sizes are indeed remarkably different, with H\ <S H2 as predicted by
(10.10.4), although the relationship (10.10.4) does not hold exactly (Table 10.2). This
may be due to significant evolutionary distance between the orders of haplodiploid
(Hymenoptera, Thysanoptera) and diploid (Diptera, Coleoptera, Heteroptera, Lepidoptera) insects, which may lead to different values of the sensitivity of competitive
interaction in these taxa and violation of the exact equality (10.10.4).
Unpaired sex chromosomes in sexually breeding species can be considered as
another example of haplodiploidy, although exotic. In haplodiploid insects, haploid
males have only one copy of the genome, while diploid females carry two copies.
Similarly, in many other species (e.g. mammals) males carry only one copy of X
chromosome, while females carry two copies of it. Y chromosome is present in males
only. Thus, all decay inherited substitutions in sex chromosomes are manifested in
" Diplo- and polyploidisation of somatic cells of certain organs in haploid males of haplodiploid insects at
late stages of ontogeny (Rasch et al., 1977) suggests that genome and body size of these organisms may
already exceed the critical threshold value beyond which haploid multicellular organisms are inviable.
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Table 10.2. Heterozygosity and genome size in different insect orders with respect to
ploidy level (published data collected by the present authors). G - haploid genome
size (1C) (109 bp) (± standard deviation). N - number of studied genera (species).
H - average heterozygosity (± standard deviation). Note the difference between
heterozygosity values of diploid and haploid species with similar genome sizes.
Order

N

Diploid
Coleoptera (beetles)
Diptera (flies, mosquitoes)
Heteroptera (bugs)
Lepidoptera (butterflies)
Orthoptera (locusts, grasshoppers)
Haplodiploid:
Hymenoptera (bees, ants, wasps)
Thysanoptera (thrips)

0.6±0.6
0.8±0.8
1.1±0.4
0.8 ±0.3
10±4
0.22 ±0.07
•7

H

N

54 (92)
26 (60)
5(14)
12(13)
34 (57)

0.13 ±0.07
0.11 ±0.03
0.13 ±0.09
0.14±0.07
0.06 ±0.05

12(15)
10 (84)
5(19)
22 (62)
10 (33)

4(6)
-

0.05 ±0.04
0.06 ±0.02

37 (64)
4(4)

males. According to the above logic, autosomes that are always diploid should be
characterised by higher heterozygosity than the sex chromosomes that are effectively
haploid in males. This is indeed observed. Whereas approximately 1 in 560 bp is
variant in autosomal DNA, the variability of X-chromosomal DNA is only about 1
bp in 2100 bp, while viability of the Y chromosome (which is never diploid) is less
than 1 in 48,000 bp (Hofker et a/., 1986; Jakubiczka et al., 1989; Malaspina et al.,
1990; Dorit et a/., 1995).
Further increase of genome size in multicellular organisms is accompanied by
proportional growth of the number of manifested somatic substitutions G^H^ksv
(10.10.3). However, in small organisms with relatively low values of ks the
cumulative phenotypic effect of somatic substitutions may remain lower than that
of inherited substitutions, GgH\. Constancy of the phenotypic effect of inherited
substitutions is then ensured by the dependence

H-,

.-1/2

(10.10.5)

Qualitatively, this dependence is observed in diploid insects (see Figure 10.7 and
Table 10.2). Among the five insect orders studied, four insect orders (Diptera,
Coleoptera, Heteroptera, Lepidoptera) have their genome sizes clustered around
10 9 bp and heterozygosity values exceeding 10%. The fifth order (Orthoptera) is
characterised by significantly larger genomes (about 10 10 bp) and significantly lower
values of heterozygosity. The observed drop of heterozygosity is approximated as
7/2 ~ G" 1 / 3 . This may be explained by the fact that the protein coding region of the
genome Gg grows proportionally to G 2 / 3 (where G is the absolute genome size, see
-1/2
as
Table 10.1 in Section 10.3), which makes H2 ~ G~'/ 3 ~ (c| /2 )-'/ 3 ~ G,
predicted by (10.10.5).
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Figure 10.7. Heterozygosity dependence on genome size G in different orders of insects. 1—Coleoptera.
2—Diptera, 3—Heteroptera, 4—Lepidoptera, 5—Orthoptera, see also Table 10.2. Parameters of the
regression \%H = a + b lg(G/G0): r = 0.96, P = 0.01 with 3 degrees of freedom, b = -0.3 ± 0.05
(a = 0.1 ±0.01).

Finally, further increase of genome size and body size in multicellular organisms
may lead to the situation when the major contribution into phenotypically
manifested substitutions is made by somatic substitutions, GgH2ksV- To prevent
this contribution from further growth heterozygosity HI should decrease proportionally to (Ggks)~l. In such a case the contribution of somatic substitutions
G,H2ksv remains constant, while the contribution of inherited substitutions GgHl
and
decreases inversely proportionally to
becomes negligibly small as compared to the contribution of somatic substitutions.
Heterozygosity dependence H2 ~ (Ggks)~l is indeed observed in urodelous
amphibians and mammals. Species of urodelous amphibians are characterised by
drastically different genome sizes and relatively similar body sizes, corresponding to
a relatively constant value of ks number of divisions in the somatic line (see Section
10.3). The observed change of heterozygosity is satisfactorily described by dependence H2 ~ G"1 (see Figure 10.8).
In contrast, mammals are characterised by only slightly varying genome sizes not
correlated with body mass. Thus the genome value Gg may be considered constant
for the whole class of mammals with a sufficiently high accuracy. Body mass of
mammals varies from l g (some shrews) up to lOOt (some whales), which
corresponds to the change in the average number of divisions in the somatic line
ks from ks xi 30 in the smallest up to ks ~ 56 in the largest mammals, see (10.3.1).
This allows to study the dependence of heterozygosity H2 in mammals on the inverse
number of somatic divisions kg1 (Figure 10.9).
Values of heterozygosity in mammals were plotted against the inverse number of
somatic divisions A:^1, calculated using published data on body mass m according to
(10.3.1). The whole range of kg1 values was divided into 14 equal intervals. Within
each interval the average value of heterozygosity was calculated to reduce, in
accordance with the results of the previous section, the effect of the small number

* t

0.02

0.06

0.04

G-1, (bp)- l -10 9
Figure 10.8. Heterozygosity dependence on genome size G in urodelous amphibians. Heterozygosity
values taken from Nevo et al., (1984), genome size is the average of four sources: (Pierce and Mitton,
1980; Ginatulin, 1984; Larson, 1984; Session and Larson, 1987). For some species with unknown genome
size it was estimated as the average for the genus. Parameters of regression lg// = a + b\g(G/G0):
r = -0.52, P = 0.003 with 29 degrees of freedom, ft = -1.1 ± 0.3 (a = 0.3 ± 0.5).
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Figure 10.9. Heterozygosity dependence on the number ks of divisions in the somatic line in natural
species of mammals. Published data collected by the authors (after Gorshkov and Makarieva, 1997).
Filled circles represent average heterozygosity values for each interval of k^ , figures indicate the
number of species in each interval, thin vertical lines represent standard deviation. Open circles stand
for heterozygosity values of mammals living in unnatural conditions: horses Equus caballus and Equus
przewalskii (Bowling and Ryder, 1987); cow Bos taurus (Bannikova and Zubareva, 1995); domestic sheep
Ovis (Wang et al., 1990); man Homo sapiens (Nevo et al., 1984). Parameters of regression H = a + bk$ :
r = 0.79, P = 0.008 with 12 degrees of freedom, b = 2.2 ± 0.5 (a = -0.01 ± 0.01).
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of studied loci. The obtained values were then used in the linear regression analysis,
which gave the following results:
H2 = a + bks\

b = 2.2 ±0.5;

(r = 0.79;;? < 0.001 with 12 d.f.)

a = -0.01 ± 0.01
(10.10.6)

As follows from (10.10.6), the desired inverse proportionality between H2 and ks is
indeed discovered, which means that the value of Hiks is conserved in all mammals,
being determined by the evolutionarily conserved value of sensitivity of competitive
interaction in natural populations. Note that the obtained result does not contradict
the statement made in the previous section that all mammals are characterised by
approximately the same heterozygosity. One may say that this statement describes
the general pattern for the whole class of mammals, while results (10.10.6) reveal a
more refined structure. The observed dependence (10.10.6) describes a less than
twofold change in heterozygosity values between the largest and the smallest
organisms. Both very large and very small mammals that are largely responsible
for dependence (10.10.6) constitute a small part of the total number of mammals (see
size distribution of the number of mammalian species in Figure 3.4 in Section 3.8)
and cannot significantly influence the overall distribution of heterozygosity values
discussed in Section 10.9.
Summing up, the performed analysis of the available empirical evidence
unambiguously testifies in favour of the fact that the number of phenotypically
manifested mutational substitutions (both inherited and somatic) is equally limited
within large taxa of organisms with different genome and body sizes. This points to
the existence of an ecological threshold of permissible level of erosion of genetic
information of the natural species of the biosphere. The observed intraspecific
genetic variability is a manifestation of the limited sensitivity of the process of
competitive interaction of individuals, that allows slightly deleterious inherited
substitutions to accumulate up to the ecological threshold.
The question of whether these substitutions may serve as the genetic basis of the
evolutionary process is addressed in the following chapter.

11
Evolution
It is shown that all the available data on biological evolution are consistent with the
biotic regulation concept.

11.1 EVOLUTION AND ENVIRONMENTAL CHANGE
As we have seen in the preceding chapters, all the peculiarities of organisation of
living objects are aimed at conserving the existing level of order and preventing
spontaneous decay of life organisation. The described mechanism of maintaining
stability of biological organisation, i.e. stabilising selection based on competitive
interaction of individuals in a population, may work to sustain life at a prescribed
level of organisation associated with the maximum possible competitiveness without
any evolutionary changes. However, if that maximum level is either not reached or
does not exist, the same mechanism may bring about evolutionary changes. Random
changes in genotypes, associated with loss of competitiveness, are cut off in the
process of competitive interaction of individuals in the population. Random changes
in genotypes, associated with higher competitiveness, provided that such take place,
spread through the whole population. Progeny of more competitive individuals force
individuals with unchanged competitiveness out from the population.
In other words, stabilising selection ensures propagation of the most competitive
communities of species, i.e. those that are best able to stabilise their environment and
are the quickest to compensate for any adverse changes in it. If the existing
communities are characterised by the maximum possible competitiveness, no
evolutionary changes are possible. However, the Earth's environment is exposed
to the influence of various abiotic factors of cosmic and geophysical nature (e.g.
changes in solar activity, rock weathering, meteorite fall, etc.), which cannot be
controlled by the biota. These factors slowly change the average external conditions
under which the biotic regulation of the environment takes place, making possible
evolutionary changes in the biosphere.

