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EPITHELIAL CELLS DIVISICN three sides of the phase diagram.  Fig. 2 vepresents the avian ¢y
actual situation in hydra, in which three cell types of 5 gurned ¢
givenn cell line jointly exist only within a very restricteq :  Also by
area but two cells from the same cell line co-exist in 4 trioseph

CPTHELIAL 1"|11|t‘|l larger arca. IFor cach cell I;_m-_, for DF=0. we there. . cattled,
MUSCULAR | GASTRODERMAL fore have r= 3 for the three co-cxisting phases at an intep. for ever
CELLS ZELLS seetion on the phase diagram; therefore g=r=13; or, ¢, gisting ¢
expliain the observed phase behaviour, at least three com,. equival

ponents ave necessary.  There is no way of predicting 30 x 10%

whether or not the same components will be active iy Averagi
controlling both cell lines.  If the interstitiom between and tric

cells or the mesogloea is considered ss another phase, then rate of
a four-dimensional phase diagram would be vequired and - a polyp

g=r=4 at an interscction on the phase diagraw.  Thus [ int:

MUCOUS CELLS DF THE BASAL DISC three or four components are required to deseribe the : appea.ri
biological phase behaviour in hydra depending on the size of

A - — g part played by the interstitium in cell regulation, rate fo:
An alternative way of analysing the phase behaviour of First

“ the hydra cells is to aseribe properties to the stimulator same @

(«) and inhibitor (/) substances' similar to those usually cattle ¢

¢ given in thermodynamics to temperature and pressure, ! note tt

Now equation (3) becomes mamin
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INTERSTITIAL CELLS DE = r=q+2 @ played
where 2 includes the variables @ and I, and g includes the In t
composition variables.  This system cannot be easily | haplor
represented graphieally, but we ean imagine the w and [ nucleo
substances exerting a thermodynamie stress on a cell, Muller
thereby causing a change in Ay befween two phasea. ' amno
The change in chemical potential causes dn St =20 until soap
a steady state is re-established. This effect can be hikened 300 ¢
to the cffeet of temperature and pressure on phases under replac
Le Chailier’s principle. The two factor system of Burnatt a cod
or Webster is thercfore elearly inadequate to explain replac
the phase behaviowr of hydra eells. We are therefore synon
fully justified in searching for a three or four compon. by one t
svstean (which may be mediated by two growth facicrs) 1:2 b
which exertz contral over cell differentiation and division 1}'“;?1

is the

in hadra.

Beceived Decemiber TH TH67,

B P Buaraett, AL Lo Awers Natoapalist, 1000 Vish 01606865
SWebster, G Kuibeal, Fap, Morph 16, 125 (10686),
CLendeqine, 1ML and Lundblad, Mo dete Zood . 47, 277 (1060
Y ekl amd Buenett, A, Lo, Erpo Oell Bies 48, 66D D1 ’ This

boeell lines

u el Lents. CBarth, b G, Biol, el 129, 471 (10
ars AL B O are shown to s Roreewer, HooJ Cell, Comp. Plrsiol L 6B Pl 45 s v nucle
nteract to control Tiibis, J.WL Calleeted Works, 1,55 0 1s ans, TETHY one 1

behaviour (differentinti s : T twa eell | . 3 AP N
composition ab any i . is found by the Boweden, 5, T, Phose fade wpd Phose roug
| .

of line 1L PErpeTi : i, the proportion S Camapbell, AL ML amd Smith, N, 0o The Phose Ruole (Dover. 1050, T
of £ being read from the side opposite apex B, oand <o on lieesi, dL KL The Phase Bude (Van Nostrand, 19515,

estir

evol

\ roug
by &

‘ tion
1'()\1‘

tion

bas

Evolutionary Rate at the Molecular Level . pro
) .
MGTOO KIMURA Calculating the rate of evolution in terms of nucleotide substitutions , 'm}i

seems to give a value so high that many of the mutations involved
National Institute of Genetics, must be neutral ones.
Miskima, Japan
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Comranarivie studies of hacmoglobin molecules among change in 107 v for a chain consisting of some 140 Anino- in
different groups of animals suggest  that, during  the aculs, For example, by comparing the « and 2 chains of tag

ovolutionary history of munmals, amino-acid substitution  man with those of horse, pig, cattle and rabbit, the the
has taken place roughly at the rate of one amino.acid  figure of one amino acid change in 7 x 105 vy was obtained®.
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This is roughly equivalent to the rate of one
1t

substitution e 107 vr for a chain consisting of
aminu-acids.

A comparable value has been derived from the stady
of the hacmoglolbim of priumates®. The rate of amino-acid
cubstitution ealeulated by comparmg mammalian and
avian cytochrome ¢ feonsisting of about 100 amino-acids)
turned out to be one replacement in 45x 10% yr (ref. 31
Also by comparing the amino-acid composition of hunan
trivsepho=phate dehvdrogenase with that of rabbit and
cattle?, n tigure of at Jeast one amino-acid substibution
for every 207 10" vrocan be obtained for the chain con-
gisting of abour L TT0 amino-aeids.  This Howre is ronghly
uqui\';\.h-nt to the rate of one ammo-acid :-auh.-:t-itu'riun_ 1
q0x 108 yr for a chain comsisting of 100 amino-acids,
Averaging those figures for hacinoglobin, eytochrome ¢
and triosephosphate dehydrogenase gives an evolutionary
rate of approximately one substitution in 28 % 10% yvr for
a polypeptide chain ¢ msisting of 100 amino-acids.

I intend to show that this evolutionary rate, although
appearing to be very low for each polypeptide chain of a
size of cvtochrome ¢, actually amounts to a very high
rate for the entire genome.

First, the DNA content in each nucleus is roughly the
same among different species of mammals such as man,
cattle and rat (=ec, for example, ref. 5). Furthermore. we
note that the (--C content of DNA is fairly uniform among
mammals, lving roughly within the range of 40-44 per
cent®. These two facts suggest that nucleotide substitution
played a principal part in mammalian evolution.

In the following ealeulation, I shall assume that the
heploid chromosome complement comprises about 4 x 10
nucleotide pairs, which is the number estimated by
Muller” from the DNA content of human sperm. <ach
amino-acid is coded by a nucleotide triplet {codon), and
so & polvpeptide chain of 100 amino-acids corresponds to
300 nucleotide pairs in a genome. Also, amino-acid
replacement is the result of nueleotide replacement within
a codon. Because roughly 20 per cent of nucleotide
replacement caused by inutation is estimated to be
synonymous®, that is, it codes for the same amino-acicl,
one amino-acid replacement may correspond to abour
1-2 base pair replacements in the genome. The average
time taken for one base pair replacement within a genome
is therefore

O 109

28 x 105 v a0/
30/

R I Cs

This means that in the evolutionary history of mammals.
aucleotide substitution has been so fast that, on average.
one nucleotide pair has been substituted in the population
roughly every 2 yr.

This figure is in sharp contrast to Haldane's well known
estimate® that, in horotelic evolution (standard rate
evolution), a new allele may be substituted in a population
roughly every 300 generations. He arrived at this figure
by assnming that the cost of natural selection per genera-
tion (the substitutional load in my terminology®) i=
roughly 0-1, while the total cost for one allelie substitu-
tion is about 30. Actually, the caleulation of the cost
based on Haldane's formula shows that if new alleles
produced by nucleotide replacement are substituted in n
population at the rate of one substitution every 2 yr,
then the substitutional load becomes so large that no
mammalian speeies eould tolerate it.

Thus the very high rate of nueleotide substitution
which I have caleulated can only be reconciled with the
limit set by the substitutional load by assuming  that
most mutations produeced by nueleotide replacement are
almost, neutral in natural selection. Tt can be shown that

In a }_‘H)[!lllklll‘lﬂ of effcetive size N, it the colective advan -
tage of the new allele over the pre-existing alleles 1s =,
then, assmming ne dominanee, the total load tor one gene
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where §=N.s and p is the frequency of the new allele
at the start. The derivation of the foregoing formula will
he published clsewhere. in the expression given here
w(p) = the probability of fixation given byt

wlp)= (1= e W8] —e i)

Now, in the special case of formulae (1)

and {2y reduece to

|2V s < 1.

Lipy = 4N.s log{1/p)

afpy=p+ 2N spll = p)

Formula (1) shows that tor a nearly nentral utation the
substitutional load ean be very low and there will be no
limit to the rate of gene substitution in evolution.
Furthermore, for such a mutant gene, the probability of
fixation (that is, the probability by which it will be
established in the population) is roughly equal to its
initial frequeney as shown by equation (27). This means
that new alleles may be produced at the same rate per
individual as they are substituted in the population in
evolution,

‘This brings the rather surprising conclusion that
mammals neutral (or nearly neutral) mutations are
oceurring at the rate of roughly 0-5 per yr per gamete.
Thus, if we take the average length of one generation m
the history of mammalian evolution as 4 yr, the mutation
yate per generation for neutral mutations amounts fo
roughly two per gamete and four per zygote (5x 10 e per
nucleotide site per generation).

Suech a high rate of neutral mutations is perhaps not
surprising, for Mukai'* has demonstrated that in Droso-
phila the total mutation rate for “viability polygenes™
which on the average depress the fitness by about 2 per
cent reaches at least some 35 per cent per gamete, This
i= a much higher rate than previously considered.  The
fact that neuteal or nearly neutral mutations are oceurring
at a rather high rate is compatible with the high frequency
of heterezvgous loei that has been observed recently by
studying protein polvmorphism in human and Drosaphila
populationst#-17,

Lewontin and Hubby!® estimated  that in natural
populations of Drosophila pseudoobscura an average ot
about 12 per cent of loei in each ndividual is heterozvgons.
The corresponding heterozygosity with respect to nucleo-
tide sequence should be much higher.  The chemieal
structure of enzymes used in this study does not seem o
be known at present. but in the typical case of esterase-5
the molecular weight was estimated to be about 10° 1%
Navise and Hubby%, In higher organisms, enzymes w ith
molecular weight of this magnitude scem to be common
and usually they are Cmultimers UL No, if we assane
that each of those cnzyvines comprises on the avirage
come 1000 amino-acids  (corresponding  to molecular
weight of some 120,000, the mutation rate {for the
corresponding  genetic site (consisting of about 3,000

nncleotide pairs) is

o= 3 x 1 x5 x 1010 1-5 < 10-#
per generation. The entire genome conld produee mnre

than o miflion of such enzymes,
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In applyving this value of u to Drosophila it must he
noted that the mutation rate per nucleotide pair per
eneration can differ in man and Drosophila. There is
some evidence that with respeet to the definitely dele-
terious eftects of gene mutation, the rate of mutation per
nucleotide pair per generation is roughly ten times as
high in Drosophila as in man' . This means that the
corresponding mutation rate for Drosephile should be
a=15x 10" rather than 1#=15x%10-%, Another con-
sideration allows us to suppose that =15 x 10-3 is proh
ably appropriate for the neutral mutation rate of a
cistron in Drosophila. If we assume that the frequency
ot occurrence of neutral mutations is about one per
genome per generation (that is, they are roughly two to
three times more frequent than the mutation of the
viability polvgenes), the mutation rate per nucleotide
pair per generation is 1/(2 x 10%), heeanse the DNA con-
tent per genome in Drosophila is about one-twentieth of
that of man®*®, For a cistron consisting of 3,000 nucleatide
pairs, this amounts to w=1-5x 10-5,

Kimura and Crow?' have shown that for neutral
mutations the probability that an individual is homo-
zygous is /(4N + 1), wherve N, is the effective population
number, so that the probability that an individual is
heterozygous is H,=4N,u/(4N, 20+ 1). TIn order to attain
at least H,=0-12, it is necessary that at least N, =2,300.
For a higher heterozygosity such as H =0-35, N, has to
be about 9,000. This might be a little too large for the
effective number in Dresophila, but with migration
between subgroups, heterozygosity of 33 per cent may be
attained even if N, is much smaller for each subgroup.

We return to the problem of total mutation rate.
From a consideration of the average energy of hydrogen
bonds and also from the information on mutation of
rIIA4 gene in phage T',, Watson®® obtained 10-%~10-° as
the average probability of error in the insertion of a new
nucleotide during DNA replication. Because in man the
number of eell divisions along the germ line from the
fertilized egg to a gamete is roughly 50, the rate of muta
tion resulting from base replacement according to these
figures may be 50 x 10-%~50x 10-* per nueleotide pair
per generation. Thus, with 4 x 10° nucleotide pairs, the
total number of mutations resulting from hase replace-
ment may amount to 200~ 2,000, This is 100--1.000 times
larger than the estimate of 2 per generation and suggests
that the mutation rate per nucleotide pair is redneed
during evolution by natural selection?®1e,

Finally, if my chief conclusion is eorrect, and if the
neutral or nearly neutral mutation is being produced in
each generation at a much higher rate than has been con-
sidered before, then we must recognize the great, impor-
tance of random genetic drift due to finite population
number®® in forming the genetic structure of biological
populations. The significance of random genetic drift has
been deprecated during the past decade. This attitude
has been influenced by the opinion that almost no muta-
tions are neutral, and also that the number of individnals
forming a species is usually so large that random sampling
of gametes should be negligible in determining the conrse
of evolution, except possibly through the “founder prin-
ciple”. To emphasize the founder principle but deny
the importance of random genetic drift. due to finite
population number is, in my opinion, rather similar to

assuming a great flood to explain the formation of deep
valleys but rejecting a gradual but long lasting process of
rrosion by water as insufficient to produce such a result.
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The USSR Venera-4 Probe photographed
during Preparation for Flight (TASS)

(see opposite)

The Venera-4 probe, weighing nearly 2,500 [h., was
launched from the USSR on June 12, 1967, After 128
days in flight, it was parachuted from the space rocket to
make a soft lauding on the surface of Venus,  Information
sent back to Earth from the probe was picked up by the
radio telescope at Jodrell Bamk and was passed to the
Russians for decoding.  Some of the results are dizenssed
n')p-rszt!'.




