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An attempt to estimate the effective size of the ancestral
species common to two extant species from which
homologous genes are sequenced
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Summary

When DNA sequence data on various kinds of homologous genes sampled from two related species
are available, there is a way to infer the effective size of their ancestral species, which is a simple
consequence of gene genealogical considerations. This method, when applied to the common
ancestral species of human and rat, human and mouse, human and bovine, or rodents and bovine
estimates their effective sizes all to be of the order of 107, supporting the view that these species
indeed shared, around 75 million years ago, a common ancestral species from which they are
descended. The effective size thus estimated would imply that the ancestral species was abundant
enough to have ample opportunity for adaptive radiation. The extent of silent polymorphism in
that species might have been very large, possibly comparable to the number of silent substitutions
accumulated in a gene after the mammalian divergence. Some causes that may alter these results
and require a more elaborated statistical analysis are discussed.

A dramatic improvement in DNA sequence deter-
mination has made it possible that, for a pair of spe-
cies, DNA sequences of various kinds of homologous
genes are at hand. I shall take advantage of the wealth
of sequence information rapidly accumulating to exam-
ine the following idea. A pair of homologous genes
sampled from different species must have diverged in
the ancestral species from which two extant species in
question are descended, unless there has been intro-
gression since their separation. The divergence time of
such genes is a random variable, strongly reflecting the
effective size of the ancestral species, N,. When
various kinds of independent homologous genes are
available, a set of realizations of such a variable is
obtainable, allowing one to infer the variation in gene
divergence time and thus a population parameter N,.

To make the above idea feasible, we must make
several assumptions. Among other things, neutrality is
essential. We will assume it throughout this note. In
the recent literature, it has been well established that
the divergence time, 7, of two neutral alleles in a ran-
domly mating population with the effective size N, is
exponentially distributed as

A7) =511-V—eexp(—5;—v:) (n

(e.g. Watterson, 1975; Kingman, 1982; Hudson,
1983; Tajima, 1983; Tavaré, 1984; Takahata & Nei,
1985). Therefore if many independent genes are at
hand, we obtain a set of realizations of = which follow

(1.
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In reality, however, we cannot directly obtain an
empirical distribution of 7. To achieve it, we must
make use of nucleotide differences between alleles or
homologous genes and assume a clock-like behaviour
of nucleotide substitutions. Once we assume that
genes evolve at constant rates, it is an easy matter to
link nucleotide differences computed from sequence
comparisons and population parameters as was done
by Watterson (1975). Li (1977) extended such an analy-
sis to the case of two species (see also Gillespie &
Langley, 1979; Hudson, 1983; Takahata, 1985). We
note that in so far as two genes descending to species
A and B (Fig. 1) are a random sample from the ances-
tral species, the mechanism of speciation and the size
of descendant species are irrelevant.

Here we further extend the above line of study to
the case in which we allow for the possibility that
mutation rates may differ for different lineages or spe-
cies. Wu & Li (1985) demonstrated that substitution
rates are significantly higher in rodents than in
humans and thus so are mutation rates under the
neutrality hypothesis (Kimura, 1983). Also, Koop et
al. (1986) observed the markedly retarded rate of
hominoid # globin pseudogenes, and compiling
DNA-DNA hybridization and DNA sequence data
available, Britten (1986) concluded that genes evolve
at different rates between taxonomic groups. Al-
though there is no reason to believe that substitution
or mutation rates change only at the time of special
evolutionary events such as speciation, we take differ-
ent rates into consideration for generality. Rates
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Fig. 1. A model of nucleotide substitutions. Two species
A and B are assumed to have diverged 5 years ago.
Substitution rates per site of a gene in these lineages are
designated by u and u’ in units of years, whereas the rate
in the ancestral species by u, in units of generations. The
gene divergence occurs at point O prior to species splitting
by 7 generations. The effective size of the ancestral species
is denoted by N, in text.

should then be regarded as averages over time in a
lineage. In Fig. 1, u, stands for the mutation rate per
site per generation in an ancestral species, whereas u
and u’ are mutation rates in two descendant species.
For convenience, u, 1’ and ¢, (divergence time of spe-
cies) are measured in units of years, whereas u, and
time related to the ancestral species are measured in
units of generations.

Suppose that we have two DNA sequences of one
homologous gene sampled from each of two species
and that there are n sites compared. Assume either
that n is so large that we can ignore multiple substi-
tutions at a single site or that multiple substitutions
are already corrected by an appropriate statistical
method (e.g. Kimura, 1981). In either case, we can use
the infinite site model (Kimura, 1971; Watterson,
1975) in which every substitution is distinguishable,
the total mutation rate per gene being designated by
v=nu,v' =nu', and v, = nu,.

The probability generating function, Q(z), for the
total number of nucleotide substitutions between
homologous genes (Fig. 1) can be derived as

_explz=1)(v+7)1,]
0@ = I—(z—1)4N,v, °

)]

from (1) and a formula for substitutional changes
under the infinite site model. The formula (2) is a
trivial extension of results in Li (1977) and Takahata
(1985). While the probability of k nucleotide substi-
tutions between two genes is easily derived as the co-
efficient of z¥ in (2) and can be used in a maximum
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likelihood method, it is sufficient here to make use of
the mean and variance. Using (2), we have the mean,
M, and variance, V, of the number of nucleotide substi-
tutions per site as

M = ()1, +4N, 4, 3
and
V=M/n+(4N,pu,). 4

When we apply (3) and (4) to actual data, we re-
place M and ¥V by their estimates obtained from di-
verse genes. One possibility we must consider is that
mutation rates may differ from gene to gene. Al-
though the rate of synonymous changes is found to be
very similar for different genes (e.g. Hayashida &
Miyata, 1983), there may be some selective pressure
against such changes in functional genes (Miyata &
Hayashida, 1981). Then different genes may evolve at
different neutral mutation rates, which in turn results
in anincrease in the estimated variances. To accommo-
date (3) and (4) to this possibility, we take the expec-
tations with respect to the distributions of 1, 4" and 4,
and denote these expectations by a bar over a quan-
tity. The formulae (3) and (4) then become

M= {+p)1,+4N, 7, (3)
and
V=M/n+(1+y?)(4N,n,)*, 4)

where y stands for the coefficient of variation of x, and
the variation in x and u’ between genes does not
appear explicitly because of the linearity in M and V.,
Thus, if we observe M and ¥V, we can estimate

4N, i, = [(V—M/n)/(1 4y} (5)
and
(/_‘+/_ll)ts = —M—4Ne/79- (6)

As expected, N, decreases as y increases. It is clear,
however, that the effect of y on estimating N, may not
be drastic and that there are no direct ways to infer y.
Therefore we may use (5) with y = 0 and regard 4N, 7,
thus estimated as an upper bound.

Wu & Li (1985) tabulated corrected numbers of
nucleotide substitutions per site for 11 homologous
genes sampled from several mammals. We use their
Table 1 to demonstrate how to use the above method.
In an actual application of (5) and (6), multiple homo-
logous genes must be able to be compared for a pair
of species and it is preferable that substitution rates
are fairly uniform over different genes compared. For
these reasons, we chose four pairs of animals (human
vs. rat, human vs. mouse, human vs. bovine, rodents
vs. bovine) for which at least 4 genes are at hand, and
focussed only on “4-fold degenerate site’ at which selec-
tive constraints are presumably minimum and there-
fore uniform rates for different genes can be expected.

The results are given in Table 1, from which we
make several remarks. The first is that the effective
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Human vs. rat

Human vs. mouse Human vs. bovine

Rodents vs. bovine

Number of genes used 6 5 4 4

M 0-75 0-66 0-64 0-67

v 0-057 0-028 0-094 0-085
4N, A,* 0-22 014 0-29 0-28
@+, 0-53 052 0-35 0-39
a+Et 7-1x 1079 6-9x%107® 4-7%x 10— 53x 107
Nt 1-5x 107 1-0x 107 3-0x 107 2:6x 107
M and V are computed from Wu & Li’s (1985) table 1.

sizes thus estimated for four pairs of species are rather
similar to each other. Although the divergence be-
tween rat and mouse occurred much later than the
mammalian radiation, two disjoint gene sets are used
for the comparisons of human vs. rat and human vs.
mouse, providing independent estimates of N, in the
human-rodent common ancestor. However, not all
data sets used here are statistically independent. For
example in the human vs. bovine comparison, three
human genes are used for the human vs. rat com-
parison and one for the human vs. mouse compari-
son. The exact treatment of this situation can be made
not by the present method but by a more general
method for the case of three genes (species) in-
volved. A preliminary result shows, however, that
there is no strong bias in inferring N, by the present
method if three species in fact radiated in a relatively
short period. Thus the similarities in the effective sizes
computed here would be compatible with the well-
known fact from fossil records that those species
shared a common ancestor around 75 million years
ago. The second is that N, has a fairly large value.
Stephens & Nei (1985) estimated the effective size of
Drosophila melanogaster to be of the order of 10® based
on comparison of 11 Adh genes collected from around
the world (Kreitman, 1983). Compared with this
figure, N, of the ancestral species of extant mammals
seems even larger, suggesting that it must have been a
widespread, or partially isolated species with ample
opportunity for differentiation. The third is, probably
unexpectedly, that a large amount of silent poly-
morphism existed in the ancestral species. The nucleo-
tide differences between two genes attributed to
polymorphism exceed 30%, on average, which is com-
parable to nucleotide differences that have accumu-
lated after species splitting. If this is the case, it is clear
that a more careful investigation is needed in molec-
ular evolutionary study. For instance, if we ignore the
polymorphism, the evolutionary rate would be over-
estimated. Conversely, when we infer species diver-
gence time by using a molecuiar clock with a known
rate, neglect of the polymorphism would lead to over-
estimation. Such cautions are obvious for the case of
closely related species (e.g. Takahata & Nei, 1985), but
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n = 75 is assumed, which is simply the average number of 4-fold degenerate sites per gene.
t, = 75 million years is used as the divergence time of two species.
i@ +7) and the generation time of the ancestral species is tentatively taken as | year.

we have just seen that 75 million years for mammals
may not be long enough in the above respect. The
fourth is that there are slightly different substitution
rates between different lineages. As shown in Wu & Li
(1985), the rate is higher on average in rodents than in
human and bovine, and this is why we have con-
sidered a model given in Fig. 1.

The validity of the above remarks should be care-
fully checked, however. We have already pointed out
that the estimated value of N, might be spurious if
synonymous rates differ considerably for different
genes. In addition, estimation of N, depends strongly
on the extent of variance ¥ in (5) so that we must
consider other possibilities that result in elevated vari-
ances and thus overestimation of N,. Several causes
are conceivable even within the framework of the neu-
trality hypothesis. For instance, (i) some substitutions
ina gene may not occur singly because of highly special-
ized intramolecular interactions, (i) one substitution
in a gene may change the degree of selective con-
straints against subsequent substitutions and (iii)
deleterious mutations coupled with bottleneck effects
may play an important part in molecular evolution. All
these factors augment V (Takahata & Kimura, in
preparation) and therefore N, would be overesti-
mated by (5) unless we properly decompose V into
the component due to ancestor polymorphism and
the others. Unfortunately, no theories have been
developed to decompose ¥ and little is known about
the relative importance of such factors on ¥. What we
can at best argue here is therefore that N, given by (5)
is an overestimate if variation in the number of
substitutions is caused by any factor other than
ancestor polymorphism.

On the contrary, the actual N, will be under-
estimated by (5) if intragenic recombination is present
or if different genes have a correlated evolutionary
history because of linkage disequilibrium in the ances-
tral species. Our method is based on the assumption of
no intragenic recombination, and intragenic recom-
bination, if present, reduces ¥ (Hudson, 1983) so that
an actual value of N, would be larger than expected
from (5) and an observed variance. Furthermore, if
homologous genes sampled have similar genealogical
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relationships, the variation of their divergence times in
the ancestral species becomes smaller than expected
from a random sample. Then N, will also be
underestimated.

Thus there are many factors which potentially in-
fluence estimation of N,, although their bias is in both
directions. In any case, a theory should be further
developed to assess the relative importance and to
distinguish these effects from that of ancestor poly-
morphism. Whether or not the results obtained here
are reliable should be examined on such theoretical
grounds and on the basis of more extensive com-
parison of many independent genes.

Finally we discuss the infinite site model we used
here. When the number of sites compared is not
sufficiently large and when we use the proportion of
nucleotide differences per site directly, it is better to use
a more realistic model of mutations. Such a model,
though still ideal, was considered by Golding &
Strobeck (1982) and Takahata (1982). Based on that
model, Takahata (1985) gave the formulae equivalent
to (3) and (4) [equations (13) in his paper], which can
be used for the present purpose. [When we want to
estimate the divergence time of two related species,
however, the left side of his equation (19) should be
read as 7,4+ 2N, in the present notation. This formula
can be derived directly from his equation (17a).]

An interesting application of the present idea would
be to man, chimpanzee and gorilla for which the phylo-
genetic relationship is still debatable. At present, how-
ever, the number of homologous genes that can be
compared among primates is unfortunately limited.

I thank anonymous reviewers for their many valuable
comments. The maximum likelihood estimates of N, (very
close to the present ones) and the confidence limits will be
presented elsewhere. This is contribution no. 1688 from the
National Institute of Genetics, Japan.
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