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Variance of protein heterozygosity
in different species of mammals with respect
to the number of loci studied
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Analysis of published data on protein heterozygosity of 321 species of mammals shows that it varies
from 0 up to 22%, an average species being heterozygous at 5% of its protein-coding loci. Many
attempts have been made to explain the observed dierences in protein heterozygosity, relating its
value to various species-, population-, or environment-speci®c parameters. In this work it is shown
that the wide scatter of protein heterozygosity in dierent species of mammals can be explained by the
small numbers of loci studied (usually 20±30). It is shown that with an increasing number of studied
loci, the mean of the heterozygosity does not change, while its variance among dierent species
decreases in accordance with a Poisson distribution. The true heterozygosity of the whole proteincoding region of the mammalian genome is thus characterized by a narrow spread around the mean.
This means that the true heterozygosity of the protein-coding region is similar in all mammalian
species. Its value can be viewed as the threshold level of variability of the protein-coding region of
mammals, which characterizes the permissible level of erosion of genetic information of species and is
maintained by stabilizing selection in natural ecological niches.
Keywords: mammals, Poisson distribution, polymorphic loci, protein heterozygosity, stabilizing
selection, variance.
parasite interactions (Thompson & Lymbery, 1996) or
habitat fragmentation (Gaines et al., 1997), but in spite
of many signi®cant ®ndings, the general pattern remains
unclear.
Abundant evidence on the levels of heterozygosity of
the protein-coding region of the genome has been
accumulated for thousands of species (Nevo et al.,
1984). At present, due to the explosive development of
new measuring techniques, most studies assess the DNA
variability directly (e.g. by DNA sequencing) rather
than by studying proteins encoded by it. However, the
development of various DNA techniques during the last
several years has not yet led to creation of a comparable
dataset of DNA variability for the coding region of
dierent species, especially taking into account the
growing bias in molecular studies towards medicine,
and, consequently, the single species Homo sapiens.
Thus, the protein variability dataset still remains unique
due to its extensiveness with respect to the number of
species encompassed (Butlin & Tregenza, 1998). In these
data, mammals represent one of the best-studied taxa.
In this study the statistical aspect of the problem of
intraspeci®c genetic variability is investigated. Published

Introduction
The question of the nature and maintenance of intraspeci®c genetic variability is widely discussed in the
literature (Nei, 1984; Nevo et al., 1984; Kimura, 1991;
Ayala & Fitch, 1997; Amos & Harwood, 1998). The
observations show that intraspeci®c genetic variability is
remarkably dierent even among evolutionarily close
species (Nevo et al., 1984). Much work has been done to
reveal possible correlations between genetic variability
and such characteristics as genome size (Pierce & Mitton,
1980; Larson, 1981), body mass (Wooten & Smith, 1985;
Gorshkov & Makarieva, 1997), mating system
(Appolonio & Hartl, 1993), ploidy level (Graur, 1985;
Hofker et al., 1986; Crespi, 1991; Burrows & Ryder,
1997), population size, structure and history (Nei
& Graur, 1984; O'Brien, 1987; Carson, 1990) and other
ecological or behavioural parameters such as, for
example, environmental stress (Imasheva, 1999), host±
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data on the expected protein heterozygosity of 321
natural mammalian species were collected. It is shown
that the dierent observed values of protein heterozygosity in dierent species and the wide spread of the
observed values of protein heterozygosity around the
mean can be 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 mammals are characterized by nearly the same level of protein heterozygosity.

Rationale
The coding region of the mammalian genome is known
to contain about 30±40 000 genes. This number of genes
cannot be studied in any population genetics experiment. In most studies, sets of 20±30 loci are investigated
in dierent species. The number of studied loci is
determined by the available buer systems, techniques
developed, manpower and money.
The expected heterozygosity h of a given locus (i.e. the
relative frequency of heterozygous state in a randommating population) is determined as:
h1ÿ

X
j

q2j ;

1

where qj is the relative frequency of the j-th allele.
Let l be the number of polymorphic loci (i.e. loci with
non-zero h) in a study of L loci in a population. The
average expected heterozygosity of individuals in a
population is given by the expression
HL 

Pl

i1

L

hi



hl l
L

if l > 0

and

HL  0

if l  0;
2

where L is the total number of studied loci, hi is the
expected heterozygosity of the i-th polymorphic locus,
see (eqn 1), hl is the average
P heterozygosity of the l
polymorphic loci, i.e. hl  li1 hi =l l > 0.
Let us denote by hltot the average heterozygosity of all
in the protein-coding
ltot polymorphic loci existing P
tot
region of a given species, hltot  li1
hi =ltot . The greater
the number L of studied loci, the better the approximation of HL that is given by the expression
hl l
HL  tot
L

3

It will be shown below that under certain assumptions, a
very accurate estimate of hltot can be obtained from data

on heterozygosity of polymorphic loci in dierent
species of mammals. Introduction of a constant value
of hltot (eqn 3) instead of the random variable hl (eqn 2)
leads to a substantial simpli®cation of all the formulae
and allows one to analyse the variance of heterozygosity
HL as a function of variance of the number of polymorphic loci l alone, provided that the inaccuracy of the
approximate formula (3) is not very large.
The random variable hl de®ned in (eqn 2) assumes
dierent values when dierent sets of L loci are studied
in the same species. If in all sets of L loci the same
number l of polymorphic loci were observed, the mean
and P
variance of hl were given by the expressions
hl  Ktot hk =Ktot and r2  PKtot hk ÿ hl 2 =Ktot , where
hl
k1 l
k1 l
hkl is the average heterozygosity of polymorphic loci in
the k-th set of L loci, Ktot is the total number of sets of L
loci that cover the whole protein-coding region of the
species genome, Ktot  Ltot/L, where Ltot is the total
number of loci in the protein-coding region. Note that
hl  hl by de®nition. Thus, r2 characterizes deviation
tot
hl
of hl from hltot and, consequently, deviation of the
approximate formula (eqn 3) from the exact formula
(eqn 2). It can be easily shown from the de®nitions of hl
and r2hl that
r2hl 

r2h
l

4

where r2h is the variance of the random variable h,
which assumes values of expected heterozygosity of
all polymorphic loci ltot of this species, r2h 
P
ltot
2
i1 hi ÿ hltot  =ltot ; ltot  Ktot l. Variance is a characteristic of the squared value of spread around the mean.
Equality (eqn 4) essentially represents the law of large
numbers and re¯ects the fact that the more polymorphic
loci are studied, the more accurate is the estimate of
their mean heterozygosity that is obtained. The average
number of polymorphic loci observed in a given set of
loci is proportional to the total number of loci studied in
this set. It will be shown below that at most commonly
used L the average inaccuracy of (eqn 3) does not exceed
30%, see (eqn 12). Thus, in further calculations we use
(eqn 3) as an acceptable approximation of (eqn 2).
Let us call the hypothetical value of heterozygosity
that could be obtained when studying all protein-coding
loci in a species for true heterozygosity H:
H  HLtot  hltot

ltot
 hltot P ;
Ltot

5

where P º ltot/Ltot is the true polymorphism. If H is
equal in all species (the assumption that we will be
further testing), it is likely that both hltot and P are equal
Ó The Genetics Society of Great Britain, Heredity, 87, 41±51.
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simultaneously, rather than that there exists a certain
inverse relationship between them. There are two
independent factors that in¯uence the level of heterozygosity of a particular locus in a particular species.
Firstly, for a locus to become polymorphic it has to be
aected by a mutation. It is natural to expect that the
mutation-aected loci are randomly located in genomes
of dierent species. Secondly, the exact value of heterozygosity hi of a mutation-aected locus depends on how
many chances the heterozygous genotypes have for
spreading in the population. This may depend on the
properties of the locus itself (Ward et al., 1992). Indeed,
certain groups of loci tend to show elevated values of
heterozygosity in most species, whereas others are
generally less variable (O'Brien et al., 1980). However,
if no mutation has aected the locus in the population, it
will remain monomorphic with h  0, irrespective of
how high its heterozygosity could be were such a
mutation to occur. Thus, we assume below that the
equality of both independent factors, P and hltot , in all
species is both necessary and sucient for equality of
H in all species.
If determined by the random character of the process
of mutagenesis, polymorphic loci should be distributed
randomly over the coding region of genome. Then,
given the low relative frequency of polymorphic loci as
compared to monomorphic ones (as is usually the case)
the probability p(l) of ®nding l polymorphic loci among
L studied loci will be determined by a Poisson distribution. (It has been tested that applying a binomial
distribution does not change in any signi®cant way any
results obtained below).
If the true heterozygosity H, and, consequently, the
true polymorphism P (eqn 5) are equal in all species,
then the number l of polymorphic loci observed in sets
of L loci in dierent species will follow the same Poisson
distribution as the number of polymorphic loci in sets of
L loci chosen in dierent parts of the coding region of
the same species. Then the probability p(l) of ®nding
l polymorphic loci in a random set of L loci in a
population of a given species is equal to
ll
p l  exp ÿl
l!
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Note that if dierent species are characterized by
dierent levels of genetic variability determined by
various species-speci®c parameters, there are no grounds
to expect that the number of polymorphic loci found in
dierent species will follow a Poisson distribution, see
also (ii) below.
The Poisson distribution is characterized by the wellknown
relation between mean l and variance r2l 
P NL
2
k1 lk ÿ l =NL :
r2l  l

7

Using eqns (3) and (7) and P
the de®nition of mean and
 L  NL H k =NL and r2 
variance of HL, H
HL
k1 L
P NL
k
k
 2
k1 HL ÿ HL  =NL , where H L is the expected heterozygosity of the k-th species, we obtain for r2HL at ®xed L
r2HL 

 
L
hltot 2
H
rl  hltot
L
L

8

Note that in (eqn 8) we applied our assumption about
equal values of hltot in dierent species, while the
assumption about equal values of P in dierent species
was implicitly used in (eqn 6).
Generally, the relationship between r2HL and L can be
written in the logarithmic form (decimal logarithms
were chosen just for reasons of convenience):
log r2HL  a log

L
H
b
L

9

Thus, if hltot , P and, consequently, H are equal in all
species, the following equalities should be true according
to (eqn 8):
a  1;

b  log hltot

10

These predictions were tested with the available
empirical data.

Results
6

where l is the average number of polymorphic
loci that
P L
lk =NL , where lk
are found in dierent species, l  Nk1
is the number of polymorphic loci in the k-th species and
NL is the number of species where L loci were studied.
Note that l  LP. Everywhere below we assume that
only one population represents each species, so averaging over dierent populations is equivalent to averaging over dierent species.
Ó The Genetics Society of Great Britain, Heredity, 87, 41±51.

(i) Decreasing variance of heterozygosity
with increasing number of studied loci
Published data on expected protein heterozygosity (eqn 2)
of 321 mammalian species were collected (Fig. 1). In
those cases when allele frequencies of polymorphic loci
were available, heterozygosity h was calculated for each
polymorphic locus according to (eqn 1) (99% criterion of
polymorphism). In total, 2003 polymorphic loci were
considered. The total number of all loci considered
(including monomorphic ones) was 10 296.
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Fig. 1 Protein heterozygosity HL with respect to the number
of studied loci L. Small ®lled circles represent values for one
population each. Large empty circles, large ®lled circles, the
large open square and the large ®lled square represent
randomly coinciding values of heterozygosity for two, three,
four and ®ve populations, respectively. Dotted lines divide the
total range of L-values into eight intervals. The complete
dataset used in this study is available at
http://www.private.peterlink.ru/elba.

The 2003 values obtained for h were used to construct
the probability distribution p(h), Fig. 2. Under our
assumption of equal values hltot of in all species, the
mean of this distribution gives a rather accurate estimate
of hltot duePto the great number of studied loci. It is equal
to hltot  2003
i1 hi =2003  0:261, where hi is the expected
heterozygosity (eqn 1) of the i-th polymorphic locus.
Using this value we obtain an estimate of coecient b in
(eqn 10):
b  log 0:261  ÿ0:58

11

Let us now show that the average inaccuracy of
the approximate formula (eqn 3), which was used in the
Rationale instead of (eqn 2), is not more than 30%.
The distribution p(h) is characterized by variance
r2h  0.034. The dataset considered (Fig. 1) is characterized by the average number of polymorphic loci lav
of about lav » 5.4. Expression (4) that characterizes
inaccuracy of (3) was obtained under the assumption
that the number of polymorphic loci l is the same in all
sets of loci studied. It can be shown, however, that for
the dataset considered (Fig. 1) where l is a random
variable, expression (4) remains adequate as well, if the
average number of polymorphic loci lav is used in
expression (4) instead of l. Thus, according to expres-

Fig. 2 Probability distribution of heterozygosity h of polymorphic loci in mammals (99% criterion polymorphism). p(h)
is the observed relative frequency of polymorphic loci with
value of h falling within a given interval of the histogram; n is
the absolute number of loci observed in each interval of
h-values. p(h) can be interpreted as the probability that a
randomly chosen polymorphic locus will have heterozygosity
value h within the respective interval. Note that only
polymorphic loci are considered. To construct the general
distribution including monomorphic loci it is necessary to add
one more bar at h  0. This bar will be about 30 times higher
than the highest bar of the present histogram. A similar
bimodal distribution of h with a maximum at high h-values
was obtained theoretically by Fuerst et al. (1977) under
assumptions of the neutral theory, whereas Altukhov &
Dubrova (1981) attributed this maximum to the existence of a
special type of gene locus where heterozygosity was maintained
by heterosis. The most simple explanation of the observed
maximum seems to be that it is an artefact caused by a bias
towards choosing more variable loci in heterozygosity studies;
see also end of Sect. (i).

sion (4) the standard deviation of hl at l » lav is equal
to
rhl 

q q p
r2hl  r2h =lav  0:034=5:4  0:079;

12

which constitutes 30% of the average value hltot  0:261.
Thus, the average deviation of formula (3) from
formula (2) is about 30%, as stated above.
The minimum number of studied loci L in a given
population was 11, the maximum was 62 (Fig. 1). The
range (11, 62) was divided into eight intervals (Fig. 1),
each of them containing not less than 20 values of
heterozygosity HL. The division chosen is arbitrary. It
was chosen to minimize dierences between lengths of
intervals and at the same time between numbers of
Ó The Genetics Society of Great Britain, Heredity, 87, 41±51.
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heterozygosity values observed in each interval. It can
be shown, however, that the results of the study do not
depend on dierent ways of choosing intervals.
For each interval the average number of studied loci
 the average heterozygosity H
 L , and variance of
L,
heterozygosity r2HL were calculated, Table 1. It should
be noted that though some species are represented by
two or more populations (for 321 species a total of 411
populations were studied), none of the eight intervals of
L contains two or more populations of the same species.
Thus, in each interval all calculations are made for
populations of dierent species.
Figure 3 shows the results of testing relationship (8) in
the logarithmic form (9) with the available data.
 L and L in (9) assumed values r2 ,
Variables r2HL , H
HL i
i , respectively (i changed from 1 to 8, Table 1).
 Li and L
H
 L =L (eqn 10) gave
Linear regression of log r2HL on log H
the following results (Fig. 3):
a  1:10  0:11; b  0:17  0:31;

Fig. 3 Dependence of variance r2HL of heterozygosity HL of
dierent species of mammals on the number of studied loci L
in the logarithmic form (eqn 9). See eqn 13 for parameters of
the regression.

13

r  0:97 with 6 d.f.; P < 0:0001
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osity (which is often the case), they cannot be considered
as random samples. This will result in a distortion of the
Poisson distribution.
There can be other sources of distortions as well. One
of them is an unconscious bias towards more variable loci
when choosing a set of loci to be studied. I considered the
relationship between protein heterozygosity and the
number of studied loci in 30 species of Drosophila. Data
were taken from Nevo et al. (1984). It proved that
heterozygosity decreased signi®cantly with the increasing
number of studied loci (r  )0.58; P  0.0002). This
con®rms Ð at least for Drosophila studies Ð the
statement that investigators tend to choose more variable
loci ®rst (Harris & Hopkinson, 1972; Graur, 1985). One
of possible manifestations of this eect can be that papers
where higher levels of heterozygosity are described may
have more chances to be published than those where no
polymorphism is discovered. Then the initial Poisson
distribution of the number of polymorphic loci would be
distorted due to overly frequent observations of large
numbers of polymorphic loci.

Uncertainty in (13) represents standard errors of the
respective values.
The obtained value of a agrees very well with the
corresponding relationship in (eqn 10). The high correlation coecient and low probability level testi®es for
the statement that variance of heterozygosity really
decreases inversely proportionally to L. This means
that with growing L heterozygosity values observed in
dierent species converge to a common mean.
The obtained estimate of b corresponds to
hltot  100:17  1:19 (which makes no sense, as hltot must
be less than unity by de®nition), exceeds considerably
the expected value b  )0.58 (eqn 11) and is characterized by high uncertainty. This is an indication of a
departure of the distribution of the number of polymorphic loci in real samples from the proposed Poisson
distribution (eqn 6). A possible reason for that may be
nonrandom sampling of the loci studied. For example,
there are many proteins coded by two or more loci. If a
given protein is studied, all its loci are studied as a rule.
If these loci tend to display similar levels of heterozygTable 1 Numerical data for the eight intervals of Fig. 1
Interval
NL

L
L
H
r2HL

1

2

3

4

5

6

7

8

26
76
78
61
62
47
40
21
13.8
18.1
20.6
24.4
29.0
34.2
41.3
51.6
0.0554
0.0496
0.0521
0.0564
0.0524
0.0458
0.0440
0.0473
3.63 ´ 10±3 2.19 ´ 10±3 1.75 ´ 10±3 1.75 ´ 10±3 1.33 ´ 10±3 1.11 ´ 10±3 0.63 ´ 10±3 0.78 ´ 10±3

NL, the number of species studied in each interval; see text for other designations.
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(ii) Testing the assumption of equal heterozygosity
in different species of mammals
It can be shown that the observed decrease of variance
of heterozygosity with increasing number of studied loci
is not compatible with the assumption that dierent
mammalian species have signi®cantly dierent values
of true heterozygosity H, see (eqn 5). Let us assume
for simplicity that there are only two types of mammals
with dierent true heterozygosities H1 and H2. This
means that if we study all protein-coding loci in all
mammalian species of one of the two types, we always
get the value of either H1 or H2. However, if we study
randomly chosen small sets of L loci, we will observe
two probability distributions of heterozygosity p1(HL)
and p2(HL) with nonzero variances r21 L and r22 L and
means H1 and H2. Let the relative frequency of species
of the two types be c1 and c2, c1 + c2  1. Then for the
probability distribution of heterozygosity of all mammalian species p(HL) we can write
p HL   c1 p1 HL   c2 p2 HL 

14

Expression (14) re¯ects the fact that in c1 cases mammals of the ®rst type are studied and the heterozygosity
value follows distribution p1(HL), while in the remaining
c2 cases mammals of the second type are studied and the
heterozygosity follows p2(HL) distribution.
It can be easily shown in such a case that the variance
2
rHL characterizing probability distribution p(HL) (eqn 14)
is equal to
r2HL  c1 r21 L  c2 r22 L  c1 c2 H1 ÿ H2 2

15

(To get expression (15) one needs to use the de®nitions
L 
of
H
R 1of heterozygosity,
R 1 mean and variance
2
2

0 HL p HL dHL and rHL  0 HL ÿ HL  p HL dHL , and
the well-known relation between the variance and mean
of any random variable x, r2x  x2 ÿ x2 ).
With increasing L the ®rst two terms in (eqn 15)
decrease inversely proportionally to L, similarly to
(eqn 8). This re¯ects the fact that with increasing
number of studied loci more accurate estimates of H1
and H2 are obtained inside the two groups of species.
The third term is determined by the dierence between
true heterozygosities of the two groups of species and
does not depend on L. Thus, if the true heterozygosities of the two types of mammals are signi®cantly
dierent (i.e. the third term in eqn 15 is very large as
compared to the ®rst two terms), whatever large
number of loci L is studied, it will not lead to any
considerable decrease of r2HL . This is because whatever
large number of loci is studied in one and the same

species, it gives more information only about the mean
value of heterozygosity for this particular species. It
cannot make the estimate of the mean of all species
more accurate if dierent species have dierent
heterozygosities.
More generally, assuming that all species of mammals
have dierent values of true heterozygosity, one can
write for r2HL
r2HL  k

L
H
 r20 ;
L

16

where k is an arbitrary constant. Note also that under
 L does not depend on L either. r2 is
our assumptions H
0
the constant term, which corresponds to the third term
in eqn 15 and does not depend on L. Its value re¯ects the
dierences between values of true heterozygosity in
dierent species. The greater are the dierences, the
greater is the value of r20 .
 L =L (eqn 16) gives the
Linear regression of r2HL on H
following results:
k  0:91  0:07; r20  ÿ0:0002  0:0001;
r  0:98 with 6 d.f:; P < 0:0001

17

The analysed set of heterozygosity values for the 411
populations of mammals (Fig. 1) is characterized by
2
equal to 0.0017. The obtained value of r20
variance rH
is negative, diers insigni®cantly from zero and is
nearly an order of magnitude smaller by absolute value
2
. The linear regression giving results
compared to rH
(17) is characterized by a high correlation coecient
and is highly signi®cant (P < 0.0001). Taken altogether these results allow us to conclude that the
available data on the decrease of r2HL with increasing L
cannot be explained under the assumption of a large
value of r20 and therefore not by signi®cant dierences
between true heterozygosities of dierent mammalian
species.
Note that in (eqn 9) we used a log-scale when
 L =L, whereas in
studying the dependence of r2HL on H
(eqn 16) a normal scale is used. The fact that, in both
cases, linear regression ®ts the data well (eqn 13, 17) is
not a contradiction. The coecient a in (eqn 9) that
 L =L term and might cause
determines the power of the H
deviations from linearity in (eqn 16) is very close to
unity, see (eqn 13), while the coecient r20 in (eqn 18)
that might distort the log-linearity in (eqn 9) is
negligibly small, see (eqn 17). Results 13 and 17 actually
support our prediction that is r2HL directly proportional
 L =L (eqn 8), because only such dependence can be
to H
described by linear regression in both normal and
log-scales.
Ó The Genetics Society of Great Britain, Heredity, 87, 41±51.
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It is possible to get an idea of the real dierences in
values of true heterozygosity in dierent mammalian
species using (eqn 15) and the obtained absolute value
of r20 (eqn 17). If a half of all mammalian species had true
heterozygosity H1 and the other half H2 (i.e. c1  c2  0.5)
then the dierence H1 ± H2 would be equal to
H1 ÿ H2 

q p
r20 =0:52 
j±0:0002j=0:25  0:028

  0:051,
Thus, given the average heterozygosity H
values of true heterozygosity of the two types of
mammals will dier from the average by not more than
30% ((0.028/2)/0.051 ´ 100% » 30%).
Note that the result obtained imposes constraints on
the variance of the heterozygosity values in the whole
class of mammals. It does not exclude the possibility of
existence of a small number of mammalian species with
heterozygosities noticeably diering from the average.
In other words, when either c1 or c2 is very small, see
(eqn 15), the dierence H1 ± H2 may become noticeable.
In particular, the result obtained does not contradict the
statement that large mammals may have noticeably
lower values of true heterozygosity compared to the
average for the whole class (Wooten & Smith, 1985;
Gorshkov & Makarieva, 1997), because species of large
mammals constitute but a small part of all mammalian
species. Mammals with their body size exceeding 1 m
are hardly responsible for more than a few percent of the
total number of mammalian species known (Chislenko,
1981; Eisenberg, 1981).
(iii) Poisson distribution of polymorphic loci
It is possible to demonstrate the Poisson distribution of
numbers of polymorphic loci (eqn 6) in dierent species
directly. The only obstacle here is the small amount of
data obtained at ®xed values of L. The number of
studied species is maximum when L  20. Twenty loci
were studied in 45 populations of dierent species,
which constitutes somewhat more than 10% of the total
number of populations considered (411). In order to
enlarge the dataset, species with 19 and 21 studied loci
were added, so that the three most commonly used
values of L (19, 20 and 21) were considered.
The total number of species studied was 82. For each
species the total number of studied loci L, the total
number of observed polymorphic loci lsum, and number
of polymorphic loci belonging to four groups according
to their heterozygosity values h were considered, Fig. 4.
Loci with the frequency of the most common allele
equalling or exceeding 0.9 were not considered. The
number of such loci strongly depends on the number of
individuals studied. For example, the probability of not
Ó The Genetics Society of Great Britain, Heredity, 87, 41±51.
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discovering the minor allele of a diallelic polymorphic
locus with frequency of the minor allele q when sampling
n diploid individuals is equal to dq  (1 ± q)2n, which at
n  15 gives d0.05  0.21, d0.01  0.74. It means that in
samples of 15 individuals the number of polymorphic loci
with allele frequencies of 0.05 and 0.01 are underestimated by 21 and 74%, respectively. Meanwhile, in large
samples all these loci can be discovered. To minimize
possible distortions caused by this eect such weakly
polymorphic loci were excluded from the analysis.
Figure 4 shows the results of approximation of the
observed distributions of polymorphic loci belonging to
dierent intervals of h by Poisson distribution. The
goodness of approximation was estimated by the v2-test.
Figure 4 makes it clear that the null hypothesis of
Poisson distribution cannot be rejected in any of the ®ve
cases.

Discussion
In the present study it is shown that the variance
of protein heterozygosity between dierent species of
mammals is inversely proportional to the number of the
studied loci. This fact suggests that there exists a certain
value of protein heterozygosity that is common to most
species of mammals.
According to the traditional approach, one would
expect intraspeci®c genetic variability to vary greatly
between mammals, since it is determined by numerous
factors such as dierences in mutation rates between loci
within species, global mutation rate dierences between
species, dierences in eective population or actual
population size, dierences in population histories
(bottlenecks), dierences in the intensity or mode of
selection, etc. It is highly unlikely that such dierent
factors would readjust in such a manner that they
yielded the same degree of heterozygosity in all species.
Hence, if all these factors are indeed signi®cant for
determination of intraspeci®c variability, then the
observation of equal heterozygosity values in dierent
species essentially means that all the above parameters
are the same in all species. However, too many factors
have to coincide for such an explanation to be considered as reliable.
It seems to be a much more likely explanation that the
above factors (some of which are de®nitely dierent
between many populations of mammals, see below) do
not actually aect the levels of variability as strongly as
predicted by the majority of selection/mutation/drift
models. This point can be illustrated by the following
two simple ®gures displaying dierent selection pro®les,
Fig. 5(a,b). Variable n stands for the number of mutational substitutions in the genome, which can be easily
related to heterozygosity.

48

A. M. MAKARIEVA

Fig. 4 Approximation of the observed distributions (bars) of numbers of polymorphic loci by Poisson distribution (curves with
dots).Variables l1 , l2 , l3 , l4 and lsum stand for numbers of polymorphic loci with heterozygosity values falling within intervals shown
in the upper parts of the diagrams, lsum  l1 + l2 + l3 + l4. S is the signi®cance level of the v2-test. N is the number of species with
a given number of polymorphic loci. For example, the ®rst bar in Fig. 4e shows that in the studied set of 82 species there are 12
species that do not have polymorphic loci (lsum  0). Meanwhile according to Poisson distribution this number should have been
lower (about eight species).

Fig. 5 Dierent modes of selection. Variable n stands for the
number of mutational substitutions in the genome, n0 represents its equilibrium value.

Figure 5(a) presents a selection pro®le that is often
referred to as `truncated selection'. The selection pro®le
displayed in Fig. 5(b) is a more common pro®le, its
particular properties in dierent areas of n-values
depending on the mode of selection. In a real situation
the mode of selection itself can be a function of n.
In a population where the selection pro®le conforms
to Fig. 5(a), the equilibrium value of intraspeci®c
genetic variability will be determined by n0  Dn1 irrespective of the actual values of mutation rate and
eective population number. On the contrary, in a

population conforming to Fig. 5b, the equilibrium value
of genetic variability n0 may vary signi®cantly within a
broad corridor Dn1 < n0 < Dn1 + Dn2 depending Ð in
the simplest case Ð on values of mutation rate and
eective population number.
The critical dierence between the selection pro®les 5a
and 5b lies in the ratio of the width of the area where
®tness changes signi®cantly, Dn2, to the width of the area
where changes of ®tness are relatively small, Dn1. In
Fig. 5a this ratio is equal to zero (®tness changes
abruptly) Dn2/Dn1  0 and Dn2  Dn1. On the contrary,
for pro®le 5b Dn2Dn1 and Dn2/Dn11.
If we begin to increase the Dn1 part of pro®le 5b
keeping the width of the Dn2 part intact, we can ®nally
arrive at a situation where the corridor of possible
changes of the equilibrium value of n0, Dn1 < n0 <
Dn1 + Dn2, becomes relatively narrow as compared to
the absolute value of n0, although the absolute width of
this corridor may remain arbitrarily large. In such a
situation, factors determining the mutation/selection/
drift balance will have only limited impact on the value
of n0, and, consequently, on the equilibrium value of
intraspeci®c variability. This situation will eectively
resemble case 5a, although if we again restrict our
Ó The Genetics Society of Great Britain, Heredity, 87, 41±51.
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consideration to the Dn1 < n0 < Dn1 + Dn2 interval we
will still detect the in¯uence of the mutation/selection/
drift factors. But on a larger scale their impact will be
lost. In such a situation the equilibrium value of genetic
variability will be determined by the value of Dn1 with an
accuracy of Dn2/Dn1.
An important point is that, due to the unprecedented
complexity of organization of living objects and their
interactions, it is virtually impossible to predict a real
selection pro®le from a mathematical model alone,
however complex the latter may be. Parameters of any
models can only be deduced from empirical evidence.
The study performed here suggests that the real selection
pro®le in mammals is characterized by a relatively wide
plateau and a relatively narrow corridor of signi®cant
changes of ®tness. (In a number of studies a signi®cant
in¯uence of newly acquired slightly deleterious mutations on organisms' ®tness has been observed (see, e.g.
de Visser et al., 1997). This is consistent with the view
that the equilibrium value of intraspeci®c genetic variability is located within a corridor where ®tness changes
sharply, see Fig. 5(b). Meanwhile, the fact that addition
of a tiny number of slightly deleterious mutations (as
compared to the number of mutational substitutions
already present in the genome) results in a relatively
sharp change of ®tness, testi®es that this corridor is
indeed very narrow.)
The next question is what are the fundamental
factors that determine the plateau's width and make it
nearly the same in all species of mammals? The
existence of a common value of protein heterozygosity
in most species of mammals can be explained if one
considers intraspeci®c genetic variability as a result of a
mutational process that erases meaningful genetic
information of a species. The process of information
erosion is limited by natural stabilizing selection when
the amount of information lost reaches a certain value
that is determined by the sensitivity of selection. This
critical value is a fundamental characteristic of a species
and represents the permissible level of information
erosion in natural populations. Evolutionarily close
groups of organisms may share this fundamental
characteristic, which may be the reason for all mammalian species being characterized by similar values of
heterozygosity, close to the average heterozygosity of
the whole class, H  0.051.
In its essence, selection is a process of measurement
and comparison of certain phenotypic traits of individuals that compete with each other within a population.
The existence of a limit of sensitivity of a certain process
of measurement is a very general phenomenon. For
example, it is impossible to weigh small loads (e.g.
milligrams) using scales that are calibrated in kilograms.
Such scales do not `discern' dierences between small
Ó The Genetics Society of Great Britain, Heredity, 87, 41±51.
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loads. Similarly, if the process of selection is `calibrated'
in thousands of mutational substitutions, selection will
not be able to tell apart individuals diering from each
other by two or three hundreds of substitutions. Due to
the continuous process of mutagenesis, all individuals
will ®nally accumulate a number of substitutions of the
order of the value of selection sensitivity. (Note that
sensitivity of selection cannot be quanti®ed as a simple
number of mutational substitutions tolerated in a
genome. Rather, each substitution should be weighted
according to the degree it aects normal functioning of
the organism. But it is possible to speak about an
average number of mutational substitutions of average
`deleteriousness').
The sensitivity of any process of measurement is
determined by the properties of the applied instrument
(e.g. scales) and the process itself. Similarly, sensitivity
of selection is a fundamental property of the organization of life and cannot be quanti®ed a priori. The present
work provides an insight into the problem of quantitative analysis of this important characteristic of living
organisms.
In addition to the general picture outlined above
(Fig. 5a, b), it is possible to perform a more detailed
quantitative analysis of one factor that has been traditionally considered to be one of the decisive ones in
determining the levels of intraspeci®c variability, namely
the eective population size, Ne (Amos & Harwood,
1998). Due to large diculties in estimating eective
population sizes of various species, information about
this parameter is derived by comparing actual population sizes of species, see, e.g. (Nei & Graur, 1984).
The overwhelming majority of terrestrial mammalian
species are characterized by average body masses of the
order of m » 1 kg or less, which corresponds to a linear
body size of the order of x » (m/q)1/3 » 0.1 m, where
q » 103 kg m±3 is the living mass density, see Fig. 6,
which presents data of Chislenko (1981) and Eisenberg
(1981). Note the logarithmic scale of the density of
species numbers N(y).
Thus, an average terrestrial mammal has a linear body
size of the order of x » 10 cm and is characterized by
protein heterozygosity H » 0.051. Let us for simplicity
restrict our consideration to purely neutral variability
using the well-known formula H  4mgNe/(1 + 4mgNe),
where mg is the mutation rate per gene per generation. At
H  1 (which is the case) the heterozygosity is simply
proportional to mgNe.
It is known that for herbivorous mammals the
cumulative species biomass B grows approximately
proportionally to body size x (Damuth, 1981), B / x.
As far as body mass of an individual animal is
proportional to the third power of its linear body size,
m / x3, this means that a species' population number
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for the observed slight decrease of heterozygosity values
in a small number of large mammalian species. Note
also that this slight decrease does not create a distortion
from the ®rst order eect of constant heterozygosity
observed in this study.
In conclusion, I would like to add that although the
present study has focused on allozyme variability in
mammals, the proposed approach can be readily applied
to analysis of signi®cance of the observed interspeci®c
dierences in values of genetic variability at the nucleotide or even microsatellite level as well, provided a
suciently large dataset for dierent species has been
created.

Fig. 6 Size spectrum of terrestrial herbivorous mammalian
species. N(y) is the density of the number of species per unit of
the relative body mass interval Dy. y º log(m/m0), where m is
body mass and m0  1 kg.

decreases with body size of mammals as N  B/m / x±2.
Thus, population numbers of large herbivorous mammals with x » 1 m would be a hundred times smaller
than those of average mammals with x » 0.1 m. When
we turn to carnivores who reside at the top of the
trophic pyramid (Odum, 1983), we conclude that
population numbers of large carnivores would be about
10 times lower than population numbers of herbivores
of the same body size. (This is due to the fact that the
energy content of production of animal biomass does
not generally exceed 10% of the energy content of the
consumed food). Thus, the dierence in population
numbers between large carnivores and average mammals (which are small and herbivorous) constitutes
three orders of magnitude. Note that this dierence,
caused by fundamental biochemical and ecological
regularities, is unlikely to decrease during bottleneck
events.
Were the eective population sizes to change proportionally to real population sizes, then, according to Nei's
formula, we would expect heterozygosity values in
carnivores to be of the order of 0.051 ´ 10±3 
5.1 ´ 10±5. In the sample of 411 populations considered
in this study carnivores accounted for 24 populations
with an average heterozygosity value of Hcarn  0.032,
which corresponds to 63% of the global average
  0.051.
H
Whatever the real dependence between the eective
and actual population sizes could be, it is very unlikely
that a three orders of magnitude change in real
population numbers of mammalian species scales to a
37% reduction of the eective population number. This
calls for looking for dierent reasons that could account
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