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PREFACE

THE FIVE essays which form the body of this book, and the sixth
one which my friend Dr Henrik Kacser has kindly allowed me
to mclude, are concerned with two of the major classical problems
of biology—firstly, the nature of biological organsation and the
developmental processes which bring 1t into being, and secondly,
the theory of evolution These matters have been debated for
centurtes At the present time they tend, perhaps, to be somewhat
thrown mto the shadow by the brght light which beats on the
growmg pomts of our understanding of analytical biology But
the search for the secret of gene action, for a comprehension of
how enzymes operate, or of the sigmificance of nucleic actds and
protemns m. determuung specifiaty, although excrng and of
profound 1mportance, nevertheless do not comprnse the whole
am of biology One can adequately appreciate their relevance
only by reference to a framework of 1deas suffictently wide to
embrace all aspects of living systems Itas the purpose of Theoret-
1cal Biology~a young, and 1t must be confessed not as yet very
substantial branch of science—to provide such a conceptual
scheme These essays are offered as a contnbution towards the
scaffolding 1n one wing of the whole edifice

Part of the first essay 15 taken from a paper printed m the
Proceedmgs of the Tenth International Congress of Pulosophy, the
second essay mcorporates some paragtaphs from an arucle which
appeared in Recent Developments in Cell Physiology (Butterworths,
1954), part of the third 1s from a paper published i Evolutton,
Seventh Symposiun of the Sovety of Expersmental Biology (Cam-
bndge Unwversty Press 195 3), and a few pages of the fifth are
quoted from an acticle published 1n Endeavour (Vol 12, July 1953)
A few of the figures have been taken from published sources, to
which reference 1s made i the captions I should like to thank
the editors and publishers concerned for permission to use thus
matersal

CHW
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CHAPTER 1

FORM, END AND TIME

THE ENTITIES studied by physics and chemustry are commonly
referred to as‘things’, while the objects of biological mnvestigation
are ‘organusms’ Perhaps many of the biologists who have m
recent years been pushing the growing pownts of scientific advance
mto ever more penetrating analysis of the operations of biological

systems would beinclined to deny the reality of any dxstmctxon, or
1 ovtet J3 0 laerd w

rather than on the laboratory bench, the more he tends to empha-
sise the reality of a pecultar and spectal quality which distingushes
the objects of hus study There would be nothing mn the shightest
surpnising in this, and no one would have any hesitation accept-
mg the blologlst s word for 1t, were 1t not that some authors have

suggested that brolog are not merely d. sha
from non-hving things, but are quutc diferent i kind, ol g
some prmciple of which 15 not elsewh e exemgi’ =
in the world

Although, 1n face of the enormous recent successes of gler « o>
and phystcs, this pomt of view has become very unfasfuse »
15 by no means impossible that we shall lly be o e
to1t Solong as mind remams a phenomenon unmezir, - « 5,
vocabulary of the phystcal sciences, one can have nig 200 2mp
confidence that the stock of concepts at present sz « »
discaplines will ever be able to encompass 1t Su r o . ..
that our fundamental sa:nuﬁc xdc:Ls xmy yet pracs .

ks

2P i

) .-

. z

lite Th: most usetul response to the crmey 47 -
T



2 THE STRATEGY OF THE GBNES

mechansstic biology 15 not to deny the reality of the facts to which
they pomt, but to see how far they can be mcorporated within an
expanded framework of 1deas denived from experimental studies
Those who argue that living organisms are fundamentally dif-
ferent to nammate things usually stress three separate, though per-
haps ultimately related, pomts of divergence Mimnd, Form and
End Ishall not attempt, 1n this short essay, to say anything about
the first of these, but shall confine myself to the two latter, which
arc caster to handle m that they are undoubtedly expressed within
the realm of the matersal
Allliving organisms except possibly some of the very sunplest,
though even that exception 15 doubtful are characterssed by
possessing a charactersstic form or shape Thus 1s not a mere static
configuration m which the organism happens to be produced and
which 1t simply retains, as a stone or a mass of ron nught do The
form of a living plant or animal 15 continuously kept 1n bemng 1
spute of the fact that matenial 15 passing all the time through the
system The form 15 not only, m many cases, 2 complex one, but
the entity by which 1t 15 expressed 1s more nearly comparable to a
nver than to a mass of solid rock. Fmally, organtc forms have a
quahity, dufficult to express precisely 1n words, but rather definitely
recognsable i practice, which 15 often referred to as ‘wholeness’
or ‘mntegration” This 1s almost an aesthetic quality—a character of
self-suffictency and completeness But 1t 1s not solely aesthetic It1s
connected with the sccond major peculanty of hving things, their
‘directiveness’, as E S Russell (1945} has called 1t Thus refers to
the fact that most of the activities of 2 iving organsm are of such
a kund that they tend to produce a certam charactenstic end-result
The most inclusive type of end-result, 1 15 often stated, 1s the con-
unued bfe of the organism, actually 1ts reproduction, and the
passing of its hereditary qualities to the next generation, should be
regarded as a still more general goal And 1t s, of course, possible
to define many more substdiary goals, to which the operations of
particular parts of the organssm are related, for mstance, the
preservation of the constancy of the mternal medum of the body,
or many others
The use of the word ‘orgamsm’ to refer to living systems 1s
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usually mtended to convey some reference to these two character-
1stics of Form and End. Many brologsts 1n recent years have argued
that an understanding of organisation 15 m Sinott’s words, “the
brological problem to which every other 1s subordinate and con-
tnbutory’ Several, such as Needham (1936) and L. ] Henderson
(1917), see organssanon 2s one of the major categortes “which
stand beside those of matter and energy’ This seems to ymply a
renunciation of any attempt to formulate the problems of organ-
1sation m terms of anything else but uself It 15 surely premature
to go 5o far as this until we arc drven to

‘We can make some progress towards analysmg the concepts of
‘organssm’ or ‘organssanion” by starimg from the consideranon
that these words are mtended to 1mply some kund of coherence
within the entity referred to, that 15 to say, they are concerned
with the relation between the thing and ats parts The degree of
organssation s the extent to which the entity ss 1nternally coherent,
1m the sense that the properttes of 1ts parts are essentully dependent
on the relations between the parts and the whole The relation be-
tween the part and the whole 15 spoken of as the function of the
patt

Now an ennity can be divided mto parts i innumerable differ-
ent ways We might use the word “organmsanon” to refer to the

relation between the whole and the parts, when the latter were
o ol - o~ no o4 - L ]

it

o

1t becomes senseless to speak of orgamsation without specifying
or implying some rule by which the parts are to be discimmated
Thus ‘orgamsed’ must always mean ‘orgamised when regarded
from a certam pomt of view’

The degree of organmanon of one and the same entity may be
quite different according to the pomt of view from which 1t 15
regarded For instance, at a certamn stage n the development of the
cye, fragments of the eye~cup when 1solated wall form small eyes
which are completely normal m shape, although the tissues of
which they arc composed are restricted to those which the frag~
ment would have produced 1f feft undisturbed Clearly, the state
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of orgarusation of the eye-cup at this stage varies according as 1t 13
wviewed from a morphological or from a hustological standpont

Many discusstons of orgamsation appear to umply that, when we
try to decrde how far a given entity 1s organused, we already know
the kind of parts mto which st can appropriately be broken down
Thus 1t 15 often suggested that, 1f confronted wath a motor car, we
must begn by considering 1t as an assemblage of physical preces of
metal, the cylinders, pistons, crank-shaft, wheels, etc Then the
organssation of these into a patterned whole which functions as a
means of locomotion appears as something additional to the col-
lecuvity of the bare preces, and m thus case the source of the
additional element can be found 1n the design of the maker But
this suggestion overlooks the fact that 1n many cases (partcularly
where the *parts’ are scientific concepts such as atoms, electrons,
etc ) the parts were not ducovered prior to the observation of the
wholes, but, on the contrary, are denved from them It1s there-
fore, more generally important to discuss, not how already-known
parts may be fitted together to give organised wholes, but how
such wholes may be analysed into parts relevant to a particular
pomt of view Thus, in considering the motor-car, 1t 15 rather
artifical to state that one part of it1s 2 conglomerate lump of a
certam shape consisting of metal, mica and porcelamn, and then to
atk bow 1t comes about that this functions as a sparking plug It
1s morc natural to observe that the whole thing runs, that ths
necessitates a part which fires the cylinders, and thus to armve ata
defimtion of the spatking plug which still retams a reference to the
essential function 1t fulfils 1n the runming of the car

When considering a man-made system, we can discover the
{:omt of view from which it 1s organsed by asking the maker what

he hiad i mind when d g 1t If thus, or hing like 1t,

werc the only way of dlsc:vcnng the existence of organsation,
any biological theory which utilised the concept would be essen~
tally teleological Now 1t seems certam that, 1f accustomed to
mat-made machines, we could discover the purpose of any new
one which we found, even 1f the maker were not avatlable for
futerrogation Can one conclude from thus thne we can legitimately
claum to recognuse organusation n entines not made by man, and
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therefore of a category such that for no example of the class have
we been told the pomt of view from which they are organssed:

In order that this should be possible, 1t 15 only necessary that the

phenomena under observation are of such a kind that they give
e 1o a pomt of view which can be utilised to discnminate parts
within the wholes whose degree of organtsation 1s to be assessed

There 15 no doubt that some such pomnts of view anse wathout
mvolving teleological considerations, for mstance, the spatal A
collection of magnets floatmg on the surface of 2 pool of water
form an entity which 1f analysed from the geometrical pomt of
view, turns out to be rather ighly organised, since the positon
of any one magnet 15 dependent on 1ts posiion within the whole

The formulation of other modes of abstraction (e g the anatom-
cal, the physiological, the behaviounst and so on) no more m-
volves a reference outnide the field of observation than does that
of the spatnal, but, like 1t, they probably depend essentially on the
occurrence of a number of mstances, rather than only one, to
which they are relevant.

As an example of the reality of the problem of organisation,
constder a case n which 1t 15 sull undenided The chromosomes
are found to be the bearers of hereditary determmation The
phenomena of crosstng-over, and of chromosome rearrange-
ments, Jead to an analysis of chromosomes nto spatral parts
(matermal genes) It1s then a genume problem whether the relation
between the matersal gene and the chromosome 15 determmant of
the nature of the gene, evidence agamst thus has been drawn from
the comparatively shight effect of major mversions, translocations,
etc, and evidence for 1t from the so-called position effect A
definite meanmng could be attached to the statement that a lugh
degree of organisation had been discovered, and this meanmg
would mvolve no teleological reference.

There 15 one category of pomts of view which, m my opimon,
1 particularly charactenstic of biological entities Perhaps the
mam respect m which the brological prcture 1s more complex than
the physical one, 15 the way 1 which ome 1s myolved m 1t In the
Newtonian system, tume was one of the elements m the physscal
world quite separate from any of the others, 2 matenal body ofa
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given mass Just exasted, unchanging and, mdeed, quite ndifferent
10 the passage of nme But time and change 1s part of the essence
of lfe Not only 50, to provide anythmg like an adequate picture
of 2 iving thing, onc has to consider st as affected by at least three
different types of temporal change, all gomg on smultaneousty
and conunuously

These three time-cl m the biological prcture differ m
scale On the lasgest scale 1 cvolution, any living thmg must be
thought of as the product of a ong lme of ancestors and wselfthe
potentral ancestor of a lime of descendants On the medum scale,
an antmal or plant must be thought of as somethmg which has
Life hustory Tt 15 not enough to see that horse pulling a cart past
the window as the good working horse 1t 15 today, the pictuze
must also mnclude the mmute fertilsed egg, the embryo m 1t
mother’s womb, and the broken-down old nag st will eventually
become Fially, on the shortest time-scale, 2 hving thing keept
1tself going only by a rapid turnover of energy or che
change, 1t takes m and digests food, 1t breathes, and so on.

In the biological picture towards which we are finding our Wit
the three tune systems will have to be kept 1n mind together That
13 the feat which common sense still finds dufficult Even m current
brology, most of our theores are sull only partly formed because
they leave one or other of the time scales out of account.

Let us put each of the scales m tum mto the centre of the stagty
and sec how the other two could, if they were brooght i, fed
to a nicher and deeper comprehension.

Takmng the largest scale, we have a theory of how characters
are passed on from one generation to the next~—the theory of
genetics Tt 15 easy to add o thus the contribunion of the smallest
scale, whatever an amimal may have mherited from 1ts ancestors
will be tested for efficient functioning 1 the rough and tumble of
daly Wfe These two tume-scales taken together give s the
Theory of Natural Selection. But to suppose that the evolution
of the w onderfully adapted biological mechanusms has depen
only ¢n a selection out of a haphazard set of vananons, each
produced by blind chance, 13 Like suggestung that 1f we weat o8
throwng bricks together into heaps we should eventually beable
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to choose ourselves the most desirable house If wre brang a0 400
medum tme-scale, however, thus difficulty iy <70
heredutary differences which anse m animals are ot g 10 o2 £ 1
Iike the differences betw een tn o heaps of bricks They ey it { -
changes m orderly systems of development, and eard guew 3 4
has an order of 1ts own, maybeless, but sometimes e, cor ey
than that of the ongmal from whch 1t was denved
Agam, 1if we start from the medium timc-scale, we 3 /.o s,
sertes of facts about development which make up de 5, o 5
embryology Brmgmg m the large scale, we find ff 14, o
throws hight on development—an ammal durmg s 3 ..,
passes through stages which recall the developmear oy, .,
tors Only m the last few decades have buologists trae, . 4.
short tume-scale to the picture, and study dhe 5\
processes which bring development about, but s 4 4., ':,
this attempt will lead to a new depth of undrrea «,,. o o
tones
Finally, the saaence which centres on the sfvr ¢, P
physiology But we have to remember that the goe, . 2]
to-day ife do not yust keep the antmal alve iz 4, :
ton. Repeatmg day after day, they alter slovdy . o, i
and produce the medmm scale changes of dryety,, |~ 7, 7
somewhere hudden among the deepest secrets of €2
the cell, there must be the process by which 1)1-547//”,‘ g 4
undergo those sudden mutations which are the4,., i
fime-scale evolutron.
'Thus, all three ime-scales are essential for the 5, ,, Py

”
s ey

ot
e W
(S
phrases mto which the notes buld thcmsclm, P e
evolution 1s like the structure of the whole 5 NS
1 which the melodes are repeated and vaned 7 7 e
Retuming to the concepts of Form and 1,7 P .
i, properes of gy e L
- L EE e

- .’
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the mamn because one tends to view them from an inappropriate
tme-scale The cause-effect sequences which we mampulate so
constantly 1 our dealing wath material things, and the great
successes of phystological and biochermical studies of ltving organ-
1sms, both tempt us to adopt almost mstinctively what I have
spoken of as the short~term time scale, that appropnate to short
stretches of the organtsm’s hifetime It 15 from thus standpomt that
Form and End seem so unaccountable Is Form any more than an
orderliness i the processes of development, or Goal-secking and
End more than actity consonant with the laws of Natural
Selection wlhich govern evolution» Possibly the answer 15 Yes,
and something over and above thus 15 mvolved But at least we
can try how far we can go along those paths before bemng dnven
to mvoke anything else

The essays which follow will not, of course, attempt to deal
with more than one or two aspects of the enormously complicated
and umportant fields of embryome development and biological
evolution. They wll, indeed, leave largely on one side the two
fields 1n which most raprd progress has recently been made, and
m which, perhaps, general interest 1s at present most concen-
trated In the context of development, a whole host of mnvest-
gators 1s at present actvely attacking the fundamental problem of
how a gene operates The question 1s bemg converged on from
many sides by studies of the genetic control of single enzymes,
by investigations on the chemical structure of the gene consti-
tuents, protein and nucleic acids, by mutaton studies, analysis of
pseudo-alleles and position effects, and from many other angles
Results of great mterest and the most scmullating promise have
already been achieved, though a satsfactory solution still seems
round scveral comers, rather than only one The expenimental
mvestigation of evolutionary processes has also notonously made
sery great stndes m recent years In partcular the group of
students of Drosoplula assocuated with Dobzhansky and with the
Texas school have given us a quite new outlook on the genetie
constitution of wild populations and the ways m which 1t 1
organised

Both these great modem developments are mamly concerned,
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however, with what I should venture to call tactical questions
They aim at elucidating the way m which individual genes operate
duning development, or the naturc of the genetic differences
between very nearly related populations which may or may not
be engaged m any major evolutonary advance I wish to discuss
the strategic question how does development produce entites
which have Form, m the sense of mntegration or wholeness, how
does evolution bring into bemng organisms which have Ends, 1n
the sense of goal secking or directiveness?

Now admuttedly the carrying out of any strategy depends on
the techncal means avatlable and even the strategic conception
may be limsted by them But that does not mean that one cannot
usefully discuss strategic matters until one has mastered every
detail of the tactical methods which can be employed It 15 not
necessary, 1n fact, to await a full understanding of the chemustry
of sngle genes before trymg to form some theoretical prcture of

ow gene-systems produce d patterns of developmental
change And to defer a discussion of the fundamental problems
of evolution until we have a complete knowledge of the popula-
tion genenics of Jocal vanation would be no more sensible than
to postpone the study of the major reltgions of mankind untd we
comprehended such sociological munutiae as the reasons why
Frenchmen can wear more sparklng shoes and Amertcans
flashuer ties than those which would be ‘fittest to survive’ 1n
Great Batam It may even be that the answers to the most basic
tactical questions are not merely messential, but are actually more
or less irrelevant, to the strategic problems Suppose, for mstance,
that we fels justified m assuming that one of the general mechan-
1sms which could be invoked toaccount for development is the con=
trol of enzyme specifiaity by genes We should still be left facing
the problems presented by the strategic results of development,
the appearance of dufferentiated tissues and organs And 1t1s by no
means clear that, 1 this connection, there would be any relevance
m the question of exactly how the enzyme speaificity 1s influenced

Some fifteen or more years ago, for example, the structure and
finctonng of genes was usually discussed 1. terms of physico~
chemzeal 1deas, largely due to Astbury, according to which both
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their mamn constituents protems and nuclerc acads had 2 funda-
mentally Inear arrangement, with closely sumlar spacings of the
units along the thread Recently Watson and Crick have suggested
that the nucleic acid of the genes 1s more probably mn the form
of two mtertwining spirals This model does not provide quite so
sumple a prcture of the gene, smce we are confronted wath the
difficulty of seemng how two intertwisted threads can not only
reproduce themselves but then succeed mn separating from one
another But even when this difficulty 15 overcome—and 1t does
not seem wmsuperable—the change 1 our view of the basee strue-
ture of the gene seems to make no dufference whatever to our
understanding of the strategic results of gene-action which were
mentioned above, 1t appears, m our present state of 1gnorance,
quite 1rrelevant to them

Agan 1f we decide that selecnon operating on the genetic
system of 2 population can bang about gradual alterations of the
metric charactenstics of sts individuals 1t 1s more or less irrelevant
to the evolutionary consequences of these changes whether they
depend on a special class of gene-locs, such as the heterochromatic
polygenes mnvoked by Mather, or on a special type of allele, such
as the 1so-alleles of Stern and others, or whether there 1s nothmg
very special about the genes at all, except that their effects are
rather small Again the tactical problems, of immense mterest as
they are, and fundamentally important 1n their own context are
largely 1rrelevant to the strategic questions The essenttal pomnt at
the present stage of evolutionary theory, 1s the adequacy of our
two bastc concepts—natural sel and the rand of
mutanon Tt 15 m the mam with the strategic aspects of develop-
ment and evolution that the remammg essays m this book are
concerned




CHAPTER 2

THE CYBERNETICS OF DEVELOPMENT

EMBRYONIC DEVELOPMENT 15 2 highly complex process For
purposes of duscussion one may distmguish three major types of
phenomenon which enter mto 1t The first 15 the process by
which the vanous parts of the germ, which ongmally seem alike,
come to exhibit cleatly apparent differences, one part developmg
say mto the eye, another mto the bratn, a third mto the intestine,
a fourth mto notochord and so on This process may be called
‘regronalisation” It 15 also sometimes refersed to as *segregation’,
but that term tends to carry mmplicatons as to the method by
which the process occurs smce 1¢ suggests that the underlying
mechansm 15 2 sorting out of elementary units which wete
ongmally mingled haphazardly together In German the word
‘Sonderung’ 15 often used ‘Arcal bildung’ 15 also used, and
Lehmann has suggested that the word “arealisation’ might pass
inte mtemational usage for the process This word 1s however,
much more clumsy 1n English and little more at home in German,
than * lisation’, which therefore seems preferable Other
expressions which have been suggested, such as ‘ooplasmc segre-
gatton” or *plasmatic segregation’ apply rather to the special case
of regionalisanon wathm the uncleaved egg and lack adequate
generality
A second major developmental process 15 that by which any

one partictilar region gradually changests character A part which
15 developing mto the notochord m an amphibun egg passes
through the stages of roughly sphencal cells, of more cubosdal
cells fiemly attached to one another, of very flattened cells lymg
side by side Iike 2 prle of corns, and finally the cells become more
and more swollen by the appearance of an mtra-cellular flnd

Such processes of change withun the denvatves of a given prece
of the embryonic matenal may be referred to as ‘histogenesis’

.y
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This name which refers to the production of particular tissues,
3s only fully appropriate when the process occurs m a multi-
cellular embryo when 1t will charactense some group of cell
fineages Swmular progressne changes may affect a parncular
regton within a single cell For nstance, the gradual change m
the character of the nodes of the macronucleus of Stentor des~
enbed by Wesz would scem to belong to thus category of
processes And aga the loss of regulative power m the eady
stages of development of an egg such as that of Cerebratulus
{Horstadius) may well mnvolve not only mcreasing regronalisanon
{te ncreasng differences between the vanous regrons) but also
a process of change occurnng withm each region Strictly speak-
g, to cover such cases one should use a word which refers in the
most general possible way to the development of the mnate
character of the piece of materral m question, possibly ‘physio-
genesss” would be etymologically adequare, but for use
the better known *hustogenesss” will serve well enough
The word ‘differentiation’ 15 commonly used ambiguously to
cover both these two categones we have just disungrush
Sometimes 1t refers to the amsmg of differences between the
spanal parts of an onngmally homogeneous whole, at other times
to the temporal change of character of one and the same spatial
part One can continue to employ 1t 1n contexts where 1t 1s not
important to distnguish between these two, but there are many
occastons when 1t 15 fable to lead to musunderstandng of the
two uses of 1t, the second, m which 1t means lustogenesss, seems
the mote appropriate
The third major comp of develop: 1s the moulding of
a regon of the egg mto a defimute shape, such as that of a lunb or
an eye or some other organ Ths 15 essennally a physical process
and must mvolve the action of forces, anung from the chemcal
processes of differentiation, which change the spanal configura-
tion of the matertal It 1s normally spoken of as‘morphogenesss’
In any concrete mnstance of the development of a particular part
of an egg all three p of regional Tustog; and
motphogenesss are hikely to occur together For mstance, i the
development of a vertebrate bmb bud there 15 a regronalisation,

Y\
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by which a number of condensed regions of hyme appear
as the rudiments of the cartilages withm the ongmally homo-
gencous mass of tissue, there 15 hustogenesis, by whch these
regtons gradually develop the charactenstics of cartilage and later
of bone, and the rest of the mesenchyme that of the muscles, etc ,
and there 1s morphogenesss, both 1n the ongmal regronalisation of
the cartilage rudiments m 2 defimte pattern and then m the
acquirement of specific shapes by the bones and muscles Such a
complete process of development mvolving all three major
processes may be referred to as ‘individuation’, sice 1t confers on
the developmg matenal the particular and speafic indwvidual
character of the organ mto which 1t 1s developing

The major empurical fact about the development of animals—
a fact which has no theoretical inevitabihity, but which 1s 50 obtru-
swe that only the crudest observation 1s necessary to establish 1t —
15 that the end-products which 1t brmngs into exastence usually vary
discontinuously The tissues of an ansmal are 1 most cases quite
sharply distinct from one another, skin, nerve, muscle, lung,
kidney, etc, with of course many sub-types m the bodies of
Tughly evolved and complex creatures, but with very few kinds
of cells which could be considered as providing a range of mter-
meduates connecting two of the major vareties Simularly each
organ has ats well defined and charactensne morphology, and
when, 1n an aberrant mdividual, 1t varies from the norm, 1t tends
as Bateson (1894) emphasised many years ago, to appear tn some
other almost equally definste shape As Bateson wrote (p 42)
"To employ the metaphor which Galton used so well (i hus
Natural Inhentance)—and which may prove hereafter to be more
than 2 metaphor—we are concemed with the question of the
posittons of Organtc Stabihey”

Since the ime at which Bateson was wniting, the fact of discon-
tnuity m the organic world has been generally accepted as the
basis from which we have to buld up the science which deals
with vamation between mdiwvidusls—that 15 the science of
genetics Itts, pechaps, not so widely recognused that discontinuty
has also become the focal concept 1n the causal study of embryo-
logical development In epigenencs, as this branch of brology 1s
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sometimes called, most recent theory and expenimentation has
centred round the notion of ‘determination’, an 1dea which m
effect 1mplies that at some early stage 1n development certam
major discontmuities between tissues or organs become estab-
Iished The question of how this comes about 1s, for epigenetics,
no less crucial than the problem of the ongin of species for evolu-
tion and equally, no more the whole story
It 15 perhaps advisable to emphasise at the outset of our dis-
cusston that the most charactenstic feature of development 1s the
occurrence of continuous and more or less gradual change Thus
may seem too obvious to require mention, but we shall have to
return to the point when considering some of the techncal terms
which have been proposed (for instance, *homeostasis’, cf p 41).
Tt rmught be suggested  also, that this fact 1s sometumes lost sight of
1 the discussions, which will not be taken up 1n detasl 1n thus
book, on the relevance for develop of the mech of
‘cell heredity’ which operate 1n micro-organisms Embryonic
cells appear to be mevirably undergoing processes of alteration,
and the factors which control differentiation do so by steering
the changing systems wnto particular channels By contrast, the
mayjonty of studies on heredity 1n micro-orgamsms deal vath the
transmssion from one cell to another of stable end-states (e g
the presence or absence of an enzyme or antugen) The passage of
such a character from a cell possessing 1t to one in which 1t
previously did not occur actually mvolves two phases a first
phase of er by some mect suchas transformation,
transduction or the hike, and a second phase 1 whuch the trans-
mtted determinant causes an alteration 1n the reciprent cell Tris
the sccond of these which provides the closer parallel to the
phenomena of development, but 1t 15 m relation to the first that
the major recent advances have been made The actual processes
of cell-alteration 1n micro—< as we see them 1n induced
enzyme synthesis or the control of the Paramecium antigens, for
example, remam hardly less obscure than embryonic development
atself
The fundamental mechanism must be one by which the differ-
ent cytoplasms, or ooplasms, which charactenise the vanous
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regons of the egg, act differentially on the nuclet so as to encour-
age the acavaty of certam genes n one region, of other genes m
other places (Fig 1) Such specific activation of particular genes at

Constituents

Gents ¥ o adult Ussue

FiGurs x
no O R N

teact with othes genes) Certam cytoplasmuc substances are
produced, some of which react together, and at 2 later stage m
development these agam react wath genes (the same or different
ones), with the production of new substances and so on vanl the
final constituents of the adult tssue are formed In the diagram,
one of the substanices (indicated by a square) acts as a * hustogenetzc
key substance’ (cf p 35} since s wnteraction with the genes 15
responsible for elictting the formation of the substance indscated
by a arcle and for the transformation of that shown finally as 2
star

certun times and places can actually be observed visually n
favourable cases, for mstance mn the important work of Pavan
(1954), Mechelke (1953) and Beerman (1952) on the polytene

omosomes m various tissues of ¢hirononuds The fact of differ-
ential activation of genes 15, then, scarcely m doubt But there has
been as yet little discusston of how we may envisage such a process
1 chenmueal terms There are mnumerable different types of
lunetic system which mught be supposed to be m operation 1
have recently {1948, 1953, 1956) given a short discussion of one
of these, and some further exploratioh of 1t may provide a rather
more definute picture of the general character of the system with
which we are confronted What we need to understand, in the
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first place, 15 how ongmally shight differences i the materals
available to the genes 1 different parts of the egg can become
exaggerated and produce large and clear-cut differences between
the final tissues The system of 1deas to which we shall be led 151
many ways very remuruscent of the notion of Orgauc Stability
which was m the minds of Galton and Bateson some sixty years
ago

The exaggeration of inutial differences

Let us consider, at first, two substances P and Q, which are
bemng formed out of the raw matenals A, B and C, for the supplies
of which they compete To give the simplest possible picture of
such a competition, suppose that P 15 formed from A and B, while
Q15 formed from B and C Agam for the sake of simphicity, let
the reaction constants be the same for the two syntheses, as
shown m Fig 2 and let us suppose that 4, B and C diffuse mto
the system at rates proportional to the difference m their concen-
tratton mside {4, B C) and outside (4, b, ¢}, while P and Q are
removed at rates k; Then for the rates of change of the vanous
components of the system we shall have a set of equations

A
— = Ma=A)~hAB+1P

dB

= = Hb—B)=hAB-+RP—kEC+}Q

ac
= = He—C~RBO+RQ

apP
= = hAB=hP—kP

a0
- = kBC—F,0~E,Q

The system will change progressively The course of the change 1s
complicated to describe 1 detail, but we can discover something
about the general charactenstics of the system 1f we consider only
the final steady state, when no further change 1s occurring, and
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the night-hand side of each equation 15 equal to o Under these
conditions 1t 15 easy to show that the ratio P/Q wall be equal to
afc Thatis to say, 1f m one region of the egg, the avarlable supplies
of A are mcreased m companson with those m some other regton,
then the steady-state concentration of P the first region will be
mereased 1n exact proportion That s, of course, not very surpris-
ng And 1t hardly seems to provide much enlightenment as to the

,
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FIGURE 2
Two competitive synthetsc processes i ant open systet

mechamsms of differentiation ‘What we scem to meet m embry-
ology are situations n which soall il differences lead to large
dwvergences m later development To account for this, we need
something more complicated than the very sumple system we
have yust discussed,

As a first step towards a more adequate picture, let us suppose
that the coupling of A and B to form P, and of B and C to form
Q, are autocatalytic processes, 1 ¢ are speeded up by the presence
of already-formed P and Q This 1s a sumple form of a ‘feed-back’
mechamsm Our equations will now be

A
5 = Ma—A)-~kPAB+IP:

a8
5 = Hb=B)—hPABH I P~k OBC+RQ"
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ac
2 = He=O)~hQBCHRQ!
ar

= = hPAB~R PP

i
2 - hBO-hO kO

At the steady state, we find a relation between Pand Q of the form
Byt bt)P = (bt + RN Q4 kb a—c) 1

(Nate that although the dimensions 1n ths look a bt odd at first
sight, k and &, are smple diffusion constants, while £, and £y are
rate constants of third- and second-order reactions )

Now 1f £y 1s small compared with £ (¢ diffusion out of the
system 1s slower than diffusion 1n}, then we can neglect 1ts ugher
powers, and we find

ky a—c
e @

Thus 1f mstially 1 a certan region the supply of 4 15 mcreased
relative to that of C, we find that P will be increased relative to
Q by something more than a proportionate amount, the excess
bemng expressed by the last term on the night And if the rate of
removal of P (that 1s k), 1s greater than the rate at which P
breaks down agam 1to 4 and B, {that 15 k,) this excess ean be
considerable We can also see from expression (2) that the exag-
geration wall be the more 1mporrant the smaller the absolute
values of P and Q, and these will also be reduced 1f ky 15 faurly
large, so that P and @ are rapidly removed

Without going nto further details, we can see that if two
autocatalytic p pete for raw matertals, we may under
some condstions find that an 1mual change 1n the supply of the
matenials produces an exaggerated effect on the steady-state con-
centrations of the synthesised products, and thus on the rates at
which these produess can be made available outside the system

If we suppose that 4, b and ¢ are the raw 'matenals out of which

P=

htbﬁ
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two genes manufacture their immediate products P and Q, we
have now developed a picture by means of which we can sce
how change 1n the concentrations of these raw matenals leads
to exaggerated differences m the rate at which Pand Q are passed
out of the nucleus into the cytoplasm I have previously suggested
this model, without gomg nto such detail concerning 1t (Wad-
dington 1948)

Canahsed paths to alternative end-states
When we consider histog as well as hsation we
find there are certam other major requirements which the differ-
entiating system has to fulfil We have to account not only for
the exaggeration of mitial differences but for two further pomts
Firstly, the end products which are produced (the adult tissues) do
not shade mto one another through a whole range of mtermediates
but are sharply distinct—lver tissue, kidney tissue, muscle tissue,
nervous tissue and so on—with only a rare and sporadic occur-
rence of anything which can be considered as an mtergrade
Secondly, the whole course of development from the mtial stage
m the egg up to the final adult conditton 15 a “most favoured
path’, that 15 to say 1f a mass of material 1s developing along one
stch path and 15 at some time during the course of development
forced ot of 1t by some expermental means, 1t will exhibrt‘regu-
lattve behaviour” and tend to return to the normal path To express
this character I have spoken of such paths as being ‘canalised or
*buffered’ (Waddmgton 1941, 1942) The phenomenon 1s perhaps
most casily exhubited 1n relation to morphogenesss, 1n which st 15
well known that an organ rudiment whach 15 cut 1 half, or from
which a prece 15 removed, may nevertheless often suceeed m
forming a well defined organ There 15, however, httle doubt that
lly the same ph 15 exhibited by the chemucal
processes of histogenesis Consider, for mstance, the effect of
lithwm or sumular acting substances on the mesoderm of the
amphibian egg The overall effect 1s that part of the presumptive
notochord may be converted mto somite mesoderm. This must
mndicate that the mesoderm has been affected, and the imutial effect
can scarcely be supposed to be confined to the part which 15
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eventually converted, but must apply to the mesoderm as a
whole Since some of the presumptive notochord nevertheless
succeeds n developing mto normal notochordal tissue, we must
conclude that 1t has been able to compensate for the mitial abnor-
mality produced by the lithium and return to the normal canalised
path of notochordal hustog, Agan, d of a genetic
factor over 1ts recesstve allelomorph can be regarded as ndicating
that the developmental processes affected by 1t are able to compen-
sate for the mal abnormality caused by having one recessive
allele and to get mto the canalised path which would lead to the
normal donunant end result It 15, of course, well known that
dominance oceurs for genes affecting chemical processes of differ~
entiation as well as those which produce morphogenetic effects

Another essential pomnt about hustog, {and morphogenesss)
15 that the degree of canalisation 1s under genetic control Thatis to
say, individuals of some genotypes show a more powerful ten~
dency to regulate to the normal canalised paths of develop
than do others This can be cleatly shown 1f one applies an envir~
onmental sumulus to a group of developing mndividuals, some wall
be rendered more or less abnormal, to various extents, while
others may be able to adjust themselves fully to the situation and
will appear completely unaffected Agam, 1t 15 well known that
the degree of dommance can be controlled by the remamnder of
the genotype

In very general terms 1t 1s clear that the occurrence of sharply
distinct differences between the final end products of development
must 1mvolve some form of threshold processes Ths term 15
frequently used 1n too vague a sense to give one much confidence
that one understands the nature of the underlymg systems of
reacion We can look rather deeper mto the matter, and pose
perhaps more cogent questions, if we carry further the consider-
ation of systems of differential equations such as those discussed
above In fact the model of competing autocatalytic processes,
which was mentioned there, clearly already provides, in the exag-
gerated response to shight changes m the mitial concentrations,
much of what 15 required to account for the appearance of
dustinctly differentend,  *
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It 15, however, by no means the only model which mught be
approprate As Delbruck (1949) has suggested, there mught be
durect mteractions between the two synthetic processes These are
perhaps most stmply formulated by suggesting that P1s destroyed
at some rate proportional to the concentration of Q {and vice
versa) The equattons for dP/dt and dQ/dt wll then contan terms
m PQ If we regard the system as closed, rather than open as was
the system discussed above, and sf the supplies of raw matertals
are taken as constant, the equations which result are of the same
type as those which arise m the study of the growth of two
populations of ammals which compete with one another for a
Iimuted food supply Lotka (1034) had discussed the relauvely
simple situation of two populations (or substances) for which the
equations take the form

O T

99 -k D=k PO
dt

He shows that according as mpk, 15 greater or less than m,kp,,
and mpk,s greater or less than meky so the final state of the system
15 exther wholly P, or wholly Q, or a certain fixed ratio between
them, or finally the system 15 one which will finsh up esther
entirely P or entirely Q according to the mitial concentrations of
these substances

Agan Kostitzin (1937) discusses a somewhat similar set of
equations which he takes to rep two species competing for
a food supply which consists of another species which muluphes
m the normal way, but which could equally well represent two
autocatalytic substances which mterfere with one another and also
compete for a raw matenal which 1s supplied at a more or less
exponential rate In this case also he shows that, under some con-
ditions, the system wall be such that the mtal condstions wall
determune whether 1t goes wholly m the direction of one of the
competing elements or 1n that of the other Denbigh, Hicks and
Page (1948) have also discussed the exstence of altemnative steady
states 1n stmple open systems of autocatalytic reactions
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In the most general case, when there are many mteracting
processes (¢ g the processes started by each gene m the genotype)
we shall have to consder systems of simultancous differential
equations of the kind

dx,
}—:-=j(x,,) ty=1on

Any such system of 1 equation will lead to p* final or steady states
where p 15 the order of the functions f{x, ) above These steady
states are defined by the solutions of the equations

flxe) =0

obtamed by setang the rates of change of the vanables equal to
zero Some of these steady states may be unreal, m the sense that
they mvolve negative quantities of the vanables Others may be
unstable It 15 only those which are stable, and for which all the
variables are postive (or zero), that represent possible end states of
camalised processes of development

Unfortunately the mathematical apparatus docs not yet secm to
have been developed which would enable one to discuss i any
detail the condittons necessary to grve mise to such states Some
years ago Kostitzin (1937), who was wmterested m the application
of such equations to the population dynamucs of competing of
mteracting antmal spectes, discussed shortly the case i which all
the functions were of the second order He showed that such 2
system may be expected to extubit 2" alternative steady states
some at least of which are likely to be stable, and he pomted out
that 1 the situation 1n which there exast several compatible steady
states the final one which 1s actually achieved wall depend on the
utral values ‘m the sense that each steady state 15 surrounded by
a region under 1ts domunation and 1f the ymial state 15 found 1 one
of these regions one wall reach eventually the corresponding
steady state In other cases on the contrary, the values of the final
state may depend durectly on those of the 1mtmal state ” It 1s cleat
that the first case corresponds rather well to what we have ex-
pressed as canalisation towards distnct alternatve end condinons
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since 1t implies that the final normal end product will be achieved
1 spite of minor vartations i the condittons at the mitial or durmg
the early stages of development

Fhave not been able to discover any mathematical investigation
which gives one any more msight mto the conditions which lead
to the appearance of such compatible steady states, each controlled
by a regon of mtial conditions It has been pomted out (Denbigh,
Hucks and Page 1948) that 1f we have any reacuion sequence con~
sisting of many links which are 1n dynamue equilibnum (e g

S ASB=C=D=E=

etc } a shight change in the of one comp such
23 C, wll tend to become distributed gst all the el m
the sequence, the partoning of the disturbance among them
depending on the reaction constants This phenomenon m atself
will provide some degree of ‘bufferng’, smce a considerable
alteration m some calter step i the sequence will have a lesser
effect on the termunal stage But 1t hardly seems that this can be
sufficient to account for developmental regulation, which often
seems completely to annul the disturbance caused by an early
terference

On general grounds it seems probable to me that such canal-
1sations are more likely to appear when there are many cross links
between the vartous processes, that 15 to say when the rate of
change of any one varuble 15 affected by the concentrations of
many of the other varuables Such cross-linkages between vanables
must certamly be invoked to explan the control of the canalisa~
tion of the development of one character by many genes

Equanons of this kind have also been recently discussed by
Ross Ashby (1952) The greater part of hus discusston 15 imuted to
systems of linear equations, 1 e those of the first order He makes
the mterestmg pomt that the greater the number of vanables in-
volved, the less 15 the probabulity that any steady state wall be
srable “This would seem to make 1t dufficult to explam the occus-
rence of canalised end states i which the degree of canalisation 1
affected by large numbers of genes Ashby, however, does not

seem to have taken account of the fact that an increased number of
<
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vaniables also leads to an increase i the number of alterative
steady states produced by the system It scems rather likely that
the decrease 1n the probability that a steady state wall be stable s
p d for by this 1n the number of states, so that
the number of stable steady states may not be very greatly affected
by increase 1 the number of vanables concerned
The duscussions of these matters by Kostitzin and Ashby have
been given mn terms of closed systems, that 15 to say systems
which ate affected netther by an influx of materal from, outsade
nor by an efflux out of the system Living anmals, however,
must really be open systems, sice they both take up raw materls
from their surroundings and give out waste products (Bertalanffy
1949) The equanons necessary to descnibe an open system are
not bastcally different from those that apply to closed systems, but
the stationary states wll refer not to static condinons but to situ-
ations in which there 1s 2 flow of materal through the system
which leaves the concentration of the vanous components un-
changed
The flow-sheet of an open system—or of a closed one for that
matter—does not contan any term which 1mplies the possibiliy
that one of the reactants may totally disappear from the system
It would be wrong, however, to deduce from this that a hypo-
thesis which suggests that gene action can be considered 1 terms
of open systems cannot contemplate the eventual disappearance
(or complete mactivation) of certam genes from particular tissues
Genes, 1n fact, can be mtroduced 1nto our open system picture m
two different ways If, to take the first of these, one concentrates
attention on the gene-activinies which steer the developmental
processes, then the genes can be considered as catalysts which
determune the rates at which the vanous reactions will occur
The flow into and out of the system does not then pass through
them, they merely modify 1ts speed There 1s nothing to prevent
us attesbuting to them rules which govemn their stabiliry It might
be, for nstance, that each gene persists only for a defimte Iifetime,
to be measured presumably m cell-divisions A more probable
suggestion 1s that the mtegrity of a gene 15 safeguarded by the
availability of smitable substrates, i the absence of which 1t tends
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to undergo a degencrative change of the nature of a denaturation
A second aspect of the activity of genes 1s therr self-reduplica~
tion In manufacturmg 2 replica of itself, a gene obviously re-
quures raw matertals and gives rise to a product, 1t 15 then one of
the 1tems on the flow-sheet through which the flow passes Inso
far as this 15 true, 1¢ cannot vanish wholly from the system But it
must be remembered that the actual development of 2 mult-
cellular organsn 1s not a5 contmuous a process as1s unphed by the
comparatively crude picture we have been discussing The con-
ity 15 broken by mtermuttent steps of cell division The pos-
sibility anses that, m some tissues & gene may proceed with 1ts
reduplication-process at a slower rate than s fellows, and fal to
complete 1t by the time the next division occurs It mught then
be absent from one of the daughter cells and all its progeny
There must, one 1magmes, be some rather close relationship
between the activity and the reduplication of a gene, but we sull
know very little about 1t Is the primary gene-product chemucally
very surular to the gene-replica® If so, both replication and actrnity
will demand the same or stmular raw matenals, the same substrates
are hikely to safeguard the gene m both its aspects, and an absence
of the appropriate matenials for the gene’s activity may lead to
the loss of 115 capacity to reproduce 1tself On the other hand, if
there 15 more difference between the processes of replication and
production of primary product, the former may persist through-
out a lincage of cells m which the latter does not occur Funally,
there may be not a synergism but an antagonism between the two
aspects of the gene’s acuvities This 15, perhaps, suggested by the
-M T
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namely cell-division ° : '

There 15 not yet suffictent evidence for one to decide whether
all genes do persist, m fully funcuonal form, m all cells of the
organism In the first place, 1t 15 relevant to notice that there are
several grounds for thinking that genes arc active, 1 the sense
of producing therr pnmary products—and therefore a Jortions of
reproducing up to that stage m the hfe hustory—m many more
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tissues than would be guessed at first sight For instance Demerec

(1934 1936) found that m a surpnsingly large number of cases

the complete absence of a short section of chromosome contanung

only onc or two geres 1s completely lethal to the cell contamng

the deficiency, cven‘whcn there was no other evidence that the
1 s s .1 1 1

shown to be actually operating 1n a much more wldcs;l)rcad man-
ner by combiming them with some other mutant genes which
tenders the development of other organs less well canalised and
more eastly brought to exhibit visible abnormality

On the other hand 1t can by no means be taken yet as certan
that epigenetic systems are 1 all cases entirely open ones, from
which the ongnal reactant genes cannot wholly disappear For
mstance, King and Bnggs (1955} have transplanted nucler from
various tissues of the frog embryo mto uncleaved and pattheno-
genetically activated eggs from which the female pronucleus had
been removed, they found that the nucler of many early tissues
could make possible the development of a complete embryo, and
must therefore have contamed 2 full set of genes capable of
activity, but some of the endoderm nucler were meapable of sup-
porting the differentiation of other tissues, although able to con~
tinue reproducing themselves and dividing These restrictions i
the potentialities of the nucler may perhaps find their explanation
m the complete disappearance, ot at any rate total mactivation,
of those genes which are not required m the differentiated cells
from which the nuclei were taken, although there are of course
other ways m which the phenomena could be accounted for

Developmental pathways

In the study of development we are mterested not only m the
final state to which the system armves, but also in the course by
which 1t gets there In order to study these developmental path-
ways algebratcally we should have to mtegrate the sets of equa-
tions by which the system 15 described It 1s usually smpossible to
do this 1 any general way, although for any particular system
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solutions could be computed numenically, as Turmg has done m.
afew cases For purposes of general discussion, however, we must
fall back on a mode of expresston which may be called geometm-
cal rather than algebraic

A system contaimg many components can be represented by a
pomt m mulndimenstonal space, the co-ordmates of the pomnt
each dimension representmg the measure of a particular compo-
nent A space of this kind 1s known as a phase space As the compo-
sion of the system changes the pomt will move along a certam
trajectory In a canahsed system of the kind we have been con-
sidering, trajectontes startmg from any pomt within a certam
volume will converge to a smgle end pomnt which 15 the corres-
pondmg steady state, while trajectorses starting wathin some other
volume will converge on 2 different pomt (Fig 3)

A multidimensional phase space 15 not very easy for the sumple-
mmnded brologist to 1magme or to think about Thus several
people have med to formulate less precise but more vivid dia-
grammatic representation Ross Ashby (1952) has given a discus-
sion m terms of two dimenstons He envisages the state of the
system as represented by a pomt on a plane, and the dynamic
conditions corresponding to the sets of differential equations as
determming how the pomt will move He was mterested m
finding a system whose composition would eventually reach a
final state 1n the neighbourhood of some predetermmed value If
the ongmal system did not give an end state m thus nerghbouchood
hesupposed 1t to be changed nto a new system by some threshold-
like alteration m the value of one of the components This process
of sudden alteration by a change n what he speaks of as a “step
function” would continue until the system fulfilled the desired con-
gxtu:in of convergmng on to some pornt 1n the assigned neighbour-

00

This picture does not seem very appropruate for a consideration
of development In that context one particular system 15 given
mtrally by the genes 1 the nucleus and the regionally differents-
ated cytoplasm, and we are concerned with the whole set of end
states characterising 1t The true representation of ths, as has been
stated, 15 a multrd 1 space, subdivided mto 2 number of
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Ficuze 3
A phase-space diagram of development The tume axs runs perpendi—
cular to the paper, from the plane PQRS at the tune of fernlisstion
to P Q'R’S" 1n the adult The other two dimensions represent
the composition of the system The composiion of the various
patts of the egg (which in this case varies conunuously, m 2
‘gradient’ manner) ongmally be within the area A One region
of the egg, with composition B, develops along 2 seres of wajec—
tones which converge towards the adule tssue B’ Another
regton, with composition C1+C, also begms to develop along 2
ging set of At dunng develop
physical contact (heavy double arrow) occurs berween the B
regton and Cy, a reaction occurs by whach the Cj trajectonies ate
diverted 50 a5 to converge on C ,, this represents an mducton.

regtons, such that trajectones startng anywhere within one region
converge to one certam end pomt, while those starting m other
regtons converge elsewhere (Fig 3) 1have med to give a simple
model 1 three dimensions which wall correspond wath thus to
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some extent. Consider a more or less flat, or rather undulating,
surface, which is tlted so that pomnts representmg later states are
lower than those representing earlier ones (Fig. 4). Then if some-
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2 second alternative 15 offered; along the path to the keff, the
main channel contnues leftwards, but there 15 2 alternative path
which, however, can only be seached over a threshold.

thing, such as a ball, were placed on the surface 1t would run down
towards some final end state at the bottom edge. There are, of
cousse, not enough dimensions available along the bottom edge

tn enamfir all sha ~nee

et waloen =1,

s0 on for each type of tissue or organ. Simlarly, along the top
edge we can suppose that the pomts represent different cyto-
plasmic states 1n the various parts of the egg. Or we could rep-
resent the vanous dufferent matial cond 51 3 vanious
degrees of bras on the balls which are to run across the surface (cf.
‘Waddmgton 1954b, Fig. 2).
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The essential character of regronalisation 1s that trajectones
starting from the various pornts along the top edge find themsclves
converging on one or other of the organs marked along the bot-
tom The canalisation which we have described as charactenstic
of histogeness implies, firstly, that the convergence takes place to
end states which are sharply distinct from one another, and
secondly, that 1f while the system 1s moving along a certam
trajectory 1t 1s pushed slhightly out of 1ts course 1t will tend to
compensate for this disturbance and to reach eventually the same
end state as 1t would normally have done These two character-
sstics have been expressed visually by the modelling, which
together with the 1l tlt, controls the course of trajectortes
‘Wehave to prcture the surface as grooved by valleys, each leading
to one of the normal end states The number of separate valleys
must ncrease as we pass down from the mstral towards the final
condition I have earher (1940) suggested the name of ‘the epi-
genetic landscape’ for this duagr 1c representation of the
developing system

The epigenetic landscape

Although the epigenetic landscape only provides a rough and
ready picture of the developing embryo, and cannot be mter-
preted rigorously, 1t has certam merts for those who, like myself,
find 1t comforting to have some mental picture, however vague
for what they are trymng to think about For mstance, 1t makes one
reflect that there may be regions at upper levels which are almost
flat plateaus from which two or three different valleys lead off
downwards These, 1 fact, correspond to what we know as
states of competentce, i which embryonuc tissues are m a condition
m which they can be easily brought to develop 1 one or other of
anumber of alternative directions Again, the model immeduately
suggests that one ought to consider the degree of canalisation of
any particular path of development Has the valley 2 flat bottom
and gently sloping sidese If so, there will be only rather 2 shght
tendency for 2 developmental trajectory, when displaced from
the valley centre, to find its way back there agam, the final adult
character will be easily caused to vary by mmor fluctuations m the
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conditions under which development occurs On the other hand,
1f the valley bottom 1s very narrow and the sides stecp, 1t will be
more difficult to push the trajectory away from uts normal course
and 1t will quickly return there, unless ndeed 1t has been pushed
over the brow of a watershed exther mnto another valley or on to
a plateau which represents some aberrant conditions intermediate
between one organ and another We shall later make use of this
model of the epigenetic landscape to discuss g of this kind
1 a context 1n whach 1t 15 more important to employ a system of
thought which 1s flexible and of wide application than to search
for a precise formulation of a narrower viewpomt

There are three major types of developmental system, depend-
Ing respectively on segregated ooplasms, on gradient systems, and
on nductive relationships They will be represented by epigenetic
landscapes of rather different kinds In an egg m which definite
ooplasms are clearly separated from one another before fertilisa-
tion occurs, or shortly after, the landscape wall have the form of
distinct valleys even at the time at which development begmns On
the other hand, 1n an egg with a gradient system, such as that of
the echinoderms, the uppermost part of the landscape will be 2
smgle broad valley, which only gradually divides up into separate
channels Eggs in which mduction 1s important, such as those of
amtphtbia and other vertebrates, will have a landscape which may
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their charactenstic feature 15, however, that at later stages the
processes gomng on m one channe] mfluence happenings in some
other channel, causing 2 division of the latter mto an mduced and
an unaffected portion. The effect of such an inductive influence of
the tssue i one pathway on that 1 another can be regarded as
mathematically equivalent to some alteration 1n the mitial conds-
tions of the processes in the induced area

It 13 worth emphasismg agam that the epigenetic landscape 1s 2

3 m three & of properties of the system
which really 1nvolve many dimensions of phase-space However
1t does successfully ncorporate some features of this system which
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have niot yet been mentioned We spoke eather of trajectonies
the phase space as converging on one or another defintte end-
pomnt Asa matter of fact, 1f a process of embryomic development
1s disturbed, 1t usually returns to normality some time before
reaching the adult condinion Its trajectory, that 1s to say, con-
verges not merely to the normal end state, but to some catlier
pomt on the path leading towards the steady state This 1s well
symbolised by the epigenetic landscape If a ball, runnimg down
one of the valleys, were pushed partway up the hullside, 1t might
well reach the valley botrom again before the slope of the valley
flattens out as 1t reaches the adult steady state Such a system
exhibits a tendency towards a certan kind of equilibnum, which
15 restored after disturbance, but this equilibrium 15 not centred
on a static state but rather on a direction or pathway of change
‘We mught speak of such an eqmlibrium-property as a condition
of ‘homeothesis’, (o1, to flow) on the amalogy with the well-
known expression homeostasts, which 1s appropriate when 1t 15 an
ging state which 1s d
Oddly enough, I can discover no technical word meantng a
pathway of change which 1s equlibrated m the sense that the
system tends to retum to 1t after disturbance One would have
expected that such a notion was a commonplace of the knetics or
cybernetics of polyphasic systems I should suggest that a reason-
ably short and smtable word would be ‘creode’, from the two
Greek roots xpy, 1t 15 necessary, and &8s, a route or path A
creode, then, 15 2 representation (eg by a trajectory m phase
space) of a temporal succession of states of a system characterssed
by the property that the system, 1f constramed to move shghtly
away from the creode, wall tend to return to 1t The path followed
by a2 homing mussile, which finds 1ts way to a stationary target,
15 a creode
A creode has two mam charactenstics which require notice The
first, which one might call the creodic profile, corresponds m the
epigenetic landscape to the slope along the valley bottom, as one
proceeds from the mutial to the final state of the system Thissa
concept which 15 not easy to make quanttatively precise mn the
three dimensional terms of the epigenetic landscape, snce 1n that
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dugrammatic representation of the system 1t 15 more or less

arbitrary what scale 15 used to messure the progress of develop-

ment. In vague enough terms, one can say that in some penods
1 2 Ve .

[y

fatter ones 1 do not intend to attempt here the task of making
such notions more precise, since nothing I wish to say later
mvolves them .
That 15 not to say that there are no imnteresting questions con-~
cemmg creodic profiles which almost plead for consideration I
will menuion, very briefly, only two of them In the first place,
systems of duffe | eq such as those on
p 22 often have solutions which approach the steady state through
a sertes of damped pertodic fluctuations It would at first sight
scem most improbable that processes of this kind occur m
developmental systems They would involve a sertes of alternating
phases of the synthesss of an over-large quantity of some sub~
stance followed by 1ts breakdown to a lawer c 1on than
the final one If such processes really do not occur duning develop-
ment, this fact would limut the kinds of equation which can form
part of the system However, Kavanau (1954), studymg the protemn
synthesss m the sea-urchin egg, describes a system which s
certamly very like a relaxed oscillation. Another problem 1s the
nature of what we have referred to as final steady states The
phenomena of ‘recapitulation’, m the broad sense, show that
genetic changes do not always alter the course of a creode, they
may mstead cause the steady-state condition to anse at an carlier
or later stage m 1t How does this happen: It may be that the
solution will be found to mvolve the fact that to speak of the
adult condition as a steady state 15 to some extent an over~
sumplification, smee developmental change continues at a slow
rate throughour adult ife, leading eventually to senescence Butto
follow these problems would lead us too far fom our mam theme
The other important property of a creode 15 that which corres-
ponds to the shape of the cross-section of the valley 1 the egi~
genetic landscape This 15 2 most 1mportant charactensuc It
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mdicates the strength of the tendency of the system to retumn to
normality, that 15, the mtensity of 1ts homeorhesis We will have
much to say about 1t later, It may be referred to as the *homeo-
thetic cross-section” of the character 1n question, or as the ‘canal-
ssation cross-section’ Often we shall speak of the mntensity, or
degree, or stecpness, of the canalisation of an adult feature, and
all such phrases refer to the homeorhetic cross-section

In discussing homeorhetic cross-secttons, we may find ourselves
confronted wath a difficulty similar to that noticed above in con-
nection with the creodic profile, namely how to determne the
scale of measurement to be used for the characters mvolved It1s
easy to compare the canalisations of the same feature of two differ-
ent ammals or races, since, wk umt of 5
chosen, 1t can be used 1 both cases But one often feels tempted
to wnstitute comparisons between organs, askmng for mstance,
whether the number of scutellar brstles 1n Drosophila 15 more
narrowly canalised than the body s1ze But how can we compare
a certam amount of vartation 1n bristle number with a varnability
of sizez The same difficulty arises 1f one merely enquires whether
one character 1s more vanable than another, not considermng
whether the vanability 15 due to the availability of more diverse
alleles or to lesser canalisation A meanng can only be attached to
such phrases m a particular context, 1n relation to which an
appropriate measure of varability can be defined If, for mnstance
we are concerned wath the uttlisation of variation for the evolu-
tionary divergence of species, then the characters can be measured
1n units derved from the extent of the phenotypic differences
between members of the species group, or 1 some similar way
which seems appropnate to the particular question at ssue Com-
parsons between the vanabilittes or canalisations of different
characters may therefore be meanmgful and mterestng 1
definte contexts, even though they cannot be given any absolute
sense (See p 138)

It 1s important to realise that the comparatively sumple orderh-
ness of the epigenetic landscape—its restricted number of valleys
with therr branching-pomts and charactenstic contours—1s ]:
property of a hugher order dependent on an underlymg networ
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of mteractions which 1s vastly more complicated The cells
p dmg along any develop 1 pathway must have a meta-
bolism of some correspond plexaty The mere hustological
appearances of developing cells 15 sufficient to demonstrate thus,
and recently new tech such as chr graphy and the use
of tracers and metabolic antagonists, have begun to provide a
more detatled picture of the situation But genencs stll gives us
more nsight mto the real complexity of apparently simple ep1-
genetsc processes than does biochemustry In well-studied forms
such as Drosophila, we know that the development of any given
organ such as the wing 15 nfluenced by very many genes, which
operate m sequence and n many cases mteract with one another
(cf Waddmgton 1940) Smce each gene must be regarded as a
distmet chemical entity, the path of development as 1t 15 observed
by the anatomust must be viewed as the resultant of all the very
numerous processes m which these genes are mvolved m the cells
COHCCmCd

Fig 515an attempt to express thus consideration m a visual form,
1t 15 not, of course, mtended to be nterpreted m any literal way,
but 1t may serve to brmg home the pomt more vividly to those
who tend to think 1 images We are 1t might be sad, looking at
the under side of the epigenetic surface which 1s represented as a
great sheet of canvas suspended ar a considerable height above our
heads and sloping down towards the ground m the distance Thas
slopmg surface 1s grooved mto valleys along lines where 1t 15
dragged down by a complicated network of guy ropes, which are
attached to pegs in the ground These pegs represent the genes, and
the tenstons on the guy ropes the chemcal forces which the genes
exert As the diagram indicates, the course and slope of any parti-
cular valley 15 affected by the chemical tendencies of many genes,
and sfany genc mutates altering the tension m a certam set of guy
xopes, the result wall not depend on that gene alone, but on 1t
interactions with all the other guys

A fina] pomnt that requures emphasss 15 thus It 15 rather astonush-
g to find that by sclective breedng from suttable ndividuals
taken from any large population of amumals one can usually be
successful m controlling m great detail any chosen single path of
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development. For mnstance, f mto a population of Drosophila ont
mtroduces some mutant gene whose sasn effect is, say, on thelegs.
one nearly always finds that 1t 15 possible by selection to build ug
£aces 1t which the leg effect 15 eather strongly or weakly exhubited,

Fouss §
The complex: system of interactions underlying the epipenent Jandscope
The pegs w the ground represent gees; the smngs Jeading from
them the chermucsl tendencres which the genes produce. The

felling of the eprp fandseape, shuch slopes dovn front

2bove one’s bead towards the distance, 13 controlled by the pull

of these guy-ropes whuch are ul ly anchored to
the genes.

the races not otherwse differing to any noticeable extent, Again, i
one applies some strong environmental sumulus to a.mlx:d popu-
Tatian of Drosophifa it is usually preedds -0 7 7 e v
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shocks to Drosophila pupae at the age of about 22 hours, success-
fully bred from one muttal population two derved stramns, one of
which reacted to the sumulus by producing accessory wing
venation while the other reacted by failing to develop 1ts normal
antenor crossvem (cf p 183)

Such ph are usually explained by postulating the exast~
ence of a number of mmor modifying genes It must be recogrused
that an explanation 1 terms of genes 1s essentially hypothetical,
snce 1 the vast majority of cases no mdvidual genes can be
precsely sdennified Nevertheless st seems clear thatat 1s ultimarely
n terms of genes that these developmental processes must be
controlled Many people, however, for mstance Goldschmidt
(1951) and "Espmnasse (1956), have pomted out that we are
grave danger of having to postulate a quite unreasonably latge
number of genes to provide modufiers which can affect all the
normal and aberrant developmental processes which mught be
encountered We can, indeed, hardly sustam nowadays the ongin-~
al conception of modifying genes which supposed that they were
quite mnactive except on the aberrant developmental process
produced by 2 major mutant gene or by an intense environmental
stimulus In contrast to this the system of 1deas which has been
dise enad — oL L oo "o 1
gre
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Picture 15 somethung to account for the fact that one partteular
path leading, say to the formation of the wing, can be modified
m detail by gene changes which leave other paths more or less
undisturbed Tt seems possible that the simplest solution to this
problem 1s to be found by supposing that m each line of develop-
ment the details of the end result depend on mteractions between
certamn particular genes Genes constst of nucleo-protem and must
be expected to have a very hugh degree of specificity It 1s not too

icult to 1magine that any particular gene may exist m a large
number of forms which differ only m thesr smumor brological
(posnbl) immunological) specifiaaty Such forms perhaps corres-
pond to thesso-allcles described by Stern and Schaeffer (1943) and
others All the 1so-alleles would have much the same efficzency in
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carrymg out the mam work of the gene but they might differ
quute considerably 1n therr capacity to form with some other gene
a compound n which this biological specificity played an import-
ant part. It scems rather probable that such gene compounds, if
they play a part m development at all, would be of major import-
ance only between certan cntical limuts of concentration of the
reacting substances, that 15 to say each gene compound would
become important only m certain particular lines of development.
Changes n combinmg-specificity of genes which left their major
functions little affected mught therefore provide a basis for the
kind of rather strictly localised modifymg acnon for which we
have been secking an explananon.

The speafiaty of buffering

It 15 a defect of the attempt to symbolise a muln-dumensional
system m only three dimenstons that the bufferng of any path of
development 15 represented as though 1t were the same with
respect to all possible kinds of environmental or genetic stresses
This 15 an over-stmphification. It 1s justified only as 2 first rough
approximation, or 1n cases where we ate considering the effects
of only one type of stress But for generahity, we must realise
that there should be a speaific homeorhetic cross-section corres-
ponding to cach different kind of mfluence which affects the
system. For mstance, w Drosophila alterations of the wing vems
can farly easily be produced by heat shocks, but the epigenctic
system whach controls vemn development seems to be much more
strongly buffered agamst changesn oxygen tension, noabnormal-
1ties of venation being found 1n flies reared at the lowest oxygen
pressures possible Similarly, 1f we build up, for mstance by selec-
tion, a strain of ammals in which some gene substitutront has only
a very slight effect (for mstance, a stock m whch the dommance
of some gene affecting the eyes 15 reduced) we would not neces-
sarily find that the effect of other genes influencing the same organ
had also been reduced We stull have very little mfunm?on aboult
the frequency with which the canal of a develop
system 15 spccxﬁc to one pa.mcular stress as opposcd to plOVldmg
a general buffermg agamst a wide variety of dufferent stresses It
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seems probable, however, that the canalisation evolved m popu-
lations under natural condittons usually mvolves a rather general
buffermg, smee such populations must have to cope wath varma-
tions 1 many environmental conditions rather than extreme
stresses of any one kind such as tend to be used m laboratory
experiments

Developmental noise
Tt can hardly be expected that any epsgenetic mechamsm can
operate with complete precision Quite apart from any disturb-
ances due to the external environment of the embryo, there are
likely to be slight uregulanties m the mteractions between the
erent parts of the germ, which, m a sense, provide an envaron-
ment for each other Thus 1s particularly noticeable when a devel-
opmental process 1s carned out not by a massive tissue but by
ssolated cells For instance, when the melanoblasts from the
neural crest distnibute themselves over the flanks of an amphibian
tadpole, they do so 1n a pattern whach 1s more or less defimte but
not absolutely the same from mdividual to individual Agam n
the prmive streak of the chuck, the mvagmaung mesoderm
becomes dissociated mto cells which are loosely arranged and can

v ¢ 5 L

e a —_ 3 - -

behind their neighbours and finsh up 1 that organ From quite
another type of ammal, one may aite the formation of harrs by
ssolated cells n the hypod of the abd of Drosophul.
Reeve and Robertson (1954) found that a large pare of the varia-~
tion between contiguous segments i hatr number cannot be attri~
buted exther to genetic factors or to environmental crrcumstances
which affect the whole ammal, but must be brought about by
mtangible mtemnal sources of vanation

This kind of 1 or‘play” in the eprg hune mught
be referred to as developmental ‘nose’, using that word n

sense given to 1t mn mformation theory Thete 15 some

degree of imprecsion even 1 developmental processes which
mvolve large numbess of cells 1t 15 certainly noteworthy that

D
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embryoruc organs are often somewhat varable at the time of thetr
first appearance, and only gradually become regulated towards the
standard The early somutes of a chick embryo, for example, ate
often rather varmble both 1n size and 1n outline The later regula-
tion 1n such cases 15 an aspect of the canalisation of development
and the carhier varbiliy, 1n normal embryos, can scarcely be
attributed to anything but developmental nose The regulation
towards the standard shape of the organ 15 particularly marked in
some experimental situations, for wnstance 1t scems that any mass
of ncural tissue, which at the tume of 1ts formation has a rough
resemblance to some part of the bram region of the neural tube,
will eventually develop mnto a relatively well-ndividuated seg-
ment of that organ (cf Waddington 1952h, Nicuwkoop 1955)
Tessimportant to distmguish the mherent nossmess of a develop~
mental pathway or creode from its canalisation Developmental
nose will lead to the formation, 1n a constant environment, of
adults which vary somewhat around some mean value The
extent of this varation need not give any nformation about the
magnitude of the effect on the mean which would be produced
1f the environment were changed, this 1s a finction of the degree
of canalisation of the creode If canalisaion 1s represented as a
valley m an e 1c landscape, the of the system might
pethaps be symbolised by the imperfection of the sphericalness of
the ball which runs down the valley In practice, specually designed
expersments would be necessary to estumate the two aspects of
the system One mught, for instance, measure canalisation by
rearing samples of the population under different condutions, and
one might attempt to assess the nose as the lower it of the
varnation as the heterogeneity of the environment 15 reduced
Mather (1953) and Tebb and Thoday (1954), studymng the differ-
ence between the number of sternopleural bristles on the two
sides of 2 Drosophila, have shown that developmental nouse 13, a5
might be expected nfluenced by the genotype But there 15 110
reason to suppose that its genetic control 15 1dentical with that
which 1s concerned with the respo of the epigenetic sys-
tem to environmental alterations or to changes i some of the
genetc alleles affecting the character It1s therefore probably not
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Justifiable to take such studies as providing mformation about thf
general ‘developmental stability” o *developmental homeostasis’
of the svstem, as these authors do, at least 1f these terms are bemng
used as equivalent to develop 1 canal 1t seems desir-
able, exther to restrict the term *developmental stability” to mean
*lack of noisiness m development’, m which case one could speak
of selection for smlanty between two homologous organs as
*stabilising selection’, or to com another word for such sclection,
callng 1t perhaps ‘selection for repeatability’ (cf p 72)

Matters of termmnology

There are several other concepts, which share wath develop-
mental canalisation the fact that they also deal wath phenomena
mvolving equilibriaSome confusion has been caused by the use
of the word *homeostasis’ for 2 number of different 1deas Classic-
ally, this word s used (e g by Cannon 1932) to refer to the capacity
of an orgamsm to mamtan 1ts physiological funcionng at some
defimte level Thus one speaks of a homeostass of the pH of the
blood, or of 1ts oxygen concentration For this use the word 1s
ermunently appropriate, since 1t carries an implication of the mam-
tenance of a constant value of one vartable m the system

The word has also been used recently (e g by Lerner 1952) of
genetic rather than physiological processes In a naturally adapted
popul the gene freq wall, under the influence of
natural selection, mutation etc, be m equlibnum If thus 15 dis-
turbed by artificial selection, mbreeding, etc, 1t 15 often found that
when the constrant 1s relaxed there 15 a tendency for the system of
gene frequencies to retum to 1ts ongmal state, mamly through the
operation of natural selection It 1s to such processes that the term
‘genenc homeostass” has been apphied, and here again appropn-

ately enough, since the frequencies are mamtamed at the un-
changed equilibrium

It will be clear that develop 1 canal 1 hing
different from exther of the two former types of homeostasis, 1t
denotes a tendency to attam something which can pechaps be
regarded as an equilibrrum, but in this case the processes mvolved
are developmental rather than matters of exther physiological
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functionmg or genetical inherstance Although the 1dea that the
regul. ph of develop can be envisaged n terms
of equilibria was expounded at some length a considerable time
ago(Waddington 1939, 1040, 1948b), 1t15 only recently that other
authors have devoted much attention to 1t, and they frequently
refer to 1t by the term homeostasis rather than canalisation The
Greeh word 1s perhaps the prettier and the more impressive, but s
does not scem very appostte 1n this context, smce there 15 nothing
static about development, we are not dealing with the mamten-
ance of a steady state but wath the attanment of some particulac
end-state 1 spite of temporary deviations on the way there
Moteover the term cannot easily be made sufficiently flexable One
wants to be able to speak of different types (smooth or cusped) of

and of diffe (narrow, broad, etc) The
terminology employmg ho; does not casly allow of thus
The main argument agamst adopting the term *develop l

homeostasis” anises, however, from the fact that the evolution of a
canalisation 15, 1n some ways, antagonistic both to genetic homeo-
stasts and to physiologcal homeostasss The more narrowly canal-
1sed 15 the development of a character, the less will changesmngene
frequency come to phenotypic expression, and the less will be the
tendency to genetic homeostass Agamn, a high capacity for
physiological homeostasis tmplies that when the environment 15
altered development will be modified m such a way that the
organs can carry out therr physiological functions with normal
efficency m the new circumstances, and this may necessitate a
departure from canalisation These mverse relations between
developmental canalisation and the other two processes can cause
statements to appear highly paradoxical of the word homeostasts
15 used for all three phenomena and any confusion anises as ta
which 15 under consideration
Dobzhansky (1955) has recently suggested that developmental
canalisation 15 merely one aspect of physiological homeostasts
He writes “Waddington (1942, 1953) and Mather (1953) used
the word ‘canalisation” mnstead of * ’. An explanation
may here be m order Waddmngton's ‘canalisation” 15 evidently a
past of the general phystological phenomenon of homeostasis as
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defined by Cannon (1933) Homeostatic mamtenance of the
‘steady state’ of the organism in the face of changing environments
1s possible only thanks to a remarkable plasticity of the physio-
logical machinery For example, the 1omc concentration of the
blood m mammals remaims constant because the kidneys are
workng differently when too much or too hittle salt 15 mgested
The “steady state’ which 15 mamtained 1s that wluch permuss the
body to rematn alive and to continue 1ts development along one
of the phylogenetically established adaptive paths Functional
homeostasss, with 1ts marvellous reversible reactions, which are so
important in the mamtenacne of health and well-being, thus results
m developental homeostasss ™
This greatly oversimplifies the situation For example, urodele
larvae reared 1n low oxygen tension become adapted to the
environment by two changes, 1n both of which one can see an
essenttal opposinon between homeostasis and canalisation (¢f.
p 157 and Fig 27) On the one hand, the external gills become
larger 1n area and their walls thinner this 15 2 departure from
developmental canalisation 1n order to facshitate the homeostasis
of the blood oxygen level On the other hand, the rate of respira~
tion per unit of body weight 15 reduced this 1s a departure from
physologseal P bly forced on the ammal
because 1ts developmental canalisation 15 too strong to pernut
ipl y of the physiological functioning It seems
clear that m such a case 1t would only lead to confusion to
neglect the distinction between the two concepts of canalisation
of develop 1 end-state and h of the level of
phystologscal functioning
For all these reasons, I shall continue to speak, m the context of
development, of canalisation or *homeorhests *, using homeostasts
only of the g 1 and physiological The mam
objectton, which rght justly be urged agamst the term *canalisa-
tion” 1s that 1t 15 derived from an analogy ot metaphor, 1 which
three dimensions are used to express the properues of a system
which really 1nvolves 2 mult~dunensional phase space, 1t may
therefore suggest too concrete an amage to be smtable 25 2 name
for the abstract quality to which 1t refers, but this seems a less
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important faling than those nvolved in the alternatve term
homeostasts
Weneed therefore, three separate notions i connection with
brological tendencies towards equilibna phystological homeo-
stass, when 1t 15 some phystological state which 15 beng held
constant, development homeorhesss or canalisation when st 15 the
course of development which 15 relatively mnvanant, and genetic
when the feature of the system 1s 1ts sct of
gene frequencies
It may be advisable to say a word about certan other related
expressions which have recently been employed Warburton
(1955) has duscussed ‘feedback 1n development”, where feedback 15
the term used 1n cyberneties for a mechamism by which a homeo-
static or canalised system operates However, although one would
have expected that the author would be concerned with develop-
mental canabsations, he actually uses the term to deal with
adaptive developmental modificaions by which physiologteal
homeastasts 13 ensured, that 1s to say, with the type of controlled
looseness of canalisation which leads to exogenous adaptation (see
p 151) In all the examples he gives, 1t 15 not the end-result of
development which 15 imvariant, or i hus terms 15 the goal of the
feedback, on the contrary, the goal 1s a certamn level of physto-
logical functionng, and the course of development 1s modified to
produce organs which under the devint circumstances, allow
physiological homeostasis to be achieved (Havmng mn effect
omutted to consider true developmental canalisaiton, he naturally
seems to find some difficulty m comng to grps with the notion
of ‘genetic assimilation’, which wall be discussed in Chapter 5)
Another recent techmcal term 1 ths field 15 *developmental
flexability’, defined by Thoday (1953) as follows ‘An mdividual
or organssm may be sad to possess developmental flexibility
exther 1f 1ts genotype 1s such that 1t can develop different pheno-
types in different enviconments, each phenotype better adapted
¢than the others to the environment that evokesat, or sfits genotype
15 50 balanced that development 1s buffered agamst environmental
varables and hence apparcntly the same adaptive phenotype
results m a range of environmental conditrons ” It 15 surely clear
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that two quite different things are mcluded m ths ‘The second half
of the defu refers to develop 1 canalisation m our sense,
and to callat*flexabality’ would seem to be putting the cart before
the horse It 15, admuttedly, clear that in any system whch returns
to a determined state after disturbance, the reactions must be able
to proceed with varying mtensity while the regulation 15 actaally
bemng carnted out, and 1t 15 presumably thus feature which 1s being
referred to as fleability Nevertheless, the same type of mcon-
stancy would be found 1n any dynamic system The charactersic
with which we are concerned 1s not that the system 15 as change-
able as any other, but precusely that 1ts end-result 15 less casily
altered This cnmicism does not apply to the first half of the
defiration, which does refer to something which might not too
mapproprately be called flexibility, but the trouble here 15 that
the term hardly seems precise enough What 15 envisaged 1s not
merely that development 15 easily altered, but that 1t becomes
modifted . adaptively valuable ways, that 1s to say that the
organsm acquires exogenous adaptations {p 151), this can
scarcely be conveyed without speaking at least of “adaptive
fexibility’

Thoday mtroduced the notion of developmental fleability m
connection with evolutionary problems The key concept, to~
wards an understanding of which he was working, was that of
fitness The relation of developmental homeorhesis and physio~
fogical homeostasis wath fitness 15 of course a most important one,
1t 15 discussed at some length m Chapter 4 The connection 15
certamnly not a ssmple one, and for that reason 1t leads to confission
to attempt to mtroduce the 1dea of fitness anto the definitions of
the epigenctic and physiological terms, particulacly when these
two are themselves not sharply distmgushed For instance,
Dobzhansky and Wallace (1953) made some experiments m
which they compared agamst a standard stram, the viabilines of
fites 1m some of whach certamn chr were h ygous
while in the others they were homozygous Therr results showed
that *heterozygotes are more uniformly successful m a vantety of

than are h ygotes, this suggests that the
heterozygotes are better able than the homozygotes to cope with

Fd
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these different environments and to maintan therr tternal milie
1n functional order” And a sentence or two carher they wnte
“We do not know which physiological n Drosophil
must be mamtaned constant to enable the development to pro-
ceed untmpared’ But m fact we do not know whether the
superor and more uniform performance of the heterozygotes was
due to a greater capacity for carrymg out physiological adapta-
tions whch kept the tnternal multeu so constant that development
proceeded along 1ts normal course (in which case the physio-
logical homeastasts resulted 1 2 developmental homeachesis), or
whether the development was modified in a manner which facilt-
tated the physiological adaptation. These two alternatives are
different We have to suppose that one or other of them 1s i fact
the case, provided that we adopt the basic assumption that the
fitness of the amimals 1s directly dependent on the constancy of
something or other—either development or physiologreal func-
tiomng This may be plausible, but there 1s Little direct evidence
for 1t But cach of the three concepts—fitness, homeostasis and
homeorhesis—needs to be grasped separately before ther mter-
relations can be discussed with clanty

They are agam confused, indeed even more completely, n 2
recent paper by Lewontin (1956) He i fact equates homeostasis
withfitness Thusheoffersasadefimtion that ‘a genotype s homeo-
static 1f mdwviduals of this genotype can so adjust their phystology
and morphogenests as to survive and leave offipnng n 2 wide
variety of environments’ And m summansing his work states
that “homeostasts has been defined i this paper as the property of
the genotype or collection of genotypes which allows 1t to respond
adaptively to a wide Vanety of environments The measure of
homeostasis 15 then the average adaptive value over 2 range of
environments * In such an nterpretation the connection between
homeostasts and the constancy of something-or-other has been
completely lost—or rather 1t survives only on the basis of the
arbitrary assumption that survaval and reproduction of the animal
depends on the preservation of constancy eather of some morpho-
Jogical entity or physiological finction. This may, of course, often
be the case An animal moved to a lugh altude may preserve the
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constancy of 11s blood oxygen pressure, and may do so exther
developmentally (¢ g by an merease 1n the area of lung als colt) or
physiologically (e g by 2 more rapid heart beat), but equally
1t mught well survive by abandonmg any form of homeostasss,
allowmg 1ts blood oxygen to fall and also redueing the rate of
energy output and thus the tissue requirements for oxygen (cf.
Fig 28, p 158) Indeed Lewontm's own experiments (which are
most mteresting ones) force lum to the conclusion that ‘those

ygotes w huch are less h than | ygotes con-

sttuted from them, show a lower vanance i total bnstle number’,
a which 15 completely paradoxical 1f one assoctates
homeostasis with constancy
The evolsition of systems providing genetic h

Developmental canalisation does not operate by means of
selective alterations of gene freq Its mech lthougt
not understood m detail, must mvolve competitions of enzymes
for sub mutual enh and mhit of

2
activated processes and the bke Canalising selection 15 the agent,
not by which canahisatton works, but by which 1t 1s brought mnto
bemg and evolved Genetic homeostasss, on the other hand, does
operate by means of selection, which provides the actual mechan-
1sm by which the constancy referred to, the ‘homeostatic condi-
tion’, 15 mantamed But just as the mechamsm of canalisation 15
produced by evolution, so must the system whose properties lead
to the exastence of a greater or lesser degree of genetic homeostasis
And 1t 15 mteresting 10 enquire m what way evolution may be
supposed to have brought such systems mto bemng

Two rather profoundly different types of answer can be envis-
aged The simpler type of reason 1s one which mvolves no assump-
tions, other than those of everyday genetics, concerming spectal
propezties of the genes It would suggest that there are two situ-
ations m whuch systems giving genetic homeostasis would be
expected

Farsily, 1f the population 1s living m 2 unsform environment,
there will be some optimum value for any character closely m-~
volved 1 the fitness of the mdividual, but there 15 no reason to
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suppose that, mitually, thus value will be exactly and exclusively
attained by one of the homozygous genotypes available One can
think of the population as bemg suddenly transferred mto the
environment, 5o that the new optimum value of the character has
to be produced by new mutanions It would be most probable
that mutation would throw up alleles which bracketed the opti-
mum, some acting too feebly and some too strongly, the nearest
approach to the opumum would be found m some mtermediate
heterozygote The value of the character m such a heterozygote
would also be mfluenced by alleles at other loa, acting erther as
modifiers of the most important locus, or as a set of genes of
relatively stmilar importance. Robertson (19564) has shown that
selection for an intermediate optimum wall, 1n 2 uniform environ-
ment, eventually lead to fixation of gene frequencies, that s, the
opumum will eventually be attaned by some homozy gous form

But thus process depends on exther the second-order selection of

1c [ 1 i) . ~

only slowly
A siation m which the population 1s homozy gous or nearly
50 can perhaps be sard to extubit some degree of geneuc homeo-
stasts, but 1t lacks one of the mam charactensucs of a well-
developed homeostanic system n that 1t offers very little possibility
for artificial sclection to pull the population away from 1ts stable
composition When we speak of a population as showmg genetic
homeostasis we usually mean that 1t exhubuts stability of gene
frequencies while sull preserving genetic vanability Thus 15 the
state of affairs so Jong as the optimum 15 attamed only, or 1n the
main, by heterozygous genotypes In the type of set-up we have
been considermg, this 15 a transitory stage in the passage towards
gene-fixanon, but we have scen that there are reasons to expect
such stages to endurea very considerable time
Further, gene-fixaton and the passage to homozygosity, willbe
still more delayed if the environment does not temain perfectly
uniform, but alters from tyme to time so that the selected optimum
15 not always the same For mstance, there may be seasonal



THE CYBERNETICS OF DEVELOPMENT 49

fluctuations, such that one genotype 1s more suitable m summer
and another i winter, and if the reproductive cycle of the mdivi-
duals 15 short 1n comparison with the environmental changes, these
will impede or entirely prevent the process of gene-fixation
(cf Dobzhansky 1948, 1951, 1956), and thus provide a second
type of explanation for the evolution of genetic homeostasts

A more far-reaching explanation of the evolution of systems
which exhibir genetic homeostasis combmed wath the preserva-
tion of genetic variance relies on the suggestion that there may be
some ment m heterozygosity as such It might be, for mstance,
that the exstence of two different aflees at a locus gives a hetero~
zygot: a greater CaPﬂCltY fOK 5plge‘netlc adaptat.lcn to environ-
mental fluctuations durmg its development Lerner (1954) 1n
particular has emphasised this theory Although 1t seems most
smprobable that heterozygosity can be accepted as the mam

h on which develop 1 buffering depends (see p

53),1t certamly cannot be excluded as a factor m the make-up of
STl < P e A

The strategy and tactics of development
The epigenetic landscape, which has been suggested as a model
1 terms of which development can be 1magined, expresses prop-
exties which are essentially formal n nature Such value as the
model possesses wonld be retamed even 1f the processes by which
development occurs are of quite a different nature to those from
which we have m this chapter denved 3t We have discussed
development 1 terms of reactions competing for substrates, or
wfluencing one another by specific mhibitrons or sumulations It
1s possible, however, that systems of essentually the same formal
properties mught be produced by processes of quite a different
d For mstance, 1t might be suggested that development 15
brought about by the synthetic activty of faly large cytoplasmic
particles, built up by the commg together 1a spectfic and definute
arrangements of a number of subumts, each manufactured by the
appropriate gene, and that the distmetness of the altemanve
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ble paths of diffe 1on 15 to be expluned by the limted

number of ways i which such complex particles can, as 1t were,
crystallise out On such a model, the difference between two
courses of differentration would ulimately depend on differences
of the same kind as those between the two forms of a crystal or
between the different molecular spectes which can be formed by
combinations of atoms from the same range of elements, that s
to say, on phase differences
When one remembers the hugh degree of orderly structure
which the electron microscope 15 begmning to reveal not only m
cytoplasmic particles but often 1n the optically clear cytoplasm
1tself, 1t seems almost certam that the tactical measures by which
development 15 brought about must mnvolve something a good
deal more complex than simple mteracting autocatalytic reacttons
The same conclusion would seem to be suggested by the aston-
sshing findmg reported by Lewss in connection wath the complex
bithorax Iocus m Drosophila Here we have a short stretch of
chromosome, corresponding to a group of very closely linked
genes or *pseudo-alleles’, all of which affect the differentiation of
the meso- and meta-thoracic imagmal buds mto thorax, wings
and halteres Five psendo-alleles are now known (Lewss 1951)
They Le along the chromosome 1 the order bithorax (bx),
Contrabithorax (Cbx), Ultrabrthorax (Ubx), bithoraxoud (bxd) and
postbithorax (pbx) Now 1t emerges that there 15 some relation
between the posiion of the allele on the chromosome and the
region of animal which 1t affects, roughly, the sequence from bx
to phx corresponds to the passage from a more ‘anterior” type of
effect to a more *posterior’ one Thus bx tends to convert the
anterior part of the metathoractc bud mto the anterior part of the
mesothorax, Chx transforms the posterior part of the mesothorax
mto the posterior part of the metathorax, Ubx and bxd cause the
posterior part of the metathorax to become lke the posterror part
of the mesothorax, while pha has a sumilar but still more markedly
‘postertor” action The fact that all the genes of the group exert
‘position effects’ on one another, cach operating more or Jess
effectively accordmg as st docs or does not he n the same chromo-
some 2 another mutant allele, 1s an example which demonstrates
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that epigenetic reactions do not always take place freely wathin
the whole volume of the cell or even of the nucleus, but may be
focused 1m quite small regrons of 1t, 1n which case the conditions
1n the immedsate nerghbourhood of the focal region may have an
unportant mfluence The nature of this Jocalsation 15 stll m
doubt It may be that a series of pseudo-alleles, such as those of
bath act 1 seqt on a sut winch diffuses graduafly
along the chr rather as machme tools operate on a
Block of metal passing along a production hme Thus 1s the hypo-
thess favoured at present by Lewss But the extraordmary corres~
pondence between the sequence bx, Ubx, bxd and pbx and the
gradually more postenor section of the metathorax which they
affect, suggests that we may be dealing with epigenenc reactions
medunted by structural elements which might be more compar-
able to the membranes seen by the electron microscope 1 the
cytoplasm than to any type of chemcal molecule
Even if develop 1s 1 fact dependent on comp 1y

large structured elements and not on free molecules, 1ts general
formal properties will still need to be stated i terms of an ap-
proach to discrete alternattve end-states along canalised paths, and

the epige will be expressible 1 some system of

i! differential eqy Iving products and powers
of the concentrations of the reactants The discusston given above
, then, retain 1ts relevance to the strategy of developmental

change even though we are still very largely ignosant of the

exact nature of the tactical processes by whuch differentiation 15

brought about

Although we know 5o very little about the nature of the

primary products through which the genes operate, there are

cettam other quéstions about the tactical organisation of develop-

mental pathways which 1t 15 already worth discussing, since they

may be within reach of expernimental attack A survey of the types

of developmental abnormality produced by mutant genes sug-

gests that m any developmental path we can, at least roughly,

detmganh bervem what may be called ‘focal’ and * perpheral’

factors The majorty of mutant genes affect the latter only They

cause an organ or tssue to develop abnormally while remamung
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recogmusably and essentually similar to ats normal form For
mstance, all eye colour or hair colour genes leave the eyes or har
perfectly recognusable as such, the numerous genes affecting the
wings of Drosophila neasly all cause the appearance of something
which 15 definitely a wimng, though an abnormal one, m the
phenotypes of the ‘rough eye’ genes, not only are the eyes
obviously stll eyes, but one can usually find all the cell types
such as cones, ommatidna, prgment cells, etc The epigenctic
processes altered by such genes can be considered as somewhat
perpheral factors 1n the determumnation of the creode On the
other hand, genetic factors such as anstopedia, podopters bi-
thorax and a few others affect factors which are more essentral,
and can indeed be called focal, snce when they no longer operate,
the organ or tissuc does not appear at all in 1ts normal form, the
cells bemng changed snto something else

One can, of course, find cases 1 which such a distinction 15
difficult to apply For instance, a shght shuft m the relative posi-
tions of the trichogen and tormogen cells m Drosopliula, such as
that produced by the gene Stbble, causes the macrochactac to be
thicker than normal, clearly an example of an alteration of a
peripheral character But a somewhat greater shft, such as 15
common with Hairless, results m the complete conversion of
what should be the bnstle nto an extra socket (Lees and Wadding-
ton 1942), and this mught lead one to consider the geometrical
relation of the two cells to be a focal factor m brstle development
However, the chemical constitution of the socket 1s probably not
very different from that of the bustle, and when one gets down to
such detals of developmental pathways as this 1t 15 somewhat
arbitrary what one takes to be focal rather than penpheral Such
dfficulties are less likely to artse in connection wath the broader
categortes of development, such as the formaton of the mam
tassues of the body, the nervous system, muscle, etc

The exastence of such borderline cases suggests thatt s unlikely
that any sharp distinction can be found between the types o
genenc determunation of penpheral and focal factors Soon after
the genetic control of the branching system of developmental
pathwrays had first been extensively duscussed (Waddmgton 1939

v
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1940), Mather (1943) suggested that the mimor ‘quantitaive’
vanations of organs are dependent on a type of gene different
from that which determines the myjor developmental alternatives
The former he called *polygenes’, the latter ‘obigogenes’ Targued
at the ime (Waddingron 1943) that the available embryological
and genetical mformanon made it impossible to sustan this dis-
tinction Smnce then Goldschmudt's studies of podoptera, 1n which
numerous genes each of small effect (typreal ‘polygenes’) co-
operate to determine whether the dorsal mesothoracic bud of
Drosophila will develop mnto a wing or a leg-like appendage, have
provided a clearcut refutation of the 1dea, and there are many
other examples which argue 1n the same sense, for example the
1 of the hith phenotype by the 2 1 of
munor genes, which is described on p 174, or the genes affecting
the skeleton of the mouse discussed by Gruneberg (1952a)
Another 1dea about the organusation of a creode which has come
from breeding experiments 15 Lerner's recent suggestion that
homeorhesss, 1¢ the attamment of a relatively mvanant end state,
1s dependent of the level of heterozygosis m the mdividual,
ammals wath a large number of homozygous factors always bemg
1 some way abnormal Thus hypothests was only mtended to
apply to comparatively mmor varations from the normal, and
Lemner does not appear to have considered the problems mvolved
1n the major decisions between alternative pathways, which are
taken early in development But even with thus lunutation, 1t can
hardly be accepted as generally true, although 1t may be so
particular cases (cf Dobzhansky and Levene 195s) Several
authors have pomted out that mbred and lughly homozygous
strains are not always more vanable than crossbred or heterozy-
Bous ones, although they often are (e g Mather 1953, Robertson
and Reeve 1952, 1955, Tebb and ‘Thoday 1954) From a more
general pomt of view, a study of the development of an organ,
such as the Drosopula wing (Waddimgton 1950, shows that m
many phases there 15 a balance between varjous nteractmg
processes, each of which may be affected by many non-allehe
genes, and under such crcumstances 1t 15 1mpossible to suppose
that the outcome can be dependent only on the relanons between
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the alleles belonging to the same locus Heterozygosty cannot,
therefore, be the cssental conditon on which homeorhess
depends This does not smply, of course, that there may not be
many instances m which a heterozygote at some locus may be
better buffered than etther of the two corresponding homozy-
gotes, but even af thus 15 50, homeorhesss, as a general principle
of epigenetics, must have a wider basis
The attempts to understand the organssation of a creode which
we have just discussed have not led very far It 1s possible that
more progress could be made 1f one returns to the consderation
of what have been spoken of above as the *focal” factors ‘These are
factors on wiuch the various organs and tissues are existentzally
dependent. They may be of very different kinds For example, if
for some reason the nductor of an organ does not reach the tissue
competent to react to 1t, the organ will not appear, and we can
say that a focal factor has been altered In the development of the
1magmal organs of Drosophula, 1t seems likely that processes of
growth dunng the fatval period determune the way i which the
epithelium of the buds becomes folded and that this m tum s 2
focal factor m the appearance of the final organs (cf Waddngton
1942 It 15 easy to see how such processes of growth or of the
movements leading to contact between mducer and reacting
tissue, could be altered exther by smgle genes, or by accumulations
of genes each with small effects, so that no distimction between
focal and penipheral factors could be made on that basis
The situanion might be different 1f we can suppose that the focal
factor sometimes takes the form of the appearance of a single
1 sut or a few sul There 15 no doubt that
some fully-differentiated cells contamn very hugh concentrauons of
certam charactensstic substances, for mstance, muscle cells with
their myosm and actin, blood corpuscles with haemoglobm, and
so on Can we take 1t that the production of these substances 15 2
focal factor 1n the creodes leading to these dufferentiated nssuesz
One would be encouraged to thunk 5o 1f 1t were to be found that
the first stage 1 which a developmental pathway of this fand
diverged from the mam stream, and acquired sts own character,
mvolves the appearance of the charactenstc substance, which
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could then be regarded as a *histogenenic key-substance’, around
which all later differentiation 15 organised (Fig 6) Expeniments
using immimologtcal methods have already given some evidence
that this may be so 1 some cases For instance, ten Cate and van
Doorenmaalen (1950) found that 1 the chuck the lens epithelium
acquires the ability to react wath antisera prepared agawnst differ-
entuated lenses very soon after 1t first shows any sign of thickening
Sunlarly Ebert (1950, 1954) showed that other early embryome
tussues of the chick (neural plate, mesoderm, etc.) react, soon after
therr first appearance, wath antisera agamst their later denvatives
The same author found that cardiac myosin (or something which
reacts with antisera agamst myosm) 15 present i the chich embryo
cven before the posttion of the heart 1s fixed, At thus precocious
stage, the myosm 15 distnbuted over a greater area than that which
will eventually become the heart One of the earliest signs of the
mitiation of 2 defimte heart creode 15 an merease 1n the concentra-
tien of cardiac myosm m the presumptive heart regions and 1ts
disappearance elsewhere, and this 1s shortly followed by the
appearance of cardiac actin 1n the same areas

In these cases, the substances charactenstic of the adult tissues
Putn an appearance very soon after the corresponding region of
the embryo takes the first steps along the appropriate develop-
menta] path. Such a sitwation 15 favourable towards the hypothesis
that the lens protemn, nerve protem or heart myosin are husto-
genetic key-substances, and that it 1s thetr imtial appearance which
determunes the later develop  fate of the rud n which
they are formed It 15, of course, by no means clear that this hypo-
thesss wll always be true For mstance, in Amphibsa the embry-
ome blood cells are formed from a group of mesoderm cells {the
“blood sland’) whach s determuned, m the ventral side of the
n‘:.uru!a. some time beforeat 1s possible to demonstrate the presence
~fL L] Al e

[ R S )

15 posstble that the tendency to develop mto the latter does I;o:
ecome determmed till the time at wiich hacmoglobm begins
to be formed. Thus this case may not, after all, contradict the

h P
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hypothesis which links determnation to the production of a
histogenetic key-substance

We still know so lstele about the nature of the chermical differ-
ences between cells belonging to different tissues that we have no
firm ground to decide whether a hustogenetic key 1s likely to be
a smgle substance or a group of sub The latter supp
15, however, the more general one, and m the case of the chick
heart studied by Ebert, both myosin and actm are produced m
very carly stages of the creode

"The substances which mght be expected to form components
of histogenetic keys are prmanly protems The manner in which
genes control proten formation 1s probably somewhat unlike the
picture of gene action which usually takes the central place m
discusstons of biochemucal genetics Most of our knowledge of the
genetic control of substances 15 concerned either wath molecules
which are clearly penipheral factors i development (e g cye
colours, flower or hair pigments, etc) or with metabolites of
relattvely low molecular weight (such as those mvolved m the

bolic blocks m & ) From these studhes, one

dertves a prcture of genes operating 1n sequence, one or more of
them affecting each step mn a reaction serzes There 15, however, so
far as L know, no iple d ng the of sucha
sequence of steps m the synthests of 2 specific protem. In the best-
understood tnstances of the genetic control of protems, such as
that of the haemoglobins m sickle—cell anzemta and ssmalar condi-
t1ons, change 1n a single locus alters the whole specificity without
apparently halung the synthesis at an intermeduate stage (cf.
Haldane 1954) Even though 1 1s probable that several genes are
actng, they seem to Operate concurrently rather than sequentially

A simlar suggestion arises from studses such as those of Spregel-
man on adaptive enzyme formation He found that 2 single
unnatural amino-acid could reduce the incorporation of any other
amno-acid mto the protem bemg formed, and argued from this
that thesc enzymes are produced direct from a pool of free amino-
aceds rather than by seq 1 tion of more elat
procursors There 18 very simlar evidence both 1n chick and
amphubian embryos, suggestmg that the protems are produced
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from a free ammo-acid pool, that 1 by concurrent and not
sequential processes (Waddington and Stlin 1954, Feldman and
‘Waddington 1955) It seems rather likely, therefore, that, 1f there
are such things as histogenetic key protems, they are formed by
the concurrent action of relatively small numbers of genes (it
may be that some sequential modification of them occurs m later
stages of development, for mstance when the muscle cells become
regionally specific as tail or trunk muscle, etc.)

It may then be useful to envisage a creode, at least m 1ts early
stages, as being orgamsed around the concurrent synthesis, con-
tralled by comparatively few genes, of one or more hustogenetic
key substances As thus process gets under way, 1t wall come to
dominate the whole anabolism of the cell, superseding other
processes which may ongmally have been of equal importance,
and as 1t were picking up and sweeping along wath 1t an entourage
of more peripheral processes, such as the production of pigments
or sumilar messential cell constituents

Note top 47

In a paper read to the Cold Spring Harbor sympostum 1n 1957, Lewontin
discussed m more detail hus understanding of the concept of homeostasis It was
clear that he takes cognisance of all the various types of phenomena which
thus book are described as genetic or phystologcal homeostasts or develop-
mental homeorthesis, but he refers to them 1 other ways teserving the word
homeostasis for the holding constant {or, 1t should be, for the maxumusing) of
Sfitness Thus when he speaks of develop ! or gm:uc ‘k ’, he has
T3 e

[P, S NP (S NP ORI T

used consistently m this sease, but then, 1 my opmion, loses all connection.
wath tts previous uses For nstance, a state of hubernation would be sad to be
ogieally homeostattc’ becanse 1t subserves fitness, although 1t docs so

“physiol
!fy Z; altevation m the total physiologrcal state of the organism



CHAPTER 3

SELECTION OF, FOR AND BY

puriNG THE the last 30 years the study of evolution has been
most actively and successfully taken up from a new pomt of
view, that of genetics This attack has been made from two sides,
by mathematical theorists on the one hand and by experimental
naturalists on the other The advances made have been so striking
that they may even be taken to have reached thetr goal with some
degree of finality Thus m recent years there have appeared a
whole series of treatises, by Dobzhansky, Simpson, Mayr,
Rensch, Huxley, Cuénot and others, almost any of which mught
have taken the proud wtle of Huxley's work—Evolution, the
Modern Synthes:s Among biologssts, at has been pnmanly those
with an embryological background, who have continued to pose
questtons  Goldschmidt (1940, 1951) wath hus 1deas of the ‘un-
bridgeable gap’ and systemuic mutations, Schmalhausen (1949)
with hs notion of stabilising selection, and Dalcg, one of whose
recent articles (1951) has the shghtly 1romical title ‘Le problime de
Tevolution est-1l pres d’étee résolu?”,

In what precisely have the recent advances consisted? One can
probably take the mathematical theory as being the earhiest aspect
of the truly modern outlook to be developed Its ongin may
perhaps be seen m a senes of papers by Haldane, begun m 1924,
and 1t soon became enshrined 1n three major works, by Fisher
1930, Wnght 1931 and Haldane 1932 Examumng 1t after this
lapse of time one finds, unexpectedly, that 1t did not achieve
either of the two results which one normally expects from a
mathematical theory It has not, m the first place, led to any note~
worthy quantitative statements about evolution. The formulae
mvolve patameters of sclective advantage, effective population
size, migration and mutation rates, etc., most of whch are still
too waccurately known to enable quanutanve predictions to be

S
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made or venfied But even when thus 1s not possible, a mathema-
tical treatment may reveal new £y pes of relanon and of process,
and thus provide a more flexable theory, capable of explanng
phenomena which were previously obscuce It 15 doubtful how
far the mathematical theory of evolutton can be said to have done
this Very few qualitatively new 1deas have emerged from 1t.
Some of the 1deas which are often credited to 1t were 1n fact
well known before 1t was developed. For example, a problem
which greatly puzzled Darwin was how heredtary varation
could remam 1 exstence m a population from generation to
generation, 1f, as he thought, the hereditary factors from the two
parents blended m the offspring, genenc vanance would disappear
atarapid rate Many authors at the present time, cven professxonzl
genenests such as Darlington (1953, p 69) and Huxley (1942 p
55), as well as other well-read persons such as Irvine (1953) sug-
gest that this problem was not solved untt 1930 when, 1n Darlmg-
ton’s words, R A Fusher, i hus dlummnating work, The Genetrcal
Theory of Natural Selection, went mto the whole Darwintan theory
with the full ngour of hus analync methods’ Actually the basic
pomnt at 1ssue 15 not a mathematcal one at all The vanance 15
preserved sumply because hereditary factors, or genes, do not
blend as Darwin thought, but preserve their integnity and segre-
gate The relevance of this fact to the matter at ssue had been
petfectly clearly recogrused by Bateson at least as early as 1909
when he wrote (Mendel's Principles of Heredity, p 288) “The
notion that 2 character once appearing m an indrvydual 1s 1n danger
of obliteration by the intercrossing of that mdividual wath others
lackimg that character proves to be unreal, because 1m so far as the
character depends on factors which segregate, no obliteration takes
lace”
F ‘Waght's theory of dnft(p 82) has, perhaps, the most convin-
ang clam to bea quite fresh and novel outcome of the apphcation
of mathematical thought to evolutionary problems, but sevesal
authontles express grave doubts whedfier 1t actually plays any
important part under natural conditions oubeadly

What then gave the math -al theory its un
mense umportance and prestget They seem to have had two
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grounds In the first place 1t was shown that the ordinary, well-
known Mendelian genes would respond to the processes of natural
selection and could thus be the entities on whose variation evolu-
tion depends, and secondly, 1t was demonstrated that contnuous
vanation, which 1s much commoner 1 nature, does not differ
essentaally 1n 1ts bologscal causaton from discontinuous, but like
1tdepends on genes Thus the outcome of the mathematical theory
was, 1n the mam, to msprre confidence m the efficiency of the
process of natural selection and 1n the justice of applymg thus type
of argument also to the realm of continuous vartanon

At the same time as the mathematical theory of natural selection
was bemg claborated, an extensive and penetratmg series of
researches have been made on evolutionary phenomena in nature
A Raussian school, now widely scattered throughout the world,
has been very active m this field, one remembers particularly the
names of Tsetvertkov, Tmmofeefi-Reessovsky, Dubmm and Dob-
zhansky, but many others, also of other nationalities, have contri~
buted The first result of these studies was the revelation of a
wealth of genetic vanation, both gensc and chromosomal, which
could not be discovered by a mere mspection of the adult ndi-
viduals m a population Much of the gemc vanation 1s cared m
the form of heterozygous recessives, while the chromosome vari-
ation can only be detected by specil cytological or genetical
techmques Both kinds can, however, become available for evolu-
tion Moreover, mvestigations of local races and nearly related
spectes have shown that they frequently differ from one another
mways which are essentrally sumlar to those which cause variation
within a smgle mterbreeding population The matersals are there-
fore available to support the hypothesis that evolution has been
brought about by natural selectton actmg on genetic vanabshity
of this kind Further, m a certam number of cases, though unfor-
tunately not 1 very many, the actual occurrence of natural
selection can be demonstrated

The general result of these two types of approach to the prob-
lems of evolution would appear to be that we have gamed con~
siderable grounds for confidence 1n the reality and effectiveness of
evol y mech of thekmd plated in the modern
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theory of natural selection ‘We know that these mechanisms can,
and 1 some wnstances do, operate on the vanation which s plenti-
fully produced by processes of ‘random’ mutation, both chromo-
somal and genic It would m fact appear that the known processes
of sclection are powerful and flexable enough to account for the
observed evolutionary changes, provided that the matertal they
have to work on~the available vamabiity—can be accepted as
adequate m kind It 15 n connection with the nature of the avarl-
able vanation that modem theores of evolution are most 1 need
of expansion.

There scem to be three major fields 1n which inquiry 1s called
for One 1s the problem of adaptation Is 1t really sufficient to
suppose that the extraordinanly precise fitng of an amumal mto
1ts ecological niche 15 duc solely to the selection of random
vanations? We know of many cases in which the environment of
a particular locality—for instance, a mountam range or a swamp—
will produce m mdividuals from some other region non-heredit-
ary modifications whach are strikingly stmular to aberrant forms
which m the local population have become genetically deter-
mmed Are we to suppose that such parallelism 15 completely
beside the pomt, and that evolution of a local genetically fixed
ectotype has been based on mutations which have occutred at
random and are thus quite unconnected with the direct develop-
mental effects of the environment: We shall dscuss this question
at length m Chapter §

A second context m which the adequacy of the present theory
has been questioned 1s that of the nature of the differences between
spectes or spectes groups Goldschmudt (1940), i particular has
argued that m nature certam fauly large groups of forms duffer
from each other m some way which 1s not directly comparable
to the manner 1 which the local races of a single species or the
species of a sngle species group, are related He has spoken of an
*unbrdgeable gap' between such major groupings, and h_as sug-
gested that the gaps arise by some spectal type of ‘systermsc’ mutz-
tion. Hi§ attempts to suggest 2 mechanism for mutations of this
Jond have not appeared to most other geneticits to be very

convmeing, and ths has perhaps somewhat obscured the cogency
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of hus arguments for the existence of the unbridgeable gaps them-
selves

But there have recently been some developments whach, per-
haps, make the occurrence of a complete reshuffling of the geno-
type appear not quite so mexplicable as 1t did a few years ago
The transduction by a phage particle of a limked group of genes
from one bacterium mto another, where 1t joms up wath the geno-
type of the host cell, and agam the rapidly accumulating evrdence
of* v T 1

g d groups of linked factors,

1 i b )

and become the defimtive genes of the new chromosome And 1f
this, or something Iike 1t, occurs and moreover sometimes goes
wrong so that the ‘mcorrect’ (transduced or converted) section
becomes incorporated mto the nascent chromosome, then 1t 1s not
too difficult to concewve that very occasionally there may be a
more radical musbehaviour of the pre-genes, resultmg m them
Jouung up 1 a quite novel order At present 1t 1s only as a hardly
supported speculation that one can advance such an 1dea about 2
1 for a‘sy ' But even so, 1t scems
Iikely that we are very far from having heard the last word about
the nature of the varsation on which Goldschmdt’s unbridgeable
gaps depend
As a third major question-mark m evolutionary theory thete
Temams a sertes of questions which anse mamly from palacont-
ology Many students of the past hustory of living organistms have
been tempted to use phrases such as ‘racial juvenihity or senes-
cence’, *evol y stability’, ‘evol y potential’ and the
like, which are supposed to apply to the types of evolutionary
ge occurnng 1n large groups of related organisms over very
long pertods of time The conventional genetical theory of the
present day could, perhaps, begmn to approach such matters from
the consideration that 1t 1s known that mutation rates are to some
extent under genetical control and can therefore be assumed to
have different values m different groups But 1t seems probable
that mutanon always provides far more vanation than 15 utilised
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for actual evolutionary change, and 1t 1s therefore rather mplaus-
1ble to suggest that the phenomena which have been referred to by
terms such as *evolutionary potential’ can be mnterpreted m terms
of mutation rates In authontatve recent discusstons, sich 2s
those of Simpson (1944, 1949), for mstance, some of the pheno-
mena m question, such as differng rates of evolution, are left
unexplamed, while the reality of others 15 called 1n question For
wnstance, many palacontologists m the past described examples of
Lineages which were alleged to have followed one consistent trend
of change throughout long pertods of evolunon Simpson 1s at
pams to mumumize the smportance of such phenomena, and 1t 15
probably true that n the heyday of the fashion for such nterpre-
tations, many examples were quoted (the evolution of the horse
15 a well-known mstance) which wall not bear examumation. But
the unprejudiced student 1s likely to derive the impresston that the
falure of present theory to provide any plausible explanation for
such occurrences has played a not unimportant part m weighting
the scales agaimst an acceptance of their real exstence It would
certamly scem that m this field again the adequacy of modem
theory may be doubted

Modes of selectton

The current theory of evolution attributes this process to the
natural selection of random varations In a certam sense
phrase probably conveys the essential truth about the nature of
the processes concerned It 1s, however, only too easy to accept it
as an adequate answer to our questions, whereas 1t should really
be taken as an mtroduction to a sertes of problems As 1t stands,
the first part of 1t, “natural sclecnon’, 15 2 tautology, and the
second part, ‘random variation’, an equivocation

"The meanmg of natural selection can be epigrammatically sum-
mansed as “the survival of the fittest’” Here ‘survival’ does not, of
course, mean the bodily end of a single mdividual, out-
living Methuselah It smplies, m ats present-day mterpretatom,

ctuation as a source for future gencratons That mdividual

“sarvives' best which leaves most offspring Agam, to speak of an
“fittest” does not necessanly rmply that 3¢ 1s strongest, ot

amimal as
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most healthy, or would win a beauty compention Essenually at
denotes nothing more than leaving most offspring The general
prmetple of natural selection, n fact, merely amounts to the state~
ment that the mdrviduals which leave most offsprng are those
which leave most offspring It 15 a tautology It 15 only when we
penetrate beyond the field of generalities, to consider what differ-
entknds of selection mght be expected to occur, that we pass out
of the sphere of empty trusms mto the region where empirical
scientific mvestrgation 15 possible

In the mathematical theory of evolution natural selection 1
normally treated simply as a process which brings about changes in
the frequencies of the genes m a population Selective coefficients
are attached to the alleles present m the population Such a proce-
dure does indeed summanse the essential action of natural selec-
tion, smce 1¢ 15 only by alterations n gene frequency that hereds-
tary changes occur as generation succeeds generation However,
1 denving the theory solely from the abstract logical nature of the
end result of sel onerunsa derable danger of omutting
to connider features of the process which are important mn deter~
nuning the nature of the changes which happen Selection usually
does not operate directly on the genes Tt depends on the abihity of
orgarsms 1o leave offspring It 15 the phenotype throughout 1ts
development which 1s exposed to the nigours of the environment,
which falls a prey to disease, the mclemency of natural conditions,
ot pred whichss £l or £l in mating, whach
1s fertile or mfertile That 15 at least the usual situation, but pro-
cesses of natural sclection of rather diverse kinds have been
mnvoked by vanious authors dealing with different situations, and
1t would scem advisable to distnguish a number of different
categories of selective processes

There has, 1n fact, been at least one suggestion that processes of
zclc:iuon may sometimes occur at the level of the gene 1tself Lyma

disposition of granules or chromomeres He suggests that1f at any
locus on a chromosome 2 mutation occurred to a gene, whose
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physiologscal properties did not fit mto the general chromosome
pattern m these respects, there might be a direct selection agamst
1t on that account Agam, we know, both in maze {McClmtock
1951) and Drosophtla (Mampell 1946), of ‘genes’ {or small chromo-
some abcmnons) which cause a tendency for abnormally ngh
rates of mutation of other genes, particularly those m their m-
medate neighbourhood. It 15 reasonable to suppose that there
would usually be 2 selective pressure agamst the appearance of
such mutator genes Both these cases could perhaps be considered
to provade examples of a category of selection which operates, not
on the phenotypic results of the developmental activittes of genes,
but directly on the genotype stself

These examples are, however, not very convincng Lima da
Fara’s 15 purely hypothetical, there 15 no durect evidence that
mutations ever do produce genes which break up the pattems of
stanabtlity which he has described, or that 1f they did so, there
would be a selective pressure agamnst such new genes And the
harmful effects of the mutator genes can quite well be regarded
as brought about through the developmental abnormalities pro-
duced by the genes which they cause to mutate

The most usual and widely recognised type of selection 1s, 25
was pomnted out abave, a process which operates on the pheno-
types produced by the developmental activity of the genes We
have here to distmguish the number of sub-categories There 15
first a distinction to be made between what may be called mdi-
widual selection and progeny sclection Consider an orgamsm
carrying a genotype p which develops mto a phenotype P
Individual selection occurs when the frequency of the genes of p
m future generations depends on the character of P, progeny
selection, when 1t depends on the character of the progeny of P

We will discuss later some examples of progeny selection
Before )iomg so there 15 another distinction to be made withn
the general class of mdividual selection. This may be divided mto
selection &f the first or hugher orders By a first order selection we

can the selection for the presence or absence of some particular

Am the genotype P Thus first order mdwidual selecrion 15

gene 4 dn the mathemancal
the type w J\xhasbccnmostfuuyma“ m the mathe
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development of the theory For mstance, we may consider a
population heterozygous at a locus Aa, and suppose thatat equi~
Libnum 1t contans U?AA,2UAa,1aa, which after selection be-
comes reduced to U?AA 2UAa (1 — k)aa, and from this as a
basis 2 whole elaborate mathematical theory may be developed.

Modem evolutionary theory, however, 1s not content with such
first order selection of the gene 4 1tsclf, but freely mvokes pro-
cesses of the selection of the modtfiers of 4 That 15 to say, the
sclective coefficients are attached, not sumply to the alleles of the
Alocus 1tself, but to the combinations between these alleles and
certan other genes which modify their phenotypic expression.
Such processes of selection must be considered to belong to a
second, or possibly 1n some cases even a hugher order They have
been studied 1 the laboratory at least smce the days of Marshall
and Muller (1917) Their vogue n consideration of the evolunon
of wild populatons may perhaps be dated from Fisher's paper of
1928 on the evolution of domumance In this he argued that of
durng the evolunonary hustory of a population a gene frequently
mutates 10 a form which 15 partty dommant and deletertons m ats
effects, there will be a selecion of modifiers which reduce the
dommant expression of the gene in the heterozygous form. Now
unless we suppose these modifiers also to be selected for some
other reason, the selective pressure will only affect them when they
are combined wath the rare new mutatnt The frequency of occur-
tence of the favourable combmation between the mutant and
modifiers wall, of course, be much lower than the total frequency
of the mutant, and 1t 1 for this reason that the selection must be
considered as a second order one T do not wish to call in question
the reality and the importance of such second order processes In
pomt of fact one gets the impression, at least from expenence
with laboratory stocks that they occur more readily and more
completely than might perhaps have been expected The mathe—
matical theory of the progress of selection m such cases, however,
would seem to demand more attention than has as yet been pad
tot

Haldane has recently {1956) discussed one such case and come
t0 rather unexpected 1 about 1t. Kettlewell (1946) has
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shown that the dark form {carbonana) of the Pepper Moth (Biston
betulana) has, m industrial areas, a considerable selective advantage
over the normal pale form, and has indeed largely replaced 1t The
datk form 15 dommant, and there 1s evidence that during the
replacement of the pale by the dark type, modificrs have been
selected which have greatly mtensified thus dommance, which has
now become almost complete m the regions m which earbonana
makes up the great majority of the population Haldane shows
that, 1f the advantage of the dark form over the light has remamed
approximately the same, there can never have existed, durng the
whole pertod when the spread of carbonara was taking place, 2
suffictently large number of heterozygotes to provide a plausible
basis for the supposed second order selection by which the doms-
nance 15 alleged to have been mtensified He conclndes that the
problem of how this sclection may have operated 15 not yet
solved, but suggests that possibly in the past the selection coeffi-
ctents were different, and were of a kind (e g wath the heterozy-
gote favoured, not for 1ts colour but for some other aspect
of fitness) which caused heterozygotes to be much commoner
than the straghtforward selection of the dark forms would
require

We will now return to the question of progeny selection Per-
haps the most 1mportant context i which this process has been
postulated 15 m connection with the evolution of reproductive
wsolation between diverging local populations or sub-species
Suppose that 1 two contiguous geographical areas we have two
populations A and B each adapted to 1ts own habitat Then if the
hybrids between A and B are less well adapted to exther habatat
than the ongmal races, 1615 suggested that we shall have a selective
pressure agawmst the willmgness of A mdividuals to mate with B,
or vice versa, and that thus wall lead to the formation of a repro;
ductive barrier between the two popul. Now this postal:
selection operates between the different mdividuals of populauon
A, not on the basis of therr own fimess (1e on the number of
offspring they leave), but on the basis of the fimess <>f:A their

rogeny (tc the number of grandchildeen they produce) Agamn
ghere s lutle doubt that such types of selection may occur.
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Indeed, m my laboratory we have carried out such selection arti-
fically. Populations of Drosophila each labelled with a recessive
marker gene were mixed and allowed to mate at random, but
of their offspring only those were allowed to breed which had
resulted from a matmg of like with like, the progeny of cross-
matings bemng ehminated. After a number of generations a const-
derable, though not absolute, barrier to cross-mating had been
buile up (Fig. 7) (Kmghs, Robertson and Waddmmgton 1956, see
also Wallace 1950) Agamn, the mathematical theory of the process
must be considerably different from that of first order indtvidual
selection and has still been very madequately explored.

There 15 stll a further type of selection frequently mvoked by
recent writers on evolution which 15 even further removed from
the simple first order mdividual selection It 15 2 selection which
operates not between mdividuals but between populations. There
can, of course, be a relattvely simple selection between popula-
tions 1, for mnstance, a local race, which has become particularly
well adapted and efficient m one regton moves mnto another area
occupied by a less highly evolved group, which 1t would then
succeed mn elmnating. Selection mn this case, however, would
operate ¢ - M+ ! vt or e
of one p(
merely R s
mugration. The competition between populations which 1s now
being referred to 15 of a different type. It 15 a competition through
the ability to respond to new selective pressuses.

c most thoroughgomng postul of such p has
been by Darlington (1939), who has discussed the evolutionary
consequences of varous types of genetic system He pomts out
how certam reproductive systems, such as apogamy or self
fernlisation, may be hughly efficient 1 preserving a favourable
genetic constitution of a population 1n a relatively umform en-
vironment, but will tend to deprive that population of the capaciry
to become genetically modified when new selective demands are
made on 1t. Tt will therefore usually be an evolutionary dead end
Other systems, such as normal cross-fertilisation, wall be more
flexible, and populattons possessing them will therefore have 2
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long-term evolutionary advantage The same type of idea 15
probably what 1s meant by Dobzhansky (1951) when he speaks of
certam populations which contam a great deal of ludden heredi-
tary vartation m a heterozygous form as bemng *better adapted”
than others which are genetically more uniform Such processes
of selection between populations on the basis of therr ability to
tespond to new environmental dermands are, of course, highly
bypothetical and hardly susceptible as yet of laboratory expen-
mental testing They mught perhaps be referred to as metaselec-

tion—something gomg beyond sel proper as phy
goes beyond physics
A type of selection whuch 15 n some way intermediate between
lection and progeny sel was d d by Hald

even with some mathematical treatment, as long ago as 1932
He considered the case of a gene which caused the indrvidual
exhubiting 1t to leave fewer offspnng than normal, but to behave
m such a manner that the population to which 1t belonged
ncreased m numbers He showed that there are some situations
which there would be an mcrease i frequency of such genes,
which, as he pomnted out, produce almusuc behaviour, but
he considered that 1t was dufficult to see how normal selective pro-
cesses could bring mto being a population entirely composed of
altrusts

The types of selection which have been discussed above are
distingmshed from one another according to the nature of the
entity on which they act on individuals, on thewr progeny 1n
fater generations, or on populations Thete 15 another, and 1n
some ways even more important, way of classfying selection, 1n
relation to the type of effect which 1t produces It 15 usual to
tecogmse two such categones

Firstly, selection may be progressive, when 1t leads to change m

the phenotype of the popul producmg al m gene
Conn T oL e Juo .
push the population sirmul ly in two diff d

this, which he calls ‘dusruptive slclecnon’, can be adequately

r
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regarded as 2 sub-type of the more usual untdirectional progres-
swe selection Prog
Secondly, selection may act mn a stabilismg mannerto preserve
the ongmal phenotypic character by elimnatmg new deletenons
mutations It has long been realised that this type of stabilismg
action 15 perhaps the most general and usual function of natural
selection It 15 only comparatively recently, however, that atten-
tion has been drawn to the fact that stabilising selection may
operate i two and probably three different ways In the first
place, a population mhabiting a uniform en extubuts a
phenomenon which has been called ‘genetic homeostasss® (Lerner
1054) The frequency with which any particular gene 1 present
tn the population settles down to an equilibrium whach 15 deter-
muned by the pressures of selection, mutation, migraton, etc If
some shight change from the equilibrium postion 15 brought about
{and 1f 1t docs not set 1n operation a dnfi-remforcmg mechamsm
of the kind mentioned on p 87), then these pressures will brmg
the frequency back to the eqmlibnum, the selection pressure
bemg usually the most effective agent in this return This type of
selection we may call ‘normalising’ It usually operates by a fisst
order mdividual process Stabilising selecuon may, however,
operate i another manner Some years ago [ pomted out (Wad-
dington 1940, 1942) that the phenotypic constancy and unformuty
of a population could be ensured by selection m favour of geno-
types which control developmental systems which are Tughty
canalised and therefore not very responsive etther to abnormal-
sties 1n the environment or to new gene mutations of a mumort
character Such a type of selection may be called ‘stabilising selec-
tion (sensu stricto)’, o better, ‘canalising selection’ Funally, st has
been pomted out (p 41), that sclecuion mught operate agamst the
‘nowsmess’ which causes stuctly homologous organs sometimes to
diverge shghtly tn ther development It was suggested that this
smght be called *selection for repeatability’ It probably plays
relatively little part m evolution, and from our present pount of
at least 15 of much less lmportancc' than the two major

view
tegortes of normalismg and ¢ g
Cafigeforc the tram of thought which orgmally led to ¢the
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formulation of these 1deas had proceeded very far 1t was unfor-
tunately broken off by some of the more pressing busmess that
demanded one’sattention at that ume (in pomt of fact, an ecological
study of predation between arrcraft, U-boats and ships became
for a time more engrossing even than Nature red in tooth and
claw) Atthesame period very smular1deas were bemng discussed by
Schmalhausen (cf 1941) n various publications, most of which
appeared m Russian. More recently he has given 2 full discussion
of stabilising selection 1 fus book Factors of Evolution which was
translated nto English n 1940 Schmalhausen undoubtedly des-
cnbes a process siruilar to that which T have called canalising
selection or stabilising selection (sensu stricto). He does not seem
to me, however, to distinguish 1t at all clearly from the other
type of stabilising selection which I have suggested we mght
refer to more precisely as normalsmg selection. It may be as
well therefore to discuss the two types m rather greater detail and
then consider 1n 2 prelimunary way how 2 population subjected
to them will respond to 2 change 1n environment.

It will be as well to start with an extremely simple numencal
example which exhibits the basic elements of normalsmg and

v calnmsian Came damaman Toan oL Lol oo’ oo

character, 1n the proportionsa = 0,4 =5, b=§,B Z 10 Ifthe
population 1s matmg at random, the frequences of the vanous
genotypes will be as shown on the left of Table 1, and the dosage

Taziz
256 CC, s12 Cr 236 e

Gene  Phenotypic Phenotypic
Frequency of genotypes dosage  value  Viahlty  value  Viabilty
9 aabb 10 10 o 15 1
6 aabB, 54 aAbb 15 1s 3 17} 3
T aaBB, 36 2AbB, 81 AAbh 20 20 1 20 1
6 aABB, 54 AAbB 25 25 3 22} 3
© AABB 10 30 ° 25 3

of gene-activity corrésponding to these genotypes will be as i the
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first column Let us suppose firther that there s another segregat-
ang locus Cr, which affects the sensvity of the epigenetic sy stem
to the disturbance produced by the action of the Az and b loct

We will take 1t that the allele ¢35 completely domunant, and that
n CCand Cemdinduals a given gene-dosage becomes mansfested
asy ph'cnctypc \,v}’uch can be assigned the same mdex as that of the

oabd 0y — ArgB
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Duagram of some b
some phenotypic character 15 plotzed honzontally The Jower

gtaph shows the fimess assocasted wirh varuations m the character

(a *fitness cross—section’, p 117) The upper part shows the pheno-

typic effects of certam combm:no)m of alleles Aa, Bb, and Ce (see

ext)

the frequency of the allele ¢ to be 50 per cent Finally, we assume
that tlcxg ph:nyctypxc value of 20 15 the optimum for the environ~
mettal condstrons prevadling, and that deviations from dﬂi} are
Jess viable m the proportions shown m columas 3 and ; Mudt~
plymg the frequencies of the genotypes by the vabulity b_acmle uj
these columns, 1t 35 easy to show that the CC and Ce sub-pop O:
aon will contribute 3 X 178 ndividuals to the next generation,



SELECTION OF, FOR AND BY 75

among which the frequency of the « allele will be 74/356, and
that of B will be the same Similarly, the e sub-population will
contnbute 217 individuals, among which the frequency of a will
be 101/434, and of B the same Thus the frequencies of the two
rare extremely-acting genes  and B wall n one gencration change
from the ongmal values of 25 per cent to (3 x 74 + 1o1){
(3 X 356 -+ 434) = 21 6 per cent. This 15 an effect of normalising
selection, whuch 1s tendimg to reduce the genetic varabiliy by
elimmatng alleles with extreme degrees of actvity Agam the
frequency of the allele ¢ will have changed from 50 per cent to
(217 + 178)/{217 + 3 X 178) = 527 per cent Thus 15 the effect
of canalising selection, whach 1s favourmg the allele which renders
the epig system less ptible to the nfl of abnormal
mtensities m the action of the Aa and Bb locr.

Very few expeniments have been done which have attempted
to uncover sttuations sumilar to the theoretical model just dis-
cussed Falconer and Robertson (1956) compared the results of
carrying on a population of muce, mn the first place by selecting
a3 parents those mndividuals with weights nearest the mean, and
m the second by mating together the opposite extremes, but the
results were ambiguous and showed httle definite effect on the
genettc vanance Falconer (1957) has more recently described the
result of selection for the mean number of brstles on two abdo-
1nal of Drosophila This was ‘stabilising selection’ i the
broad sense, or “central selection’ as he calls 1t to avord confirsion
with the more precise meanung of that term Again the results
were negative, i the sense that litle reduction 1n varance
occurred But the system was not an appropnate one, since there
15 very hittle environmental variance 1n the character, and hence one
would expect there to be Little genetic vanance i the strength of
canalisation, alleles comparable to the Ce m our model seem not
to have been present. There was some varnance m ‘nowsmess’,
that 15 i the difference between the two segments, but 1t turned
out that in fact the selection which was exercised did not 1mpinge
on this, 50 1t 15 not surpnsing that the *developmental stability’ .

this sense also remamed unchanged
With this e y model as 2 backg d

Wwe can now
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cons:dcfr a sttuation i whnch the epigenetic system 15 subjected to
unusual environmental stresses as well as to varsavons m gene
acuvity Fig 9 15 mtended to show, m dagrammane form, how

STABILISING SELECTION
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Nornalising and conalising (stabilising) selection and the effects of
change of environment (se¢ text) (From Waddington 19432 )

these two types of selection operate At the top left, each V-
dradual 1 & verti

shaped curve rep one pop
¢al axss cotresponds to some environmental vanable, and the

horizontal to the measurement of some chatacter of the adult

Consider the curve deawn wath a thick line 1t 15 mtended to mdr-

cate that | environment 4, the genotype of that mdvidual

develops mto an adult m which the character m question has the

value corresﬁondmg to the dot-dashed vertical lme (which 15 11
4
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thus mstance the average value for the whole population) If the
environment 15 altered from the normal, esther 10 a positive sense
{on the left s1de of the dot-dashed line) or a negatsve sense (on the
1ight) the value of the adult character produced by that genotype
will be given by the mtercept of the new envionmental value
with the thick curve This curve therefore represents the canalssa-
tion cross-section of that parncular genotype It 15 shown here
as a smooth 'curve, with no mdication of threshold phenomena,
but 1t may p bly take very diffe forms n diff
cases

A few other genotypes m the population are shown m the
other thin-lned curves It will be noted that theyr adult values m
environment A are scattered around the average value with a
frequency distbution which 1s shown 1 diagrammatic form m
the small drawmg to the nght m the upper line It may also be
seen that the forms of the developmental canals are represented
as different 10 different cases

In this diagram, normalising selection appears as a tendency for
the apices of the V-shaped curves to move towards the average
value shown by the dot-dashed vertical line, or, what amounts
to the same thing, for a dimmution of the variability mdicated
the frequency diagram on the nght Canalismg selection consusts
m a tendency for the upper parts of the two lmbs of each V-
shaped curve to be pinched together, so that the angle of the apex
becomes more acute

Suppose now that the environmental changes, say to the value
indicated by the lme “Env B’ The V-shaped curves will be
transformed mto shapes something like those shown m the second
dsawmg on the lefi side Selection, both normatismg and canalis-
g, will now operate on this population of environmentally
affected anumals It wall produce results such as those shown 1 the
third drawmg 1 the left calumn, a normalssation of the popula-
ton amund anew average value QPPIOPm(C to [he Tew environ-
ment, and the establshment of genotypes which effectively
canalise the new optumum value of the adult meaarement

Let us now consider what may happen 1f the environment 15
changed back agan to the condition A which 1t had at first The
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effect which the change 4 to B ongmally had will not be com-
pletely reversed, since we have supposed that some canalisation
of the new developmental paths has already taken place Thus the
population will be shifted back, not to the condition mdeated m
the upper left drawing, but only 1o that shown 1n the lower left.
The phenotypic condition mdicated by the shuft of the V-shaped
curves to the left between the first and second drawmgs was
ongmally produced simply by the subsntution of environment B
for enviconment 4, 1t was an ‘acquired character’ m the conven-
tional sense But we see that 1t 1s now to some extent retamned even
when the environmental conditions return to therr ongmal state,
and 1t can therefore be considered to have become 1 some degree
hereditary. (Naturally no character can ever be completely en-
vironmental m ongm, nor yet completely hereditary, smee both
genotype and environment are necessaty components of all
development ) We mught speak of thes phenomenon as ‘genctic
asstmulation of an acquured character” The genotype has become
altered so that, mn a certain environment, 1t now produces a type
of adult, which, before the genenc alteration, was brought mto
bemg only as a response to an environmental stmulus

The sttuation 15 particularly clear when threshold phenomena
are mvolved. Suppose we are mterested 10 a character which only
appears when the value of some component of the phenotype,
mdicated by the apex of 2 V-shaped curve, falls to the left of the
vertical Ime of circles~and-dashes In the ongmal population (up-
per row of drawmgs) the character wall be completely absent.
Afer change to environment B, a few will appear {second row
of drawings) If the character 1s sclected for i environment B
normalisation and canalisation will take place around values well
to the left of the threshold, and the threshold wself wall probably
be lowered, 1e shifted to the rght m the diagram We may
evenmally find that on return to environment A, a considerable
fracnon, or even the whole, of the populaton contmues to show
the ‘acyuired character’, whach was at first quite absent fom 1t A
furthet consideration of such evolutionary processes 1s glven it

Chapter, §
Tg:ionccpt of canalismg selection 1 closely allied o another
Y
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sather speculative nauon, which I do not remember to have seen
discussed, but which may sometimes be valuable to bear 1n mind
The forms and functional systems of antmals as they evolve m
nature slways preserve a quality which we commonly refer to by
such words as ‘organisation’ or ‘integration’ This 15, of course,
produced by the epigenetic system, and canalismg selection helps
to brng 1t mto beng Some mutations may be rejected, not
merely because they break down the parnicular canalised system
which 15 most valuable under the particular circumstances m
whuch the population 1s living at the moment, but because their
action 1s difficult to accommodate 1n any well-organised course of
development

An example may make the meaning of this clearer There are
several genes known whnch affect the segmentation of the legs m
Drosoplula (F1g 10) Some of them, such as dachs and four-jointed
cause the appearance of tarst which have four jomts instead of the
normal five, but these shortened legs are relatively well-formed,
constant m the proportion and number of their segments, and m
fact would only requure some shght improvement of the buffering
system to be a potentially useful acquisition to the spectes 1f some
environmental circumstance favoured a shortening of the legs
Some other genes, on the other hand, such as anstopedia, eyeless-
dommmant, dachsous, rotund, etc , produce legs which are much less
umform from one mndividual to another, or even as between the
different segments of the same fly, and which have wregular
swellings and knobs which one would mstinctively tend to con-
sider misshapen, Such judgements must, of course, be accepted
only with great caution, bus one could feel confident that, m
arder to evolve any satisfactorily canalised system m which these
fenes were mcorporated, a very considerable modification of the
bufferng system would be necessary

To find 2 name for the type of selection to which such genes
would be subject, one might go back to the notion of archetypes,
which was the central focus 1n the thiking of Goethe and the
German Naturphilosopk the ewghteenth century, the Wee,
that 15, that there are only a certamn number of basic patterns
which organuc forms can assume The re-employment of their
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language does not, of course, imply any acceptance of the struc-
ture of theory for whach they used 1t. One can, however, designate
as ‘archetypal sclection’ the process by which genes are favoured
or rejected according a5 they do, or do not, produce effects which
are potentially canalisable mto forms which mught be valuable
under some carcumstances or other

Figure 10
Legs of Drosaphsla A 15 2 leg of dacks m which the number of
tarsal segments 15 reduced to four, but their arrangement 3
orderly {magmfication shgh:]y highc;_ du!: vllm of mhit ﬁ';’;ur':s)
" . o a1t 1L ——tt .

The 1dea that natural selection operates, to a large extent, m.
a*normalismg’ manner which preserves the genenc status quo m
a populanbn, ongumally arose at a ume when ome thoughs ofa
natural pobulauon as consisting mamly of ‘wild types', all
of which had essentually the ssme genotype apart from the
extstence within them of some rare recessives The “genetic
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homeostasis’ of the population then consisted 1n 2 tendency for
abrormal genotypes to be elimmatded, so that after a genetic dis-
turbance (e g some generations of artificial selection) the popula-
tion, 1f left to 1tself, would return to the situation 1 whach once
agamn all individuals had the same standard wild type genotype
Nowadays, however, we do not think that the individuals n 2
wild population are more or less homozygous ‘wild types’ On
the contrary, we thuk they are hughly heterozygous, which
mplies, of course, that they cannot all be 1dentical m genotype
This makes the concept of normalising selecnion, or genetic
homeostasss, somewhat less easy to formulate

Lemer (1954) concerves of genetic homeostass as, i the mam,
brought about by a tendency for natural selectson to elmmnate
mdvidaal ~* Y - ! b 1 thus
to restore view
mplies thal wwviduas wisen 1 vutsiue We nofial paenotypic
range of the population are likely to be more homozygous than
normal, thus artificial selection will usually tend to produce
homozygotes Bur such a view 1s by no means necessary It
probably denves much of 1ts plaunbility from an
assumptron that most loc1 exast i the population only m two
alleles Wherever the matter has been tested, however, many very
shightly different alleles (‘1so-alleles’) have been detected m wald
populations (e g Spencer 1944, Stern and Schaeffer 1943, Timo-
feeff-Ressovsky 1932) We attan greater generality 1f we con-
cewve any gene A 35 potentially exsting m 2 number of alleles,
say, Ay, 4y, As, Ay 45, etc., where, further, we may take the
subscripts as indicating the level of activaty of the allele Thenm
a certain population we may have a number of different 4 alleles,
with perhaps 4, most frequent, but a number of A; and A; and 2
few 4, and hugher values A genetic disturbance such as artificial
selection wall bring about s shuft 1 the frequency distnbution of
alleles, 4, may become the modal type, accompaned by farr
numbers of 4, and 4, There mught be no change 1 the level of
heterozygosity at all

The sumplest form of normalising selection would occur 1f,
when such a disturbed population was agamn left to the acwon of
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natural selection, the frequency distnbunon of the A alleles
shufted back to what 1t had been before Thus would be a true
genetic homeostasss But 1t would be opumustic to suppose that
Mother Nature 15 always so simple It 15 probable that the A
alleles are not the only genes contnbuting to the particular aspect
of the phenotype which 15 n question ‘There may be a B locus,
with alleles B,, By, B, By, Bs, etc , whch for sumplicity we may
suppose to act addively wath the A4 alleles Under natural selec-
tion, the distribution of B alleles wall clearly have to be approprate
for the distribution of A4 alleles, and vice versz. Any artifical
selection wll probably shift both distzibutions, but if there are
several such loa, and parcularly if the relanions between them
are not simply additive, the distnbutions of the varous sets of
alleles m a population may be m unstable equilibnum, so that
after genenc disturbance the ongmal phenotype may be restored
by a return to an allele~distnbution which 15 not the seme as the
ongmal one That something of this kind may actually oceur 15
suggested by the results of Dobzhansky and Pavlovsky (1953} and
by the varnation 1 the results of 1dentcal solution experiments
described by Clayton, Robertson and others (1957, sce Fig 16,
p 119) The mechamsm which has been suggested 15 essentrally
sumilar to that of the ‘dnft remnforang processes’ discussed later
In both the processes described m the last paragraph agenetically
disturbed population 3s brought back to phenotypic normality by

changeswhichalter the gene frequenciesbut donot makeany altera-
ton to the degree of canalisation of the develop Isystem Thus
headmg of ‘normalismg selec-

both processes fall under the general
tion’, but they are two different vartetses of 1t We may perhaps call
a process which restores exactly the ongmal genenical sitwaton a
“homeostatic selection, for one which bnngs mto bemg a genetic
situation which 15 phenotypically equivalent to the ongmal, but
actyally different from 1t 1 the frequency distribution ,of alleles,
one cam employ the phrese ‘quashomsostate selection

The escape from selection
Natural selection 15 a stochastic process When, mn the m:ilh,e-
matical theory, 2 selective coefficient 15 attached to a certam allele
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or genotype, this mdcates the relanve number of offspnng which

would be left, on the average, by a large number of mndividuals

of that type formmg part of an mfinute population. In practice,

populations are not mfinste, and may be so small that 1t 15 not
« 1 -

T e eal P T O N

pure chance rather than those of natural selection Sewall Wrght
{1931, 1932) and probably the majonty of geneticists followmg
tum, belteves that 1n Nature many effectrvely isolated populatons
may be of such a size that thus factor of chance can play an import-
ant role, together with natural selection, mutation, migration,
etc, m determunng the directions of evolutionary change 1 this
were so, the great importance of the phenomenon would be, not
necessantly that such processes occur very commonly, but rather
than when they do occur they would produce a considerable
change which 15 unrelated to normal selective pressures The
actudlity of this so-called *Sewall Wnght effect’, or ‘dnft’, has
aora LRI

Loon dnm ndb £, JR TR B

effects will soon be obliterated as the populanon once agam
becomes numerous enough to play 2 part in general evolutionary
progress

‘The question 15 of great theoretical importance One of the most
strtking ok of modem evol y theory and one
which has given mse to much philosophical controversy 1s the
great importance which 1t attmbutes to random unforesecable
chance In the standard neo-Darwmian formulatons of the theory
all new vanation 15 supposed to origmate by chance mutation of
genes This 1 a conception which requures some fusther discussion
(see p 189), but n 50 far as we accept 1t, we have to suppose that
the raw matenals of evolutton appearat random’ without thyme
or reason If natural selection 15 the sole agency which controls
their survival, some degree of orderlmess 15 brought mto the
general picture of evoluttonary processes, smee of the random
products of mutanon only those will persist which enable the
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organsm to meet more efficiently the demands of the environ-
ment i which 1t hives If deviations from these stochastic laws
of natural sclection occur to any large extent m Nature, this
orderliness becomes diluted Under these circumstances the fre-
quencies of the various genes m a population would not be
related strcely to their effect on the fitness of the animals beanmng
them, but would, as 1t 15 sard, *dnft’ 1n an unpredictable manner
which was not related to anything in partcular
From the theoretical pomt of view there seems no doubt that
such a process of dnft 152 possibility The magmitude of the effect
would depend on certain relations between the effective number
of breedng mdividuals in a population, the intensity of the selec-
twve forces actng on the vanous genes, the amount of nugration,
mutation and so on. Unfortunately the mathematical theory suf
fers from the drawbacks which affect nearly the whole of the
elaborate body of evolutionary theorising m mathematical terms
In the first place, 1t 15 only possible to give an explicat algebraic
formulation of the situation 1f one makes certamn assumptions
which, i fact, one knows to be almost certamly unjustified For
mstance, one must assume that the selective coefficient of any
particular gene A rematns the same whatever 1ts frequency m the
populanion and whatever other genes 1t 15 combmed with.
Sewall Wright, who 1s responsible for much of the theoretical
work m thus field, 15 well aware of this and has, 1n fact, provided
several discussions of the matter (cg 1932) which are couched
m broader terms and take account of the necessity to argue m
terms of complete genotypes rather than mndrvidual alleles How-
ever, m order to do this one has to be content wath expressmg
the vanous possibilities 1 a qualitative manner Wnght, m fact,
describes them mn terms of a mult-dimensional phase space of
gene frequencies, sumlar m 1ts general nature to the phase space
which we nsed earlter (Chapter 2) m discussing developmental
processes Such a mode of expression can be x;cry vnl;:(zcl}rllc m
providing a set of terms—or even a vistal model—~m w] 0111:
can work out 1deas which are otherwise difficult to formulate
connection with the particular problem of dnft, however, 1"
loses touch wath the pomt which 1s of crucial importance, namely
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the quantitanve The question at 1ssue 15 not whether dnft can
occur but whether 1t would do so wth values of population size,
selective pressure, migration, etc , which st 1s reasonable to assume
might occur 1 Nature Even 1f we are content with the stmplest
formut of the matt 1 theory which yield exphat
locb p g these p ‘we can m
practice hardly apply them, since the quanuties concerned are
exceedimgly difficult to measure under natural condrtions, while
+f we proceed to a more profound and convineng theoretical
account of the situation, even any exphiait reference to the para-
meters disappears and we find ourselves left wath nothing which
will help us to decide how important the process of dnft will be
n Nature
We have, then, to abandon the theory except as 2 qualitative
expression of the possibilties and tumn to an exanumatton of the
actual phenomena m Nature to try to discover how far dnft may
have played a part m thesr causation. Certamly 1t seems at first
sight that many of the results of evolution are of a kind which
could most casily be explained by a process of random change n
gene frequencies Many, 1f not most, neatly-related species differ
m characters the selective value of which 1s not obvious It 15, of
course, always possible that mmor differences in, say the distnbu-
tion of brstles on the body of a fly, or i the proportions of some
appendage of the body, have some unsuspected importance m
the animal’s life and that differences m these respects have been
brought about stnetly by natural selection Indeed, there have
recently been several examples m which such apparently trivial
differences have actually been shown to be more important than
they looked (¢ ¢ Camn and Sheppard (1950} on colour diffecences
mn the shells of the snal Cepea) Nevertheless, 1t 15 by no means
obvious that one 15 justified m relyng on such hypothetical
selective advantages to explam all such cases
In particular, 1t 15 rather common to find that just outside the
edge of the main area of distribution. of a species there ave small
more or less nolated porkers of n, perhaps mhubing actual
1slands or 1 some other way cut off from the mam bulk of the
population, and that these 1solated groups each have their own
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pecuttar charactenstics The greater degree of divergence shown
by such ‘sland" populanons as compared with the man lrge,
contimuous population of the specics, has been considered by
most authors {e.g Huxley 1942, Mayr 1954) to provide strong
evidence for the reality of draft processes 12 Nature Howevet, niot
all students of the subject agree on ths For wstance, Dowdeswell
and Ford (1953) pomt out that the divergence of 1sland popula-
tions may result from the fact that each such ssolated group
becomes adapted by natural selection to the particulas demands of
1ts wndrvidual hiabtat wathout the danger of such adaptations beng
swamped it the early stages of thewr evolution by mter-crossmg
with the mam papulation which must be adapted 1o the average
condstons of the tesritory 1t mhabuts It seems plansible enovgh
that the factor to which they draw attention may have played 2
important role m many cases However, st may be actmg 25 2
sugplemenc to dnft rather than as an altenatrve

These authors also draw an important distnction between two
types of process, both of which would probably usually be m-
cluded under the headmg of dnft, although they only refer to the

first of themt mt this way They use the term ‘genetic duft’ cf a
1 1 4 o mhor

ence on the frequenctes of the various genes, and they class as 3
separate phenomenon an occastonal drastic reduction 1 the num-
bers lastng only a generanon or two The former of these orie
nuiglst call ‘persistene’ dnft Jn my opusuon the second ttem ments
the nate of mtermuttent dnft Dowdeswell and Ford argue that
1n the cases they have studied the populations ate normally to0
targe for 1t to be plausible to suggest that persistent dnift 15 occur-
g Ou the other hand 1t :)it;;oursc, very dufficult to exclude
of meernutient dnft
‘h;{: S:r‘:i;ym adck Dowdeswell and Ford studied was the
frequency of vaneus Sypes of spolmz:i% on ttl;le v;;[%::f d:’cu l;uf;c;;
o e
fly Mansola pirting om vauioss xsdsax; uc!: e bﬁ up The

thtee farger 1slan
E?u‘ﬂmaﬁin:;:mﬂe:!ﬁ cather diverse On none of the whands
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at the tme they were studied were the populattons small enough
for persistent dnft to be likely to occur, but the possibilty 15
admutted that the small islands may have been mtially colomsed
by very small numbers of individuals or at some time m the past
a natural catastrophe or epidemsc may have reduced the popula-
tion to an extremely small size so that a process of mtermittent
dnft would have happened Ford mself has sided with Fisher
(Fssher and Ford 1947, 1950, ctc) 1n a rather bitter controversy
agamst Sewall Wright and the theory of dnft, but Dowdeswell
and Ford’s own data seem to find much therr simplest explanation
m the occurrence of mtermttent dnft, and they certamly provide
1o compelimg ground for rejecting the possibslivy

The mvesugation of actual sinations as they confront us
Nature does not therefore provide adequate grounds for denymng
the possibility that dnft, partieulatly of the mtermuttent type, may
sometimes occur There are further theoretical grounds which
have not yet been discussed which suggest that any tendency for
the gene frequencies 1n a population to escape from the control
of natural selection, even temporarily, might have more import-
ant consequences than would appear at first sight There are,
mdeed, good reasons to believe that the natural structure of a
popul will provide hing which nught be described asa
* dnft-remforcmng mechansm’ The selective value of any particu-~
lar gene m a population will depend, to some extent at least, on
the other genes which are present wath 1t and with which it may
be bmed If, owmg toa aberration, only a statistic-
ally incomplete sample of the population survives to breed, the
selective values of the surviving genes may have been matertally
altered by the change m the range of partners which 1s all that
the population now offers them In so far as this occurs, natural
selection will tend to pull the gene frequencies m the new popu-
latton towards an equilbrium different from that which charac-
terssed the eaclier sitwation. It 15 duficult to deduce from any
general grounds how widespread or important such phenomena
may be Exploration of the sitvation, using artficial populations,
15 now dmg 1 several lab One must, |

at least envisage the possibility that changes 1 gene ﬁequmcle;
o
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produced by the fluctuations of sampling may be m practice more
or fess arreversible and perhaps lead to cver mcreasing divergence
betwecn the old and the new populations (Mayr 1954)

We must, T think, conclude that present day views tend to
suggest that evolution 15 an even mare contimgent and unpredict-
able process than catlier students had thought In the past most
biologusts even though they held views as different as those of
Lamarck and Darwmn, have stressed the dependence of the
changes which occur m an anmal’s evoluttonary hustory on the
nature of the environmental demands made upontt fdnfrisa
teal phenomenon 1t will, to some extent, mutigate the stnngency
of the test whuch the environment applies Tt wall remam true, of
course, that an evolving group of animals will only survive ff it
can at Jeast cope adequately with the conditions of 1ts life, but 1t
will no longer be true that the race goes always to the swiffest
It may m some years be the pass-degree man, and not the sertor
wrangler, who gets the fellowship and stays on at the worlds
hugh table to pass on such qualines as he possesses to the next
generations which try to pass Natures exammations

The contributson of the environment
It 33, of course, a trussm which has long been recognsed that
the development of any mdividual s affected both by the heredi
tary determmnants which come imto the fertilised egg from the
two parents and also by the nature of the environment m which
the development takes place However, during the early history
of the science of genetics the main endeavour was concentrated
on discovering the laws of ihentance, that 1s to say the rules by
which hereditary factors are passed on from one generation @
the next The presence of these factors has to be recognised from
the phenotypic appearance of the ndividuals concerned and any
effect of the environment m modifying these appearances would
be a disturbing element Geneticists therefore usually attempted to
study varant forms whose appeatance was not altered by the ran%lc

ofenvironmentsto which the expermental anumals were subjecte
There 15 a type of Drosophla which, under normal environ-
fuents, has a noticeably small eye The effect 15 passed on from one
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generation to the next and 15 due to a dommant gene, known as
bar, on the sex chromosome Now 1f we have a sertes of mdivi~
duals containing the bar gene and brought up at a number of
diffecent temperatures, the size of the eye (which can be estumated
by countimg the number of eye facets) 15 smaller 1 those whch
have grown at a high temperature than i those which have
grown atalower But even at the lowest temperature which wll
allow the flies to develop reasonably fast, the eyes of bar fltes are
not as large as those of normal mdividuals The presence of bar
can therefore always be satisfactonly recognised and, i the con-
text of an investigation of how 1t 15 passed from parent to off-
sprng, one can neglect the effect of the environment on the
expression of the character

In elementary exposttions of the Mendelsan laws of mhenitance
there 15 often hittle or no explicit refesence to the part played by
the m mnfl g develop This rarely leads
0 any serous d dng among biologists, since, s we
shall see, very considerable discussion of the subject has gone on
since the earhest days of genetis However, certain aathors
wterested 1 the methodology of science have been decewved by
the lack of reference to the environment in accounts of element-
ary Mendelsm mto thinkmg that geneticists have failed to
realise 1ts importance

Woodger argues that the relevance of the environment to
heteditary problems should always be expliculy recognused, and
he proposes that this should be done m the following way He
beguns by asking the question what do we mean by ‘mborm’ I,
for wstance, we say “Tom has red hair’, what 15 involved 1f we
assext that the red har 1s mbom: He begms by pomting out that
we certainly do not mean that red hars, as such, 1s denved drrectly
from the parents since there 15 obviously no harr 1 the ege.
Agam, he pownts out that ‘to say that redness 1s handed down from
parent to offspring 1s clearly metaphoncal’ Thus 15, of cousse, all
quite true, and what we do m fact say 15 that the egg from which
Tom developed recerved from the parents a something (2 heredi-
tary factor or, to use the recent word, 2 genc) which mfiuences the
developmental reactions in such 2 way that the haie which grows
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on Tom'’s head wall contamn red pigment Obviously much more
mght, and indeed has, beer sard about the relation between the
heredutary factors and characters, but 1t 1s for the most part quite
terelevant to the problem which Woodger had set out to discuss,
namely the influence of the environment, since factors and charac-
ters would still belong to different categortes even 1f the environ-
ment did not affect development at all

Woodger, therefote, drops this question and takes up the dis-
cusston of the envire { effects on develop He considers
aset X of fertilised eggs (zygotes) developing maset ¥ of environ-
ments mto a set P of phenotypes If the set X contams all the
zygotes which may under some circumstances or other develop
mto phenotype P, and Y contams all the environments under
which some zygote can develop mto P, then he calls X the
zygotic range of P, and Y the environmental range of P On thys
basts he defines tus fundamental concept, that of the environ-
mental msensitivity of P He says that P 15 environmentally
msensitive, 1f every member of X always develops mto P, pro-
vided 1t can develop atall On the other hand, sf there are environ-
ments 1 which members of X can develop, but do not m that
environment come to exhubit the phenotype P, then we can say
that P 15 environmentally sensitive Woodger suggests “that there
would be fewer d dimg biologieal saience and
fewer musleading statements i popular biology 1f people ceased
to speak of mborn and acquired characters and spoke mstead of
environmentally msensitive and environmentally sensive pheno-
types’. Wisdom, m reviewsng a book of Woodger’s, m which
this theory was put forward m a prelimmnary form, agrees wi
tls suggesttan, and feels that Woodger has ‘taken a fundamental
step 1 the clanification of the subject” Itis somewhat disconcert-
mg to the ordmary biologist, however, to discover that both
Woodger and Wisdom scemed to think that one of the pomts on
which they are for the first ime admutting a Jntle light 15 the
belief that an mborn character 1s necessarily mcurable, an element-
ary confusion which one ha('i thought was nowadays fcrgbotrmf
Tn pomt of fact, Woodger's concepts suffer from a number o
defictencies whuch render them rather unattractive 1 comparison
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with those which geneticists commonly use m this context His
15 2 logican’s defimition, set out m terms of concepts whach are
of an all-or-none character, and therefore mtellectually clear-cut
but i practice more or less mapplicable For mstance, 1f we con-
sider a particular phenotype, such as that of 2 human bemg with
skin of a particular shade, 1t 15 1 practice quite impossible to
discover 1ts zygotic range by finding all the zygotes which could,
under some circumstances or other, develop that skin and colour.
One could perhaps obviate this difficulty by comparatively shighe
modification of the defimnon More serious 15 the fact that the
defimtion treats phenotypes as though they can m general be
sharply distmguished from one another, so that an indvidual
etther belongs to phenotype or does not belong to 1t We have
seen m the case of bar mentioned above that such disunctions can
sometimes be made, but only 1f one allows a given phenotype (say
that of bar) to cover a certam range of varation It 1s m practice
more frequent, m the contexts n which this subject 15 important,
to find that different environments affect the degree of expression
of a parncular phenotype, rather than that they decide whether
the mdividual will belong to that phenotype or not belong to 1t.

Followmg Timofeeff-Ressovsky (1927), geneticists commonly
use the word *expressivity” to indicate the degree of expression of
some phenotypic character, and *penetrance’ to mdicate the pro-
portion of a given set of zygotes which develops mto adules
which extubit some recogmusable phenotype Woodger's defim-
tion s essentually m terms of penetrance  From this 1t 15 not easy
to deduce anything about expresuvity, which 15 the practically
more impostant phenomenon Morcovet, of we have a theory m
terms of expressivaty 1t 15 quite casy to modify this so that 1t can
deal with penctrance, sice we can always suppose that the
proportion of a set of zygotes which develop a certam phenotype
depends on the number among them 1n which some underlyng
continuously variable character 15 expressed to a degree greater
than the ncccsz‘zry threshold

Let us consider then what geneticasts have actually done to
to handle the g rmcdiy the infl of (hcy td
on the phenotype, and first st will be as well to glance at the type
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of phenomenon with which they are confronted 1 take an ex-
ample which dated from many years ago, and which rught well
have been m the muinds of Woodger and Wisdom when they
discussed the matter The data come from the work of Krafka
{1920) and I quote the discussion of them gaven by Hogben (1031}
“In the frutt fly Drosophula there 15 a seses of mutations charac-
terised by extensive reduction of the number of facets 1 the
compound eye Two such mutations are designated “low-bar”
and *ultra-bar” The actual number of facets vartes with the
temperature of the cnvironment 1n which the larvae develop In
the duagram (Fig 11), the distance AB, measured along the
ordinate ABC, represents the difference {143) of the two stocks,
both cultured at 16° C The distance EF represents the difference
between the two stocks, both cultured at 25° C The length BC
represents the difference between the measurement of ultra-bar
ndividuals cultured respectively at 16° and 25° C The length
DE represents the difference between the facet number of low-bar
wdividuals cultured at 16° and 25° C respectively EF and AB
cach cotrespond to what the expertmental biologust means by a
genetc difference BC and DE each reptesent what the experimen-

tal brologust calls a difference due to environment
Clearly we are on safe gtound when we speak of a genetic
difference between two groups measured m one and the same
environment or 1n speaking of a dsfference due to environment
when 1dentical stocks are measured under different condstions of
development Are we ou equally safe ground when we speak of
the contribution of heredity and environment to the measure-
ments of genetcally different mdividuals or groups measured m
different kinds of env @ Suppose we a fow-bar
stock kept contmuously at 16° C and an ultra-har srock kept
continuously at25° C The observed difference will be represented
by the length AC or DF How much of AC or DF 1s duc to
heredity and how much to environment? The question 15 eastly
meantng We might be tempted

to be devord of a definice
izt:eyozbaz the genetsc contribution 13 the difference which would

£ both stocks had been cultured at the same temperature
’?f\-:: rl,oul?i be done 1 an mfmte number of ways If they were
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FIGURE 11
The effects of temperature on the number of eyefacets 1 the two stocks
low-Bar and ultra-Bar {From Hogben 1033}
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both cultured at 25° €, heredity would contnbute EE If they
were both cultured at 16° C, heredity would contribute the
difference AB We mught also be temptcd to say that the contribu-
tion of environment represents what the difference would be of
all the fites belonged to the same stock, Obviously this can be
donemn at least two ways Keeping the same difference of environ-
ment we might substitute low-bar mdividuals for the ultra-bar
stock at 25° C, The difference between the two sections of the
population would then be tepresented by DE If we substituted
ultra-bar individuals for the low-bar stock at 16° C, the differ-
ence would be BC Exther ED or BC 15 equally entutled to be
regarded as the contribution of environment *

In discussing this example m modem termmnology we should
tend to use the expresston ‘environmentally sensittve’ of the
developmental reactions controlled by the genotypes rather than,
as Woodger does, of the final adult phenotypes ‘Thus we should
say that the low-bar genotype causes the epigenetic system to be
envire fly sensitive, g that the kind of phenotype
(in partienar, the degree of expression of the phenotype) finally
exhubited by a zygote of low-bar genotype would depend on the
environment tn which 1t developed Similarly, the development
of the ultra-bar genotype 15 environmentally sensttive but to a
different degree Such a difference of degree m environmental
sensitwvity of the development controlled by two genotypes 1
spoken of as ‘genotype-cnvironment interaction’ This expression
15 dertved from statistical terminology and, as ths example makes
clear, 15 used m a much more restricted sense than mght appeat
at first sight It 15 to be avorded when one wishes merely to ndi~
cate that the phenotypc ef‘fects of a genotype are mfluenced by

e sure den bnemon alaea

Geneticists have been attempting since the very eauy days vt
their subject to formulate some method of handlmg the sumul-
caneous contributions of the genotype and the :nvuonmudn to
the phenotype They have approached 1t through the aj‘ioml era~
tion of cases ix\x which the phenotype varies not in an all-or-none
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but 1n 2 contmuous manner (More recently a treatment of all-or-
none phenotypes has been derrved from that onigmally worked
out 1 relation to guanttative vanation, se¢ Wright 1943, Lush,
Lamoreux and Hazel 1948, Robertson and Lemer 1949) More-
over, they began with the smplest kund of guantitanve vanation,
namely that which takes place m one dimenston so that the grade
of expression of the phenotype can be expressed on a single scale
Thetr procedure was to consider 2 set of genotypes X which
develop 1 a set of environments Y imto 3 set of phenotypes Z,
and they then pted to assess the butions of the geno-
types and of the environments to the vanation which 1s found m
the phenotypes

The first analysis of vartability mto genetic and environmental
contuibutions which took account of the Mendelian discoveres
was given as long ago as 1909 and 1910 by Wemnberg For arecent
account of the theory which follows essentually the same method
of approach one may take the formulatton of Lemer 1950
Takmg the total vanance of the phenotypes 2s ap? he wrtes,

opt = aglt+ar’+2rg,za6,0e+f (GeE)

where Ge stands for the genotype E for the environment, and

foep Tepresents the correlation between genotypic and environ-

mental varations and the term f(GeE) stands for non-hnear
PR

genemnn e e e b
ph

still too complex to be made much use of as 1t stands It 15 consid-
erably easier to handle if one 15 yustified 1n omutting the last two
terms on the right, and m most attempts to apply 1t, this simplifi-
cation has been tried m the hopes that practice would show that
1t was not too far from the mark. If this s done, the fraction of the
total vanance m phenotypes, which 1s directly due to genetic
differences becomes o g tfop® This fraction 1s known as *hent-
abifity’, m the broad sense of the word Far from geneticists
tequinng to be remunded that the environment plays 2 part m
mfluencing phenotypes, the concept of hentability, which ob-
viously makes allowance for just thus fact has become a focal
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notion 1n most recent genetical treatments of the relation between
genotypes and phenotypes, parncularly 1 connection with the
breeding of agrcultural lvestock.

There are, however, considerable difficulties 1 making wse of
the concept of hentabihity  practice In order to esumate 15
value we require to measure op* and o g2 It 15 relatively easy to
assess the former, if the phenotypes vary 1 a un-dunensional
manner, smce We can then measure the degree of expresstonofeach
phenotype on some scale and compute the total varance of the
set of mdinduals we are dealmg with. We cannot, however,
directly measure agd If we know the degree of relanonship
between the set of genotypes X with which we are dealing (for
wmstance, if they are all full brothers and sisters or are a group of
*half-sibs” with one father and a latge number of mothers) we can
attempt to assign a value to 6 5,2 from general considerations a3 to
the nature of Mendeltan mhentance This can, however, usually
only be done 1f we make certamn assumptions as to the nature of
the reactions between the vapous genes m the genotype. The
sumplest such assumption 15 that the genotype contams numerous
genes affecting the phenotype m question, each gene adding a
fixed amount (positr e or negative) to the measure of phenotypic
expresston In Lerner’s termunology we write o g? for the vanance
due to additive action of this kind, and 1t 1s common practice to
wse this m place of 6 ¢ 1n the calculanon of hentability When
this 15 done, that concept 1s bemg used m a somew hat resmcted
sense, but m practice lirtle 15 lost, snce the contubution due to
4% 15 the only one of importance m controlled anmmal breeding
Hentability m this sense 1s nsually referred to as £ This coefficient
15 of considerable practical importance, since if one 15 attempting
genetic constitution of 2 population of: ammals by
of selective breeding, 1t 15 the £ which deter-
mumes how rapdly progress can be made One can, it fact, obtam
2 measure of i by findmg the ratio between the amounts by
which a group of selected parents on one hand and cheir offspng

on the other exceed the average phenotype of the population from

they were drawn.
“}'111‘;}2 w\c:il‘:su}gect of unhsing the concept of hentability 15 3

1o improve the
a programme
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taghly complex one whach has 2 consderable licerature of 1ts

own (for a recent discussion of 1t see Lerner 1950) 1 do not wish

to enter mnto the details of these matters here, since thewr mam

importance lies 1 the field of ammal breeding, m which quant-

tattve esumates of the rate of response to selection, of the results
c 1 - - o -

PUIUUE S L RPN A

In the first place 1t must be remembered that any esumate of
heritability apphies only to one particular set of genotypes mn one
particular set of environments If we have another set of genotypes
with different genotypic varability, or anotber set of environ-
ments, the value of the heritability coefficient will be altered Even
when dealing with one set of genotypes in one set of environ-

1 1 P T e

calculated from the response to selection  Falconer (1953) suggests
that the latter be known by the qualified term of the ‘realised
hentabiity’ The differences berween the hentability and the
realised heritability are due partly to the imphifymg assumptions
mnvolved m neglectmng the correlation between genotypic and
environmental varance and the genotype environment mter-
actions, partly to the other smplification of substituting ¢ 5 for
o g, partly to effects produced by the frequencies with which
vanous genes are present n the population, and m many cases
also to the occurrence of natural selection simultaneously with
the artificial selection which 15 being practused There 1s a great
deal of scope for logacal analytical thought m clanfying thus situ-
ation, and 1t 15 1n this connection rather m the sunple pome that
the environment has some mfluence on the phenotypes that
geneticists would be grateful for assistance from those who have
traming 1 methods of logical analysis

The fullest expenmental study of the apphesbility of hert-
ability theory 15 that whch has recently been made by Clayton,
Robertson and others (1957) They pomt out that the theoretical
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predictions of the results of selection can only be expected to be
aceurate 5o long as one may assume that the ‘genetic parameters’
of the population remamn unaltered While thus 15 the case, the
Predjlctlons of the theory are not dependent on the exact nature of
the or ef relationships of the genes, and thus the
exstence of developmental canalisation would have lirtle effect on
d:(; response to selection In the matersal they studied, namely the
| bristles of Drosophila, there 15 good evidence that the

character 1s of lutle direct importance for natural selection (see p
118), so that 1 any case 1t would not be expected to show much
evidence of canalsation And m practice they found that the
theory gave reasonably accurate prediction of the selection effects
over the first few generations

Even for the early generations of selection, the hentabihty
theory can predict only the phenotypic response to slection It s
mposstble to speafy the extent to which gene-frequencies wall be
altered, unless one makes assumptions as to the types of gene
action and mteraction which are occurring m the population, that
15, assumptions about such matters as domunance, epistasy and
ather aspects of canalsation Clayton and Robertson found that
i later generations the theory became of no predictive value,
since the genetic parameters had changed considerably m conse-
quence of alterations m gene frequencies whose nature and effects
there was no way of foretellmg "We badly need new methods of
studymg the genetic set-up 1 a population m such 2 way as to
give the information essentral for estimating how the eprgenetic
situation 15 likely to alter as the gene frequencies change It 1
Asfficult to see how this problem could be profitably approached
except through devolopmental or physiological analysis How
else could one expect to find means of foretellng when, for
example, a favoured gene 1s Iikely to start behavingasa recessive
Tethal, as so many did towards the end of Claytonand Robertson’s
expenments? An example of one type of physiofogical mvestiga-
tyon of a problem of thus kind, mvolving testing the effect on th;i‘
population of a variety of different environments, will be foun:
1 Dobzhansky, Pavlovsky, Spassky and Spassky (1956)

These problems which anse withmn the heritability theory are,
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pethaps no more than might be expected m any subject which 13
rapidly growing and advancmg And fortunately they do hitle
to reduce the value of the theory m the field 1n which 1t has most
practical application namely in connection with the breeding of
livestock, where one 15 hardly concerned with more than a
sequence of very few generations But m the context of more
general biological problems the major defect of the theory 15 the
narrowness of the field whch 1t takes into account The study of
hentability has in the mam been carried out from two pomts of
view Fustly by people dmn the 1 b the
phenotypes of related persons m human populations, and second-
ly, by those concerned with amimal breeding Both groups of
mvestigators have tended to concentrate on the study of some one
particular phenotypic character such as height, weight, milk
yield etc and they have relied on statistical methods for analysing
1t The subject has fallen victim to the two dangers which statis-
tical methods always seem to brng m their tram,

In the first place there has been a tendency to regard to a
refined statistical analysis of mcomplete cxperiments as obviating
the necessity to carry the experiments further and to destgn them
m a more pefetrating fashion For mstance, 1of one takes some
particular phenotypic character such as body wesght or milk
yield one of the first steps in an analysis of 1ts genetic basis should
be to try to break down the underlying physiological system mnto
a number of more or less mdependent factors Are some genes
affecng; the ik yicld by mereasing the quantity of secreting
tissue others by affecting the effictency of secretion, and others
still other wayst 1 have recently discussed 2 case of varation 1
the quantity of vem formed 1 a certam region of a Drosophila
wing m which 1t was particularly clear that the genetic systems
fell mto distmet physiological groups 1n this way (Waddington
1955) This was made obvious owing to the fact that visual m-
spection of the wing reveals not only the quantity of the venation
but also the pattern m whch 1t 15 arranged A normal quantity of
venation may be present either as 2 single continuous vewm or as a
shortened vein to which a prece 13 added at the side  Another
example will be found 1n a study by Forbes Robertson (1957) on
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the inhentance of adult size m Drosoplila, m which attention 15
P“l‘d to the different contributions of mcrease m cell size and m
ce 1] number With most phenotypic characters a physiological
analysis of the basis of the varnation, even of such a relatively
superficial hind as i these examples, cannot be made so eastly It
cannot even be begun by any form of anthmetical manspulanion
of measurements of the global total of the character as a whole It
demands specially planned experiments aumed at ssolatmg the
different variables concerned Such mvestigations have, however,
been very generally neglected '

Secondly, the statstical techmques at present avatlable, although
imposing and indeed mumidating to most biologists are m fact
very weak and unhandy tools The first partition of varsation mto
a genetic and an environmental component by Wemberg (1909
1910) was based on very drastic amplifying assumptions as to the
kind of genetic system mvolved Fisher (1918) made a major
advance 1 gving a mathematical treatment of considerably
greater generality and further advances have smce been made
by Wrght (1952), Malecot (1948) and Kempthome (19s54) But
after nearly half a century’s development the statistical theory
stil has to feave out of account the contrbution of genotype-
environment interactions represented by the last term on the
rightn the equanon on p 95 These mteractions are that part of
the vanmatton whuch rises from particular genotypes being specially
affected by particular environments Now from the pomt of view
of the theory of evolution such spectal mteractions between
genotypes and enviroments are obviously by no means neghgible
In fact the whole of adaptive radiation, including the forma-
t1on of local races turns on the way m which particular genotypes
fit 1nto certam environments that 15 to say, on this very factor
of genotype-environment mteraction

From the pomt of view of evolutionary theory, the most

1mportant defect of the current statistical method of dealmg with
t 1t concerms

the relatron berween genotype and environment 1s that cer
1t takes

stself only wath ums-dimensional vanaton That 1s to say,
which can be measured on

some partrcular phenotypic character
sorne single scale and discusses how alteration of the environment
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imduces changes m the measure of the character on that scale Now
m pomt of fact any gien alteration in the environment will
normally affect a developmg animal i many different ways A
colder chimate may produce not only a change m total bady size
but also perhaps alterations m the proportions of the limbs and
body, 1 the thickness of the coat, m the amount of food con-
sumed, and possibly i many other characters Any of these
environmentally-produced changes may play a part m the evolu-
tion of the population m which they accur but there 1310 a prions
method of deciding which of them wll become mmportant in this
way A treatment which arbitranily chooses some one character
to measure and which confines 1tself to trymg to discover how
much of the vanation 1 that character m a given population 1s
due to the environment, can at best only be wise after the event,
when the fullness of time has revealed which of all the environ-
lly-produced modtfications 1s the unportant one But 1t
obscures the fact that any one environmental stimulus causes
many different kinds of vanations Thus 1t provides a quite made-
quate basss for discussing the evolutionary mmportance of en-
vironmental change
It 1ssues, mn fact, in the notion that natural selection 1s concerned
solely with that component of vamation which 1s handed on
directly from parent to offspring, and that the environmental
component of variation 15 nothng more than an unfortunate
complication which prevents natural selection working as effi-
ciently as 1t mught The genetic system can be regarded as a
mechanism for transmuttng, from the parent generauon, a
quantity of ‘mformation’ which can serve to determune the charac-
tez of the offiprmg The 1mplication of the methods at present
available for the statstical analysss of vartation 15 that the environ-
ment acts on the system merely as “genetic noise’” which reduces
the efficiency with wluch the mformation 15 conveyed Ths 15
doubted! Ly ‘When a mixed populaty
y p 10N population
suffers an alteration i the environment the development of some

nartie lae mavaeeen, 111

-] moc
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of genotype and environment that evolutionary modufication of
the population takes place

In current evolutionary theory, this debasement of the role of
the environment takes the form of an attempt to frame the discus
sion as though selection acted direetly on the genotype It 1s true
of course, that selection only has effect on later generations 1n so
far as 1t controls the genes whach ate transmutted It has, thercfore,
some meaning to attach to each gene a coeffictent expressng 1ts
net effect on fitness, ‘taking account of all the genotypes mto
which it enters’, as Sewall Wrght puts 1t (1956) And one can 2dd
to this picture the consideration that when the environment alters
thete 15, 1 hus words, a “shuftmg of the goal toward which mass
selection 15 directed’, that 15, the selecuon coefficients change But
although thus procedure 15 meamngful up to 2 pomt and has m
fact led to very great advances m our understandmng of evolu-
tionary processes, 1t 1s not mearungful enough, 1t does not take
cognisance of all the umportant elements m the situation For one
must ask the question, why does a certam gene have a given
selection coefficient? The answer must be n the form that the gene
has a particular effect on the developmg organsm, and the
resulting phenotype has a certam fitness, and this mescapably leads
to the consideration that the phenotype 1s 2 jomt product of
genotype and environment together

This pomt 15, of course, not at all a novel one, and 15 well
recognsed by mathematical geneticists themselves For tstance,
Crow (1955} begmns a recent summary article with the words
‘A full guanntatve theory of evolution would be imposstbly
complex For example, 1t would have ro consider adaprability
25 well as adaptedness, for m the long view the former must also
be mmportant Such a complete description I far beyond the
capacity of workable mathematical models The reason why
so much stress 1s beng laid on the pomt here 1s 1 order to ovccr):
come the anaesthenc effect exerted on brologrsts by algebra whi
mprehensible to them There 15 no need for evolunonary
i Pl ¢ 1t wiew to those topics which have been success-
theory to Wt} th cal terms Nor need one accept
fully formulated 1 Smademan® o dficule concepts
Crow’s suggesnon that the mathemaucally P
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such as adaptability, are important only ‘m the long view', some
of them look like bemg the crux of the matter here and now. It
15 perhaps, only 1f the biologust continues to do hus poor best to
cope with such problems with the imprecise but subtle tools of
ordmary language that the mathematicians wall eventually be
dnven to dissect them with their penctrating but relanvely
mflexible scalpels

The comparison between the two pomts of view can perhaps
be symbolised by the diagrams m Fig 12 In the upper, which

/ Selection

Environment Sr——————
Genotype

Selection
Environment ———————Phenotype

Genotype

FigURE 12

The relaton between the environment and natural selection In the
vpper dagram (the conventional view) the environment mflu-
PSRN S ISR S T DN

- w oo -
LR B R I - - e
mutted to 1t In the lower diagram, selection, agam nfoenced by
the environment, acts directly on phenotypes which are deter—
mumned both by the genotype and the cnvironment 1t acts on

genotypes only sccondanly

shows the 1 view, the env determmes the
selective forces, and they act directly on the genotype, 1f, i such
a formulation, any attention at all 15 pad to the effect of the
environment on phenotypic varance, this can be represented as
mtroducing an element of ‘nosse’, or arbitrary mmprecsion 1nto
the relation between selection and genotype In the second dia-
gram, which represents m very simplified form the pomt of view
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bemng advanced here, the environment not only determmes the
selective forces, but also co-operates with the genotype m the
specification of the phenotype, and 1t 1s on the latter that selection
acts, 1ts mfluence on the genotype bemg secondary

The expenimental biologust wall, perhaps, not be very mterested
mn discussing which of these points of view 1 logically the better
based The best justification for mtroducing a new point of view
1s that 1t enables one to advance some new hypothesss which can
be expenmentally tested When we emphasse that selection
operates on phenotypes which are the jomt resultant of genotype
and environment, 1t 15 1 the context of adaptation that we
naturally find ourselves, since we are m fact suggesting that al
natural selection 15 1 fact a selectron for the ability of the organsm
to adapt itself to (that s, to develop mto a fit form in) the environ-
ment 1 which 1t finds itself In later chapters, some defimite
hypotheses will be drawn for such considerations, and some
expeniments bearing on them reported But before we leave the
general subject of the role of the environment 1 evolutonary
processes, there 1s another aspect of 1t to be remembered

Selectson of the environment by the antmal

One can have at best a very patual view of the processes of
natural sclection 1f one leaves out of account the fact thatnot only
do environmental conditions exert selective forces on the anumals
but that there 15 a complementary selection by the anmals of the
particular ccumstances to which they will subject themselves
The amt (p 132) surrounding an animal—that 15 the range
of envaronments open 10 1t—is probably always to some extent
heterogeneous eather m physical conditions or in possible refation-
shups with other inhabutants of the locality Withun thus gamut of
rcumstances the anmmal has some freedom. of chowe It 15 of
course, a platitude of natural hustory that nearly refated spectes,
presutuably desved from one ancestral population, are now found
to occupy ecological niches winch are different either m ther
geographical locanon or 1 some other way Elementary theory
wonld suggest that within any widespread population there must
be a genetic diversity ; habaat preferences which could serve as
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2 basis from which such specific divergence might be butlt up
The subject has, however, been rather neglected m recent years
and recetves only the most cursory notice m books such as Huxley,
while even those who pay somewhat more attention to 1t (e g
Cushing 1944, Thorpe 1945, Mayr 1951) tend to give the impres-
ston that £ 15 only 2 sde 1ssuc 1n 2 general structure of evolutionary
theory. As Crow and Kimura (1956) have pomted out, evolu-
tionary mathematics have passed through two major phases
The first dealt with determmstic processes, m whch the environ-
ment of the evolving population was considered as umform, n
the second, stochastic processes were taken into accoun, first 1
relation to random fluctuations m gene samphing, and later, at
the hands of Kimura humself, in connection wath fluctuations of
the environment It seems clear that there 15 a third phase stidl to
come, m which the circular relation between the antmal and 1ts
environment will be expressed m. terms of the mathtematical
concepts of cybernetics or of the Theory of Games

A good example of a genenc difference m habatat preference
exssting m a wild population i Nature has been described by
Hovanttz (1953) The butterfly Colias eurypheme occurs m Cali-
fornia in a white form which appears only m the females and 15
domunant, and m various shades of yellow and orange Hovamtz
found that the percentage of white forms active m an alfalfa field
was much higher n the early morng and late evening than i
the muddle of the day It1s clear that one of the effects of the white
genotype 15 to determine in the animal a more marked preference
for the environmental charactersstics of those periods—a combin-
ation of light and heat are probably the two most mmportant
factors Agam Dobzhansky and da Cunha (1955) have used
different strans of yeast to attract and trap the Drosophulids of
the Brazilian fauna They found, not unexpectedly, that there are
many spectes which showed marked differences m their responses
to each of the four yeasts tested There were five species which
occurred in considerable frequency m several of the different areas
of Brazil n which the trapping expenments were carted out Of
these, four showed some evidence that the food preferences are
not constant throughout the distribution area of the spectes It 1s
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not perfectly clear, however, how far the preferences shown by
2 gwven local race depend on what other compenng spectes of
Drosophila occur m the same region Nor, from the nature of the
expentment they did, could there be any evidence of the existence
of genetic diversity 1 food preferences within a sigle population
of one species from a particular locality However, Taboratory
expeniments have revealed the exustence of habitat preferences
between genetic strams of Drosophila which have not undergone
any evolutionary processing i the field These were demon-
strated by the followng expennment.

A box was constructed i which a central compartment com-
mumcated, by small holes, with esght more penpheral chambers
In each of these the environmental factors of hight versus dark,
heat versus cold, damp versus dry, could be mdividually vaned
A mixed population of adult Drosophula were placed in the central
compartment and left for some hours, after which the numbers
which had moved 1nto the vartous peripheral compartments were
counted The mixed population was made up from a number of
Iaboratory stramns, each marked by a well charactenised mutant
Presumably these strans differed from one another m many
munor genes as well as in the major marker genes It was found
that not only were there considerable differences m the generaf
actvaty of the vanious strams, that 15, m the proportion which had
moved out of the central compartment mta one or other of the
penpheral ones but that there were ughly sigmificant differences
m the ways 1n which the vanous strams had sorted themselves
among the available environments It was clear that the fhies
extubuted preferences for one or other environmental factor and
that these preferences were not the same m all the strams (Wad-
dington, Woolf and Perry 1954) Janzer and Ludwag (1953) have
described rather similar evidence from an experiment m which
different stocks of flies were released m 2 box one metre long, one
end of which was llummated while the other was kept dark.
characterstc dufferences 1 the positons taken up by

They found
o tes after the begmmng of the

fres of different stocks five mmu!

expertment.
xff the existence of genetic diversity 1 habusat preferences 12



SELECTION OF, FOR AND BY i¢7

wild populations is accepted, it is clear that we are confronted in
evolution with a situation which is more complex than that
usually considered (Fig. 13). It does not follow, of course, that

Fioure 13
The four entieal pomts {marked by black arcles) i the relaon
Between a genotype and the forces of natural selection (From Wad~
dington 19545)

this added complexats inrrndiinss amesdosn oF o
for our understandur
hardly do so except -
the preferences which a gwven genetype shows for various en-
vironments open 1o it are correlated with s fimess 1 those
dufferent environments, One’s confidence in the general effective-
ness of natural selection 1s such that I think that one would expect
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that most genotypes, 1f they exhibit any choice among the
varietics of the environment available to them, would choose that
m which therr fitness 15 highest On a broad enough scale, this
1s cereamly teue, terrestrial species mhabiting regons which offes
many vanettes of habutst normally choose that to which they are
adapted There 15 less evidence about the behaviour of mira-
specific vaneties, but 1t seems usual to find that crypncally
coloured mdividuals tend to place themselves agamst the appro-
priate background, for snstance, Kettlewell (195 5) has shown that
the melansc or pale forms of the Pepper Moth prefer to settle on
the darker or lighter parts, respectively, of the lichened trunks of
burch trees.

Habutat preferences which are correlated with varsations m fit-
ness might obviously play an important part m determinmg the
course of natural selection The mere exastence of a range of
ecological niches, m each of which the selection coefficients have
characteristic values, may sometimes suffice to preserve genetic
heterogeneuty 1n 2 population, m the absence of exther habuat
preference or assortative mating as Levene {1953) and L1 (1955)
have demonstrated. Under those circumstances, a stable poly-
morphism seems to be possible only 1f, for cach gene, both the
homozygotes and the heterozygote have different selective coeffi-
cients, morcover there have to be certamn particular relations
between the fithesses of the various genotypes concerned Hindiv-
duals of defferent genotypes exhubit preferences for those ecologreal
niches m which therr fitness 15 highest, this would certamly seem
to mcrease the likelthood that there would be some conditton
of stble equltbrium to which the population could attam
Another fictor which would seem to tend in the same direction
would be any tendency for the mhabitants of a given mche to
mate with one another rather than atrandom with the populationas
2 whole The theory of the situation, however, fas not been fully

explored mathematically.



CHAPTER 4

THE ORGANISATION OF THE GENE POOL

1 Fitness
CIVILISED MAN 15, at Jeast m theory, used to thefact that each
indrvidual human being 1s not entirely like any other This fact of
mndvidual diversity, on which so many of our most chenshed
political and religious doctrines are founded, 15 true also of organ~
ssms which we consider more lowly than ourselves Any smgle
ammal taken from a freely mterbreeding natural populanon wall
be found to differ genetically, to a greater or lesser extent, from
sts fellows Is genotype contams a sample from the nghly dwversi-
fied collectson of genes which 15 contamed m the population asa
whole, and which 15 known as 1ts gene pool Recent authors,
P larly Dobzhansky and hus have shown that the
gene pool of a populatton 15 not a mere haphazard assemblage of
genes which have no essential connection wath one another save
the bare fact that they occur m members of the same ntetbreedmg
group On the contrary, 1t scems that they are to some extent ‘co-
adapted’, the presence of one gene having an mfluence on the
chanee that another will survive as a permanent member of the
population’s genetic resources Much of modem evolution theory
tumns on the analys:s of this organsation of the gene pool and of
how 1t anses and 15 mamtamed

Ths organxsation 15, of course, built up by selection, which
operates on the fimess of the individuals m the population For
the purposes of a purely formal theory, fitness can be given a
simple definition, as the capacity to contribute offspring to the
next generaton Thoday {1953) has suggested that 1t should be
defined with reference to a longer lapse of ume, ‘the fitness of a
wnit (of evolution),” he writes, ‘15 1t probability of leaving descen-
dants after a given long lapse of ume.” Thus 15, as he shows, an
mteresting concept to discuss, but 1t 15 not what 15 nsually meant

109
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by fitness 1 evolutionary theory, and 1t cannot replace the more
conventional notion whch 15 concerned only with the next
generation, It 15 the latter which determmes what evolutonary
changes will happen here and now. Thoday’
ippen here and now. y's concept 1nvolves
a notion simfar to action at a distance, 1t 15 not a causal concept,
smce the Thodayan fitness of an mdividual existing now would be
altered 1f some unforeseen or unforeseeable climanc change occurs
even many years after wt v dead
The normal concept of fitness, though easy enough to define for
purposes of the formal theory concerned with changes m gene
frequency, 1 by no means so simple when one tres to consider,
m more concrete terms, how 1t 15 related to the phenotypic
characters of organisms One may note m the first place that fit-
ness, as 1t enters mto evolutonary thcory, 15 essentially a relative
notion We are always concemed to compare the fimess of
orgamusms of one kind wath that of mdrviduals of a different sort
Further, fitness 15 a quality of the organism as a whole
it may be broken down, 1n a first analyss, mto 2 number of
immediate components of fitness, of which, to take Drosopfula as
an example, the length of fertile adult hife, the mating ability, the
rate of egg-laying, the hatchmng rate of the eggs, the percentage
of larval survival, and so on, mght be mstances Each of these
components i tam will be mfluenced by many charactersstics of
the organism, both morphological and phystological In no case
has 1t yet been possible to complete the analyss of the fitness of an
animal, and even to enumerate all the characters which enter mto
1, let alone to speafy their relative contributions
Instead of starting with the notson of overall fitness and attempt-
1ng to smalyse 1t mto contnbutory characters, one can begn from
the other end, taking a character (such as eye colour, or wmng
shape, o number of brstles 1n Drosophila, ot weight or thrckness
of fur m 2 mammal) and considermg how vavations i the rate
or extent of 1ts development, may affect fitness Such an approach
15 10 some extent artsfictal, smee 1t 15 always complexes of charac~
ters, rather than smgle 1solated oncs, which determune fitness
Thus 1 we ate dealing with characters P, Q, R, and § 1t nughe be
that an efficient antmal s produced af P has the value 1, Q 3, R2
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and S 4, but we must be prepared to find that equal efficency
might occur with some other constellation, for mstance P=2,
Q=4, R=12and 8§=5

The problem of ahernative genetic systems which lead to
equivalent phenotyprc fitmess 15 probably more important when
we are considering, not natural selection for fitness, but artificial
selection for some more or less arbitranly defined phenotypic
character If one and the same phenotypic varsant can be produced
by different developmental mechanisms, each with 1ts own
genetic control, the selection will be operating on a character of
the kind which has been referred to as ‘genetically inhomo-
gencous’ (Waddington 1955) For mstance, the number of harrs on
the abd 1 stermates of Drosophila, on whach so much selection
work has been done, might be mncreased either by producmg a
higher density of hairs per unit area, or by enlarging the stermite

Toavme tha dane v nrhawead 8 £ e s 1 3.0 1 r

several plants, such as Primula, and for a very few ammal exam-
ples, such as the guinea-pig coat colours analysed by Wnght But
unless st 15 possible to carry out the elaborate mbreedmg and
crossing necessaty to obtam strams which differ at only one of the
loct mvolved, and unless the allele-differences are suffictent to
produce recognisable effects, the purcly genetical techniques can
hardly do more than mdicate the general nature of the situation
without bemng able to unravel 1t In such circumstances, little pro-
gress can be expected unless the develop Ip can be
analysed into ther comp b-systems by physiological m-
vestigations To gtve an example, Falconer and Latyschewsky
(1952) have studied the response to selection, for body weight at
six weeks of age, of mice some of which were kept on 2 uch diet
and others on a poorer one They were able to make some very
mteresting observations on the effects which a subsequent alter-
atton of diet makes to the selected strams But each of the two
characters selected for—wesght on a good diet and weight on 2
poor diet—may have been causally inhomogencous, on the good
duet they may have chosen antmals which had a good general
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growth efficiency, as well as those which could flourssh under
soft conditions but not put up wath hard times, while on the poor
diet they would have favoured the first group but not the second
If dhus were so, the genetic correlations which they calculated
between the characters would have only 2 purely pragmatical
significance

Sewall Wright, m particular, has emphasised the importance of
such different adaptive facies He has expressed the sivation
terms of a three-dimensional model, which m reality, hike the
‘epigenetic landscape’, 15 3 dagrammanc representation of a multi-
dimensional phase space (Wright 1032) In Wnght's model (Fig
14), the vertical dimension represents finess, while the pomts on
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Dsagrammatic representanon of the fimesses of the field of geno-

types which conld be made up by varyng the frequencies of
vatious alleles 1 2 gene-pool The fimesses lie on a surface whose
modelling 15 indicared by the contour lmes (From Wright 1932)

tal plane correspond to different combmations of gene
PO populauan Ifthere were only one best’ compo-
pool, the model would consist of a simgle swell-
likeahill the peak of which would correspond

frequencies the
sition of the gene
g surface, shaped
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with the fittest set of gene frequencies If theze ase several different
fim 1ma correspondmg to different gene pools, there will
be several hulls, separated from one another by valleys which
correspond to populations of lower fimess If the environment
changes, so that the fitness of various phenotypes alters, the whole
surface wall be modified

The gene composition of any given population can be thought
of as a pomt on such a surface Natural selection will normally act
50 as to dive the population up any slope on whuch 1t may le,
5o that 1t will eventually amive at a peak Once at a peak, the
population wall come to rest, 1€ 113 gene frequencies will settle
down to an equilibnum, except for munor wandermgs due to
recurrent changes m the environmental circumstances or, 1f
the population 15 small enough, to the operations of chance (p
82) The effects of such relatively small alterations m gene com~
posttion will depend on the configuration of the surface m the
neyghbourhood of the peak If the population occupies an isolated
elevation which 1s surrounded by broad and deep valleys 1t may
wander around the peak but cantiot easly escape from st On the
other hand, 1t may find 1tself at one of a number of peaks which
duffer only shghtly in position and elevarion, and 1t may then rela-
trvely easily pass from one to another

In the context of the evolution of natural populanons such
relanvely mnor degrees of genetical lack of stabality are of Lintle
importance The enviconment of a population 15 usually to some
extent fluctuating and this mn atself will produce vanations
the “fitness-surface’ of Wnght's model The elevations will be
more like the erest of an ocean roller n 3 choppy sea than a hulltop
of solid rock, and the population will move about over a more or
less extensive area There may, however, be broader and deeper
valleys m the surface which might be of much greater sigmsficance
Such features of the orgamsation of the gene pool are likely to be
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to dnolier major elevated region
Goldschmudt {1940) has urged that there must be a difference in
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kind between processes of ‘micro-evolution’, which lead to the
appearance of groups of local races or neatly refated species, and
those of ‘macro-cvalution’ which give rise to the larger categones
Many species, he admits pass mto one another by more or less
msensible gradations, through local and ecological races, and these
groups may well have become diversified by straightforward
processes of selection, etc, of the kind usmally considered m
evolutionaty theory But he argues that between these groups of
related forms there are ‘unbndgeable gaps', each set of related
forms shartng some bastc type of organisation m which 1t differs
from alf other groups He suggests that these unbridgeable gaps
are evidence for the occurrence of a novel type of vanation—a
‘systenuc mutation’, which brings mto being a completely new
kind of genotype, much more profoundly different from the
original type than could be produced by simple gene mutaton o
chromosomal abetration His arguments have not been generally
accepted. Usually, the grounds for rejecting them 15 stated to be
the unreality of the ‘unbuidgeable gaps’ (e g Mayr 1942) which
1t 15 claimed, are no different m kind to the distncuions between
species belonging to the same group of closely relared forms Iris
however, not easy to deny that some of the discontmuities be-
tween natural groups seem, at first sight, to be more profound
than athers It 1s difficult to attach much meaning to arguments a3
to whether or not they differ m kind, unless, mdeed one s really
basmg the discussion on the question of whether there s, or 1snot
some nove type of “systemuc mutation’ which brings them mto
beang (cF p )

Goldschmudt has not been able o make any concrete s:lggestwg

as to the nature of the sy o Wf“d‘hf( ulates, an

but of the structure oL Ui gL puvs » w
ment of the population from one

Ths will, of coutse, mvolve
d pechaps m thex

dual genotype.
represented, . fact, as the movel
general elevated region to another
considerable changes mn gene frequencies an
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ar m the chre But m 5o far as the essence of
the process 15 to shuft the population over a valley of unfimess
mto a new region of Wright's model, 1t 15 to be explamed by
some special type of selection, rather than by a pecubiar manner of
gene or chromosome mutation "The basts of such 2 radtcal altera-
tion of the organisatton of the gene pool may well be, as Gold-
schmudt suggests, the appearance of a ‘hopeful monster'—a com-
pletely abnormal phenotype which yet has selective value 1n some
environment open to 1t But there 1s no absolute necessity to
suppose that the hopeful monster 15 brought mto bemng by any-
a v f A

“tumng’ which 1s discussed on p 183

Within a populatton which 15 undergomg only gradual evolu-
tionary change, and 15 not m process of makmg a leap from one
major adaptive peak to another, we can discuss the varations of
fitness 1 somewhat simpler terms We ate often mnterested not
only in alterations m the individual as 2 whole, but i the evolu-
tionary fate of particular characters of 1t If any character served
only a single purpose in the Life of the organism—or pethaps 1t
would be better to say, fulfilled only one function—st would be
possible that there would be no o levelmts develop
and that fimess would contmue to merease however far the
character progressed beyond the norm, provided 1t changed 1n
the nght direction But 1n fact such situations probably never
occur Every feature of an anmal 1s mvolved in several different
functions, or at least 1s mter-related with several different aspects
of the otgamsm’s metabolsm Bones are not only structural
supports, which should be strong, but must also be moved,
which can be more easly accomplished 1f they are Light, an
enzyme which produces some important substance can do so only
by depleting supplies of substrates which could be used m other
ways Thus all characters must be subject to a balance of selective
forces Too great an al moned Ithough 1n stself
favourable with sespect to one function, will be disadvantageous
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with respect to another. It 15 for this reason that we may expect
there to be, for any particular population over an evolutionanly
short pertod of me, an optimum degree of expression of each
and every character. Such an opumum can only be transcended
if there 15 a qualitative, rather than a merely quantitanve, alters-
tion 1n the character Thus if the bones of a vertebrate imb
become thicker, they certainfy become stronger but after 2 certan
Jimit 1 passed they also become meonvensently heavy, but this
didemma could be avotded if their structure were altered i some
way which gave them a greater strength for the same weight

Tt mighe at first sight seem posuible to classify the circumstances
which lead to the exsstence of optima wnto two categorres On the
one hand, there would be those situations m which an merease 1
some aspect of the character mevitably leads to disadvantageous
changes i some other aspect, while m the other class we would
put situatsons i which the assoctation with harmful effects seemed
to be fortutous Thus an merease 1n body-size, while advanta-
geous from the pomnt of view of strength, mught seem necessanly
to entatl the disadvantages of lesser mobility and greater demands
on foadstuffs, while on the other hand, 1t 15 not easy to see that

any mescapable harmful effects anse from, say, an merease m the
number of abd 1 bostles m Drosophils Such a distincuron
cannot, however, be mamtamed in any ngorous manner The
example of the bones, mentioned above, shows that 1t 15 unjustz-
fiable to suppose that there are any cases i which the selective
forces whose balance produces the optunum are so wndussolubly
- = =nenkla There

m the

gﬂllvc

selection pressures Increased body stze leads to towet mobxhts
onlyof the body structure remains unaltered and to an mcmjfi
demmand for food only 1f metabohc efficiency 1s not 1mpmvcdl
Thss, m the last analysss, the assocration of dlsadva:ntages w1

the contmuance of a type of alteration which 10 1ts less extremn
mansfestation 13 useful to the animal, 15 always 2 contingent one,

tabl
ng:;il;:sc‘;:my fhﬁ"er m the kind of optumum which they



THE ORGANISATION OF THE GENE POOL 117

exhubt If one plots fitmess agawnst some measure of the character,
a curve will be obtamed which has a peak at the opumum Ths
may be called the fitness cross-section of the character (cf Fig 8)
It may show a rapid loss of fitness with quite small vanations from
the optimum or the character may be much less crucual for survi-
val The difficulty of decrdmg on what scale to measure the
character arises here as 1t does m connection with assessing
vartability and canalisation (see p 138)

Before proceeding further with the argument, 1t 15 necessary to
distnguish between two types of ‘fitness cross-section’ which may
be associated with a character In the first place, one may consider
vanations m fitness which anse from a direct causal relationship
between the character and the environment and mode of life of
the organssm For nstance, n terms ot one of the previous
examples, we would expect that fimess would be lessened 1f the
bones of an ammal were e1ther too heavy or too light The curve
expressing thus relation mmght be called a “durect’ or ‘true’ fimess
cross-section But genes, or environmental stimuh, which tended,
say, to lighten the bones, would probably have side-effects on
other aspects of the organisms, these bemg known as pletotropic
effects when 1t 15 2 gene which 15 1 question Withm any given
population, or range of environmental conditions, there wll only
be restricted numbers of genetic or other stumuli whach are avail-
able to produce Lightenmg of bones, and 1t may be that these will
have the property that thewr side effects on something other than
‘bones always play an important part m determunmng fitness In
that case, 1f we were able to measure the relation between bone-
thuckness and fimess, the curve we would obtam would not
express the direct phenotypc effect of the skeletal character, but
would be a spurious fitness cross-section, ansing largely from
pletotropic effects (Fig 15)

There 15 no doubt that m many situations the fitness cross-
section which 1s most easily noticeable 1 expertment 1s actually
spurious For mstance, Clayton, Morns and Robertson (1957)
sclected Drosophila for the number of bristles on certam abdominal
segments The selection was repeated, as identically 2s possible, m
anumber of lines ongmnated from the same base population There
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FITNESS

/ Qptimum K

MEASURE OF CHARACTER

True fitness cross section
+ Spurious fitness cross section

Frcuxe 15
True and spussous fitness eross-sections of u character,

was considerable, though pethaps not extravagant, vanation m
the degree of response of the various Imes (sec Fig. 16), From the
present pomt of view, the important thing 15 what happened to
the lines when sclection ceased and they were Ieft to the mercy
of the natural selective forces which must operate n the compara-
tavely erowded condittons of the cultures. It will be seen from
Fig, 16 that all the lines selected for hugh numbers of bustles
showed some decline . bristle number when selection was re-
laxed, which must indicate that the indrviduals with high numbers
were Jess fit than those with lower numbers. However, 1t 15
apparent that therr fitness, or lack of 1t, 1s niot a direct consequence
of the number of bnstles they bear, smee the highest lines (Nos

Hi, Hs) do not fall back much faster than the Jower ones; aud
mdeed after g generations, when natural selection must have
almost achieved 1ts full cffect, these two lmes have only suk
back as far as a pomt w}uclz, for.hn: Hy, was one ?{ msn:’bdxly-

umber to fall forther towards tiiar of ehe base popruavil, s



54 {Mass selection 20/100 {33 and 99 combined)
Q Generation line means based on 200 obs.

50% Hi

& &
~.

3 5 %

w
o~

Number of bristles
o
8

w
-

Generation
Figuee 16
Selection for number of abdomnal brstles s Drosophila Five upward and five
downward sclection lines were carried to the fifth gencration, selecting the
extreme 20 out of a sample of 100 Artificial selection then ceased, and the

Lines were left to natural selection for the next nmeteen generations  (From
Cliyton, Robertson and others 10¢7 )
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natural selection had tned to push them there One must conelude
that the degree of unfitess of the selected hnes, which led to their
fall when selection was relaxed, was not due to bristle number s
such, but to pletotropic effects of genes which had becomte con-
centrated durmg the selection, and which were got nd of by
natural selection at the cost of only a moderate fll 1 brstle
number

The existence of such spurious ‘plesotropic’ fitness cross~
sections makes 1t difficult to find any precise method of amving
at the true form of thts curve Nevertheless, there can be no
doubt that some phenotypic characters of an animal may have 2
direct causal effect on fitness, and, even 1f difficult to measure, the
true fitness cross-section remans a vald theoretical notion So far
as the characters of an organssm are moulded by natural selection,
they wall be controlled by the forms of their true fitness cross-
sections In any particular population, some characters {such as
for example, abdormunal bristle number) may have a fayly definite
value which 15 dependent on 2 spurious fitness cross-section, but 1f
this 15 50, the character cannot be suid to be moulded by natural
selection, which controls 1t only at second hand If the value of
the character could be altered leaving the rest of the organsm
unchanged, the alteration would be mdiffecent as far as naturaf

A Aacant or tha crnmane eross-section could

st 15 always the true, not the spunous curve which 15 meant

2 Canalisation of the phenotypic optumum L, .

Tar charactet to exactly the optimum degree bzsily e popuss
f1on mjght contain 110 Variation i genes aﬂ‘cm.;zg the c}i;;z:ctclr,
¢ secondly, the epigenetic processes occurring duning the deve™
:p:ncnt ofythe orggmsm rmght be so buffered or canalised that th;
optumum end-result 15 produced iszespective of the genes whie

dual contams
d‘:nmi:cxuce :exthcr of these allernanves can be completely
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realised The complete absence of gensc vanation 15 impossible,
firstly, because mutation cannot be wholly suppressed, secondly,
becanse no environment 15 ever wholly untform and a population
contaming no genic variation has no reserve to cope with en-
vironmental changes and does not contam any potentiality for
further evolution, and thirdly, because homozygotes seem usually
to be more phenotypically variable n an inconstant environment
than the heterozygotes are, and therefore provide an unreliable
mechanism for attaning an optimum condition Sunilarly, com-
plete canalisation of development 18 imposstble in pracuce, firstly,
because 1t provides no mechanism by which the phenotype can be
altered so as to adapt 1t to 2 changing envir and dly,
because, by eliminating phenotypic variation, 1t leaves nothung
on which natural selection can operate, and therefore brings
evolution to a full stop

In any real popul: therefore, the of, or approxi-
mation to, the opttmum value for a character will depend on 2
combnation of these two methods, neither beng carred to
completion We shall have in the first place some limutavion on
the amount of genic variability contamned n the population This
can be achieved by the elimmation, or reduction 1n frequency, of
certan genes by natural selection agamst them In a relatively
constant environment, which vanes only over a certam limated
range, natural selection of this kind wall tend to mamtam an
equilibnum set of gene frequencies This will amount to a
‘genetic homeostasis’ The type of selection by which thus 15
marntained 1s that most usually referred to when the term *natural
selection’ 1s used  And 1t has been suggested (p 72) that as a
more precise name for 1t one mught use the expresston *normalis-
1ng selection”

At the same tme the epigenetic system would be rendered
more or less unresponsive to environmental or genetic vanations
mnsuch a way that 1t tends to produce the optimum, or somethung
close to 1, even when the environment or the genotype of the
particular individual deviates faly widely from that normal for
the population. The nature of the processes concerned m this
canalisation are not known m detai, but there 15 nothing very
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natural selection had tried to push them there One must conclude
that the degree of unfitness of the selected Imes, which led to therr
fall when selection was relaxed, was not due to brstle number 25
such, but to plerotropic effects of genes which had become con-
centrated durmg the selection, and which were got nd of by
namral sclection at the cost of only a moderate &l 1 bustle
number

The exsstence of such spurous *pletotropic’ fimess cros-
sections makes 1t dfficult to find any precise method of amvmg
at the true form of this curve Nevertheless, there can be o
doubt that some phenotypic characters of an anmal may have 2
direct causal effect on fitness, and, even of difficult to measure, the
true fitness cross-section remams a vahid theoretical notion. So far
as the characters of an organism are moulded by natural selection,
they will be controlled by the forms of their true fitness cross-
sections In any particular populauion, some characters (such as
for example, abdommal bristle number) may have a fauly definste
value which 15 dependent on a spursous fitness cross-sccnion, but if
this 15 so, the character cannot be satd to be moulded by natural
selection, which controls 1t only at second hand If the value of
the character could be altered leaving the rest of the organsm
unchanged, the alteration would be mdifferent as far as mfu!zl
selection 1s concerned  Moreover the spurtous cross-section conl
eanly bealtered by theselection of the general gmcncbackgmlmd
In the future discusston, when fithess cross~sections are refecred 10,
1t 15 always the true, not the spurious curve which 15 meant

2 Canalisation of the phenotypic opaimum
In theory, there ate two alternattve ways m wiich 1t could be

arranged that the mdividuals m the population developa pamm:
Tar character to exactly the optimum degree Fustly !hizli‘:::
tion mught contamn no vanation in genes affecting the G d:
or secondly, the epigenetic processes occurring duting :hz o
opment of the organism nught be so buffered or canalised
optmum end-result s produced wrrespecve of the g
the mdividual contams

3
In practice neither of these alternatives can be completely
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1

lop agamst 1 vanations It seems probable
that this has often been the situation m wild populations, m which
1t 15 found that many characters have a very well defined wild-
type which shows remarkably lietle phenotypic vananon under
2 wide range of environmental conditions If; on the other hand,
the epigenctic system 15 such that an environmental change tends
to modify the end-state of development m the same direction as
the optunum shufts, then 1t will clearly be advantageous not to
buffer development so strongly that thus direct adaptive change
no longer occurs Canalisation will only be encouraged so far as
15 necessary to adjust the magrutnde of the effect of the environ-
ment on the phenotype to the change produced mn the optimum.
The mtensity wath which natural selection will operate 1n etther
of these two cases 13, of course, dependent on the third factor
mentioned above, namely the degree of disadvantage associated
with a certam phenolypic deviation from the optimum

Selection for epigenetic canalisation has been referred to as

‘stabilssing selection’, but this term should not be taken to mmply
that the maximum selective advantage would ever lie with
complete stabilisation A better name would be ‘canalising selec-
tion” 'Within the general category of canalising selection one can,
as we have seen, distmguish between sclection for canalisation
agamst genetic vanations, and selection for canalssation agamst
environmental varations

The discussion above has implied the exstence of another type
of selection, namely selection m favour of epigenetic systems
which respond to environmental changes by producing pheno-
types modified 1n the same direction as the optimum has been
altered This may be called “selection of adaptability’.

As an altemative to the evolution of epigenetic canalisation 1t
mught be suggested that a population can carry a reserve of
genetic vanability wathun stself wathout harm, provided that some
genetic mechanusm ean be found for keepmg together groups of
complementary factors which are so balanced as to produce the
opumum phenotype Mather (¢f 1943) has suggested that hinkage
might provide such a mechansm, the factors which would tend
to cause the phenotype to deviate from the optunum 1n one
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direction normally occurrmg m the population Imked 1o factors
of the opposite tendency., However, crassng-over would contin-
ually tend to break up such lprked complexes Properly balanced
groups can only be the prevalens type 1 the population if selec-
tron elsmimnates the ll-balanced cor plexes as fast as crossmg-over
makes them Some species have evolved a genetsc system which
contains many chromosome mversions, which act as crossmg-over
suppressors and thus preserve well balanced complexes of comple-
mentary factors from disruption Many well studied spectes of
Drosophsla fall mto thus category, a circumstance which often
tends to make the suggestton of hnked complexes scem rather
plansible as a general mechansm for stabilising the phenotype at
an optinum level But as Sewall Wrght (1952) has shown, m
normal diplord organisms without mverstons, 1t15 only extremely
short Iinked groups which would keep together, unless mdeed the
selective values of the balanced and nnbalanced comb of
genes differed by an improbably large amount The postulated
liiked complexes would, m fact, have to be lide larger than
groups of pscudo-alleles, and the breakdown of a balanced
complex by crossmg-over becomes almost mdistingushable from
the origin of a new genetic vanant by mutation It scems unlikely
therefore that, except i the special case where mverstons are
mvelved, lmkage plays a major part m the organssation of the
gene pool, Moreover, 1t obviously cannot be mvoked to account
for the stability of a character when this 15 known to be affected
by genes on dsfferent chromosomes, as most characters 1 fact are
The mayor feature of 2 canalised system 15, of course, the fact
that there are alternative developmental pathways, separated by
“thresholdy’, and leading to quahitatively different end-results
Thus consideration sets the genesal framework withm which we
can discuss the nature of the * canalisation cross-sectton’ (p 34) of
a particular character In general terms, we wish to consider the
relanon between the degree of phenotypic expression and the
measure of the stress apphed to the epigenenic system by abnor-
malty exther m environmental or genetic conditions In :bcct!hf)'
one could glot the value of the phenotypa character agamt ¢ ¢
dosage of some gene-produced active agent {which may be't
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ene 1tsclf) 1f the wild type 1s lughly canalised then 1n the neigh-
%outhood)of the wild type gene dosage we should find that
comparatively Jarge vanation 1 dosage produces Little change n
phenotype {Fig 17) Sundarly, :f the phenotypic ‘measure 13
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plotted agamst some environmental vanable, we should find
that 1n the environmental range agamst which the epigenetic
system 15 buffered, large changes m the environment produce
little change mn the phenotype Another way of representing the
same facts 18 reached 1f we turm one half of such a curve upside-
down For mstance, suppose that the phenotypic measure 15
plotred horizontally A certamn pomt along this axas will represent
the wild type phenotype and thus will correspond to a parttcular
gene dosage In the region m which the values of the phenotypic
character are greater than m the wild type, the vertical scale wall
represent increasing dosages of genes tending to merease the
character In the regron m which the phenotypie values are less,
we can use the same vertical scale to represent the decreasing



126 THB STRATEGY OF THE GRNES

quantities of gene dosage of the same kind We shall thus convert
the conttnuously nsmg (probably sigmoid) curve which would
appeat on a normal plot of gene dosage agamnst effect into some
form of U-shaped curve which at first falls and then nises agam
(Fg 17)

Such a curve can be regarded as an mtercept between a tme
horzon (the adult stare) and a probability surfice which 1 2
function of the epigenetic system One can take 1t as indicating
the state to which the epigenetic system tends to move (the
lowest pomt 1 the curve), and the degree of constramt which
has to be applied to the system to force 1t to achieve some other
end will be shown by the slope of the curve on each side of the
fowest pome This constramt can be applied erther by genetc
vanations (1 e differences from the average genotype of the popu-
lation) or by enviro 1 vatations (diffe from the
average envronment of the population) Such a diagrammatc
way of symbolismg the sitwation cannot, of course, be pressed
too far Even 1f we are considermng one and the same phenotypic
character, all the genetic vanations affectmg 3t cannot be truly
represented on 2 smgle axs as though they were all reducible to
dosages of a single varable The same 1s true of the various types
of environmental vanation which may occur (p 38) Moreover
the epigenetsc canalisation agamst genetic vanation may not be
exactly the same as that agamst environmental stmuls, although
the two are probably always farly closely connected Nevertiie-
less such a semi-diagrammatic symbolisation does enable one to
form a picture of some of the more tmporeant qualitatvely
dufferent types of canalisatton which may be found in different

circumstances . , B

e, at which 1t comes to a sharp pomt Lfus ftas bectt leletiew
:v;l{%fzédmgmu 1p528) a8 “cnsped” canaliation (Fig 18) We
shoutd find 15 such cases that a consderable change m gens
dosage of envvironmental conditions 15 seeded to produce any
phenotypic drvergence away from the wild type In an anum

such as Drosophtla there arc obviously very many characters for
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which this sort of situation occurs, for mnstance, the wing vena-
tion, the position and number of the major bristles, etc The wild
type may, m fact be protected by quite strong thresholds, so
that considerable genetic or environmental changes ate necessary
before any phenotypic alteration 15 produced at all In all such
cases of cusped canalisation the slope 1s bound to decrease for some
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Cuusped canalisation (solid Lines) and “smooth canahsation (dashed
tues)

time 2s we move away from the wild type value In the regions
of lower slope 2 given change m dosage of gene or m environ-
mental conditions wall produce a larger phenotypic alteration
‘The phenotypic varance may then be expected to be larger m a
population wath this average gene dosage, or living under this
average environmental conditson, than st 15 at the wild type
position

In contrast to such cusped canalisations we may have examples
of *smooth’ canalssations, n which the curve 1s U-shaped, with
the more or less honizontal portion in the neighbourhood of the
wild type value {Fig 18) In such cases small genetic or environ-
mental vaiations around the mean produce quite considerable
phenatypre effects, but 1t becomes progressively more and more
difficult to obtain extreme phenotypes This must be the situation
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quantities of gene dosage of the same kind We shall thus convert
the continuously nsing {probably sigmoid) curve which would
appear on 2 normal plot of gene dosage agamst effect mto some
{orm oi)' U-shaped curve which at first falls and then nises agam
Fg 17

Such a curve can be yegarded as an imtercept between a tume
honzon (the adult stat) and a probability surface which 1 a
function of the epigenetc system, One can take 1t as mdicatmg
the state to which the epigenenc system tends to move (the
lowest poumnt 1 the curve), and the degree of constramt which
has to be applied to the system to force 1t to achieve some other
end wll be shown by the slope of the curve on each side of the
fowest pomnt This constramt can be applied etther by genetic
vanations (te differences from the average genotype of the poptt-
lation) or by environmental vanations (dufferences from the
average environment of the population) Such a dagrammatic
way of symbolismg the sttuation cannot, of course, be pressed
too far Even if we are considermg one and the same phenotypic
character, all the genetic variations affecting st cannot be truly
represented on a simgle axs as though they were all reductble to
dosages of 4 single variable The same 15 true of the various types
of environmental variation which may occur (p 38) Morcover
the epigenetic canalisation agamst genetic vanatton may not be
exactly the same as that agamst environmental stumuds, although
the two are probably always farrly closely connected Neverthe-
less such a sem-diagrammatic symbolisation does enable one {"
form a picture of some of the more unportant qualstatvely
different types of canabisation which may be found 1 different

cireumstances - 1 P
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fattening or stunting occur For some other characters, such as
the rate of attamng sexual matunty, the thresholds protecting
the ‘normal’ may be even more strongly marked Agam, mn
porkilothermic ammals there may be a wide range of tempera~
tures m which development proceeds along 1ts normal course,
from which 1t can only be deflected by rather mtense stresses,
although 1n the same orgamusm the rate of development may show
only a smooth and much less strong canalsation, 1f mdeed 1t
exhubats any at all

It 15 pot easy to quote diagrammatically clear examples of
canalisatton agamst vanations m gene dosage Ideally, one should

S | | R

hava a wdenca af tha whanae =~ aaee

c

that kund 15 that of *bobbed’ m Drosophila melanogaster, studied
by Stem (1920} The curve relating gene dosage to effect was of
£ T - a0

there was no upper range of doses within which the epigenctic
system agatn became sensitive to additions, or at least 1f there was
Stern did not reach 1t We can express the situation by saymg that
the length of the brstles has a very asymmetnical canalisation
agamnst the dosage of bobbed genes, there 15 a steep threshold
prevenung them getting longer than normal, a less marked one
mhibiting them from becomung shorter

There 15 110 reason to suppose that the bobbed situation 15 any-
thing other than the normal one The difficulty m providing sumi-
lar evidence m other cases 1s simply the techmcal one that 1t 15
only 1n special situations that one can add or subtract single genes
t0 an otherwise unaltered genotype In case of bobbed this can
be donc because the gene lies m the ¥ chromosome, which 15
relatively mert For genes m other chromosomes, we have
mdicative evidence for the exutence of sumilar situations For
mstance, the phenotypic effects of compounds of the white senies
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1n Drosophila would lead one to suppose that there also the wild-
type has a strong threshold preventng the eye becomung darker
than normal, while the exstence of two or more* wild-type so-
alleles with different degrees of dommance shows that phenotypic
notmality can be produced by a range of effective gene dosages

The epig feed-back mect on which canalisanon
depends can, of course, be regarded as examples of gene inter-
action. Interaction between two allelomorphs 15 referred to by
such terms as d 1ec , over-d etc
Interactions between different Joct come under the heading of
epistasts This 1s perhaps most usually thought of in terms of mter-
actions between anly two or three loct We know, however, that
m the development of any one organ very many genes may be
mvolved, and 1n canalised eprgenetic systems we are probably
confronted with nteractions between comparatively large num-
bers of genes Extremely aberrant phenotypes are then likely to be
produced by rather special combmations of allelomorphs of
different loct The genotypes producing them can then be com-
pared to good hands of cards at a game such as Bridge or Poker,
rather than to large totals on some smgle scale of dosage In so far
as this analogy 1s valid, we may then expect that when two
extremely aberrant phenotypes are crossed the progeny wll tend
to revert to the mean of the population, just as two good Bndge
hands shuffled and redealt are rather unlikely to give mse to
equally good hands Agam this process of reversion may be asym-
metncal In Bridge a muxture of a number of good hands can
revert towards the average more easily than a muxture of 2 num-
ber of bad hands, since all the bad hands will contam few picture
cards and a mrxture of them 1s Iikely therefore to remam rather
bad. Only empirical mvestiganon of each particular
show what 1ts genetic siuation 15 m thus respect

case can

3 Inter-relations of the factors

In a population 1n the wild, natural selection will be operating,
and wall impinge i the first place on the develaping phenotypes,
both juventle and adult, which are offered to 1t. A full under-

standmg of the therefore requires a d

of how
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these phenotypes are produced, and thus of canalisation, as well 2
of the gene-frequencies The orthodox population-genetics of
casting mathematical theory often seems to confine 115 attention
ta gene~frequencies, but hidden within all such theortes are certam
assumptions about dommance-recessiveness or additiveness of
gene-action, 1t 15 these assumptions which require fuller discussion
m terms of canalsation And 1t will also be necessary to develop
the concept of the environment somewhat fusther than 15 usual

The structure of a population 1s affected by a number of factors,
of which the most important are the followmng

(1) The environment Ths may be defined, m the context of
evolution, as the totality of crrcumstances physically exteror to
the organusm which affect sts reproductive contribution to the
next generatton For the purposes of mathematical treatment, 1t 15
often taken as bemng the same for all individuals 1n the particular
population under consideratson This 15 probably always an over-
sumplification, and may often be an unwarranted one It 15 clear
that the environment does not normally remam the same from
moment to moment throughout the hifetime of any one mdiv-
dual, varymg for example m such factors as temperature, humd-
1ty, the attack of predators, etc Unless all individuals of a
generation are strict p these temporal fluctuations
m the environment must affect different ontogenetic stages and
thus will have differennal effects on the indivaduals exposed to
them Agam, the environment 15 rarely completcly uniform i
space, except perhaps m the sea, and this mhomogeneity also will
not fall wath the same mcdence on all ndividuals

In the consideration of many types of populaton change,
particalarly those whach are of essential importance 1 the evolu-
tionary divergence of species, Wc‘need to take‘acccunt not onlz'

o utilises, but by what mught be caueu an dis
Sx(xl:cs' lt’l'ahC:suarlgght be deﬁncz as the environment which ch?
population could utilise, given an evolutionary adaptrve change l}[
3 maguuende which could oceur 1 2 number of ):;enz:muoné1 sma
10 comparison wth the number necessary toconvert the populanon
\
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mto a new species The ambrence of many spectes 15 much
wider than their actual environment ‘That of a hedge-dwelling
burd, for mstance, mcludes the open fields and the tree-tops, and
any naturabist would be zble to quote mnumerable detaled
examples In spite of the hypothetical element which enters mto
the defimtion gaven above, the ambience 1s 2 teal factor m the
evolunon of a population—one which 15 taken advantage of
‘whenever a group migrates mnto new territory or begms to occupy
a new ecological mche One could, i fact, probably define the
concept equally appropriately m 2 less hypothetical manner, as
the totality of all environments which aberrant indrviduals of the
population attempt to utilise

(1) A sccond fctor affecting the popul 15 the
direct effect of the environment on the phenotypes This may be
deletertous, i the sense of lowenng reproductive efficiency, as 1t
15 for example when cattle of the temperate zone are taken to the
tropics In many cases, however, the effect 15 advantageous,
development being modified s as to result mn an adult phenotype
which 15 particularly adapted to the environment which has been
acung It 1s clear that the genotypes whach natural selection will
favour are those which carry with them a capacity for such adap-
tattons

() The array of gene frequencies If the environment were
umform, and the same for all mdviduals, one mught, narvely,
expect that the whole population would come to have the same,
optimum, genotype except 1n 5o far as recurrent mutation matn-
tamed a pool of rare mutant alleles Thas 15, mdeed, the picture
which most genetrcasts held 2 quarter of a century 2go We know
now tlutL 1t 13 very far from representing the actual state of

11 -
heterozygous and that the gene pool of a population conmn]s
different alleles at very many loct This 1s 50 even m populations
which are 1n some degres of equiliboam, and are not 2ctively
changmng their habitat or manner of hfe

One of the mam prinaples which 15 mvoked by modern
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population genetics to explam the persistence of several alleles 13
the theorem that more than one allcle will be preserved only of
there 15 selection m favour of the heterozygote (Haldane 1937
Fisher 1930} Some authors (eg Ford 1953) appear to suggest
that 1t 15 the only mechamsm by which genetic diversity can be
permanently mantamed (except for the specal case of the genetic
deternunants of outbreeding systems such as sex) However, thus
15 true only 1f the environment 1s supposed to be the same for all
metnbers of the populanon If the environment fluctuates 1
tume, or varies m space, so that the selective value of one and the
same genotype 15 not the same for all mdividuals in which 1t
occurs, genetic diversity may be preserved even if the heterozy~
gotes are not superior to the homozygotes in any of the niches
(Levene 1953, L11955) Such an environment may be referred to
as ‘partinoned’ The chance of a stable equibibnum between
different genotypes 1s stll greater 1f the ammals show habitat-
preferences or non-random matmg (cf Waddmgton, Woolf and
Perry 1954 and p 108)

From the pownt of view of population structure, the most
mmedsately tmportant aspect of the diveruty of genotypes 15 not
the actual number of different alleles present, but rather the
varation m the total ‘dosage’ of gene-actvity affectmg the
character under consideration Suppose there ate a number of Joct
contnbuting to a certam gene-activaty Q, and that the phenotyptc
optimum 15 produced by a dosage of activity g, then two popula-
tioms each with a variance of gene dosage of ¢ will appear much
the same whether this vamation 15 dependent on numerous
alleles at many locs, each having small effects, or on 2 smaller
number of alleles of more matked effect The two populatons
will, howeve, respond very differently to selection the former
moving more readly to a postion far from the ongmal situation

{w} The degree and type of an’:dfsauon o‘f the various charac+

e cnmemihare W)

amount of genetic variation Which cai Leutaks sy v

‘udden’
Paz\'rl)d'}?l':\c ﬁnalafl'acwr which we need to consider 15 the degree of
Y
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selective disadvantage assoctated wath any given divergence from
the optimum phenotype For some populations, the environ~
mental arcumstances may be ‘permussive’, that 15 to say, they
may exact only a shght pemalty for even quitc considerable
abnormahity, for others, they may be much stricter Accordmg
as the fimess cross-section of the character falls steeply or slowly
on exther side, one could speak of the opttmum being ‘narrow’ or
“broad’, or the environment as bemg ‘restrictive” or “permssive’
It should also be remembered that there 15 no reason to suppose
that the curve relating selective value to phenotype need be sym-
metrical, divergences on one side of the opimum may have
much less deletersous effects than on the other

In any population, these five vamables will react upon one
another m 2 rather complex manner The general framework of
these nteractions 15 suggested m Fig 21 The arrows indicate

Steepness of

M <ana! sation \ ‘

Varignce of Phenotypic
environment —— fobasiay varlance
\ Varwance of /
gene dosage
Frcume 21

The nter-selations of the five mawn factors which determne the orgamsa-

tiors of the gene pool A solid arrow leading from one varuable to

another mdicates that when the first mcreases, this tends to catse

an merease 1n the second an open arrow mdicates the opposite
relacon

causal relations Those with a solid arrow are direct relanons,

those with an. open one mverse Thus, m general, the greater the

dwersity of the environment, the broader the phenotypic opti~

mum and hence the greater the vanance m gene dosage, and

finally the phenotypic varance At the same time, 1f there 15 2

great vanability m genotypes there will be a tendency for the
x



136 THE STRATEGY OF THE GENES

evolution of a steeper canalssation which wall conceal 1ts pheno-
typic cffects On the other hand, the broader the phenotypic
opamum, the fess steep the canalisation Vamation of the environ-
ment will act directly to merease the diversity of the phenotypes
On the canalsanon, 1t may operate 1 exther of two oppoute
ways In so far as the dicect effect of environment on phenotype
15 deletersous, an mcrease 1 the vanabihity of the environment
will tend to be followed by an mercase 1n the steepness of canal-
1sation, but if alterations m the environment produce adaptiie
changes 1 phenotype, then the canalisanon wall not be so fir
stecpened 35 to render such changes impossible—m fact, as we
shall see, the canalisatson wall be adjusted so as to further them.

It 1 clear that, on this basis, a population has toa complex a
structure to be amenable to ¢ priont argument. In parncular, 1t 5
difficult to decrde, when considermg two populanons, whether 2
given character may be expected to be more steeply canalised m
one or the other The only sure guide 15 the empncal test of
experiment. The buffermg agamst envitonmental mfluences
can be faxly eanly studied by an mvesngation of the phenotypic
responses of the two populations to changes m environmental
conditions

- e P

canalisation The canalssaton cross-section of a character wouia
then directly represent the phenotypic effects of vantauons m the
effectve dosage of the genes actmg onat. One would expectitto
be rather closcly related to the fitness eross-section and sn fact to
be, on the appropnate scale, the 1nverse of 1t. For constdera gx:;n
phenotypic devation from the optmum, the greater the d:b-
ciency of fimess assoctated with thys, the stronger will be :hc
selectve pressure to prevent its occurrence, that 35 to sy, B¢
ughter will be the cznalsation so gm: 2 larger chz:gc 1:“5\6;:
¢ will be required to bring about so great a deviat
g:ﬁopnmt. Thz for characters for winch there s a well ma!fc“tg
wild-type, deviations froma which are strongly ddcmou:l:{ b
should expect that the normal course of development wo
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protected by appreciable thresholds Gene action m the neigh-
bourhood of such a wild type wall be far from additive; 1 fact at
most loct dommance will be smportant, and there may be
strong epistatic interactions operating {0 suppress aberrations from
normality of phenotype In systems of this kimd, gene action may
tend to be more nearly additive when we are dealing wath a
phenotypic range some distance away from the normal optimum,
this seems to be the case with the abnormalities of the crossvems
m Drosophila mentionedonp 139 On the other hand, if the fitness
cross-section m. the neighbourhood of the optimum 15 such that
the commonly occursing aberrations are ummportant there will
be lutle selective advantage m bufferng development m this
range agamst nunor genetic vamations, and we mught well
expect to find that gene actron was more or less additive There
13 clearly a problem here of deciding on the scale by which gene
dosage should most appropriately be measured The selective
pressure towards canalisation will only be effectrve 1f the genetic
variance present i the population tends to throw up phenotypes
suffictently far removed from the optimum to suffer apprectable
disadvantages We nced, therefore, to consider the fitness cross-
section of the character plotted agamst umits of gene dosage
defined m terms of the avalable gene vanation Further gene
action can only be expected to be additive when the slope of the
fimess profile remams comstant a5 one goes away from the
optimum, 1f the profile has an apprecable second differentral
coeffictent, the eurve relatmg gene dose to phenotyprc effect wall
not remain linear

It 3 difficult to be sure, at this stage, how far these predctions
are fulfilled, since 1t 15 only rarely that we have any mdependent
evidence as to the selective mmportance of the vanous chiaracters
whose population genetics has been studied Robertson {1956)
has suggested that additiveness, m the nerghbourhood of the
optimum, should be found for characters which play little part
n determumng fitness He has mentioned the number of abdom-~
mal bostles m Drosophila as a possible example, contrasting 1t
with such characters as numbers of eggs lad and percentage
farval survival, which are of obvious selective mmportance, and



138 THE STRATEGY OF THE GENES

for which gene action seems to be much Jess nearly additive We
have, however, not even an approximate understanding of the
fitness cross-sections of these characters, and these suggestions
reman only the first tentative gropimgs mto ths hyghly complex
field It must be remembered, also, that the arguments we have
been consdermg have left out of account the mftuence of the
enviconment on the phenotype, by way esther of deleterious
aberrations from the op or of advantag g
adaptattons, both of which must affect the canalisation, that 1 to
say the addinveness or otherwise of gene action

One 15 often tempted to try to compare the buffenng of one
character with that of another One tends to think of a character
which shows very little vamation as more hughly canahsed than
one which vartes to an obvious extent It 15, however, as difficult
to attach 2 precise meaning to a comparison of the canalsanons
of two characters as 1t 15 to that of thewr varmances, sce there 55
no obvious common scale to use 1n assessing them One can at
best choase some appropraate relave method of expressing the
magmitude of the vartation. For mstance, one rmght measure the
range of vanation of a character m a gven populatson n terms of
the total range whach st extubuts mm all populations of the species
or one mght compare 1t with the range of varations found when
nearly related spectes are also brought into the picture, or one
rught take the physically possible range as the standard of com~

afison
d In some such terms, 1t may be possible to make comparisons
between the varances of different characters, and thus of ther
degrees of canalisation, m terms which are meanngful i some
parncular context. To rake 3 fanly clear example, 1t might be
found that the varmation between the numbers of stemopleral
hatrs on the two sides of 2 series of smgle mdrviduals of Drosophila

was a large fracnon of the vanation between ndrviduals while
the mira-mdividual varaton m wing lngth was only 2 s it
frachion of the mter-mdividnal Then one would have Tistle hest-
tation 1n saying that the development of wmgdength 1 m;
meamngfi way, Jess vanable than that of the stcmopleumulé. a:i

one mught expect that 1t would prove to be bester buffer
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Agan, 1n a population livng 1n a non-uniform environment, one
character (for mstance, body size) may exlubst 2 range of vanation
which 15 a large fraction of the total range which can be elicited
by sclection, while another (e g a number of scutellar bristles)
may show little or o vartatton Agam, one tends to speak, loosely
but not without all meaning, of the former as a more variable
character than the latter Perhaps the only charactenistic of a
canalisation which can, strictly speaking, be used when one wishes
to compare one character with another 15 whether 1t 15 cusped or
smooth No change m the scale used for measunng the vamation,
applied umformly over the whole range, will change one of
these types mto the other

Few attempts have been made to study the genetic control of
characters which normally extubut little varation, and for which
the existence of a cusped canalisanon maght be suspected  One
character which has been mvestigated 15 the postertor cross-veit
m the wings of Drosoplila telanogaster Thus runs between the
fourth and fifth longitudmal vems The physically possible range
of variation extends from a complete absence of the vem to 2
supplementation of 1t by more or less extenstve extra vems In
most normal populations, lving under heterogeneous environ-
mental conditions, only a mmute fraction of ths possible vatation
actually occurs, nearly all flies have complete cross-veins, while
a fraction of a per cent may exhubit 2 shght gap mn the vem, or 2
small piece of extra vein However, special stocks can be bude up
by selection 1n which the vemn 1s partially or completely mussing,
or m which there are larger or smaller supplementary extra veins
The genetic analysis (Waddington 1955) employed four such
stocks, one characterised by large gaps, one by small gaps, one
by small additional vems and one by larger additional vems It
revealed a rather compl , which 1t 15 y here
to desertbe 1n detail One tmportant pomt was that 1t became
clear that 2 number of flies, all of wld-type phenotype but bred
from different parentage, may possess genotypes which differ
considerably, and further that this cannot be explamed sumply
by the supposition that some of the genes concerned are fully
domunant We have to conclude that the flies differ m the mtensity
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of the relevant ptimary gene-activity, but that the buffering of
the epigenetic system 15 such that a’considerable range of such
actrvities still leads to the production of the wild phenotype The
cross-vemn therefore extubits a cusped canalisation {As a matter
of fact, a more detaled consideration of the situation shows that
the development of the cross-vem depends not on a single process
which 1s canalised 1n a cusped manner, but on the combmation of
a number of processes, each with this type of buffermg ) On the
other hand, when, 1n a given series of matings, genotypes are
produced m which the gene dosage 15 beyond the capacrttes of
the canalisation to conceal and which therefore give e to
abnormal phenotypes, 1t was found that these phenotypes reflect
the dosage of gene activity not too madequately, the gene action
within this phenotypic range was more nearly additive



CHAPTER 5

THE SURVIVAL OF THE ADAPTABLE

DURING THE recent war, engmeers atrained some facility n
designing machimes to carry out tasks which earher generations
would have considered beyond the capacittes of anything but an
mtelligent bemg One example of such a mechanssm was the
automatic predictor gun-sight In this, radar signals were emutted,
the reflections of these from any amecraft m the neghbourhood
secerved, and the mnformation thus provided as to the awrcraft’s
posttion, direction of motion, speed, etc, fed into an clectronic
apparatus which caleulated the postion 1 which the acraft
mughe be predicted to be at a given tume later, and at the same
time controlled the posttion 1 which a gun was pomting 1n such
a way that when 1t was fired the shell would exactly reach this
posiion  Those who had much to do with these machmes, or
who watched the results of their operations, learned that the
claims of engneers, like those of others, go down more easily 1f
taken with a pmch of salt But whether such guns hut their targets
or not, they certamlyseem to have struck, forcibly and frequently,
the 1magination of theoretical biologsts, In fact the rreverent
may be tempted to feel some amusement that mechanisms of
such widely advertised mfallibility, set to the task of shooting
down German bombers, should at the end of the war exhibit a

bag g SO many logusts, soctologusts, psychologrsts
RS RN A Aad * N M -

One of the authors who has used such mechanisms to llustrate
his thought 15 Dr G Sommerhoff, whose book Analytical
Biology 15 largely concerned with the concept of adaptation ‘This
15 widely recognised as one of the focal 1deas of brology. It
dicates one of the major problems that has to be dealt with by

141
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the theory of evolution, 1t 15 3 central feature of phystological
funcrioning, and, 1 the wide sense given st by Sommethoff 1
embraces the whale of the vegulatory aspects of des clopment.
Much of Sommerhoff’s work 1s devoted to searching for an ade-
quate definution of the concept, which wall grve 1t a precise mean-
mng wm terms which are unexcepionable even to the severest
non-brologicat criac. It 1 as a paradigm for the essential fatares of
adaptation thathetakesth pleofth 1epred 5
sight He analyses this stuation mto four elements One 1s the res-
ponder, the thing adapted, thegun Thisadaptstothesecondfactos,
namely, the relevant part of the enviroament, that 15 the preseat
position of the aeroplane Thus adaptanion 15 wath respect to 2
thurd element m the swtion, namely the goal—sn this case the
shelt hitung the rarget. The fourth component 1n the situation 15
what S hoff calls the vanable This 15 a puier
condsion which has a causal connection with bath the environ-
mental sitwatson, which 15 adapted to and the responder, which
adapts, these two bemg jomty affected m such a way that they
sssue 1 the goal (or, as he also calls 1z, the focal condition} of the
adaptation. For the gun-sight, the coenetic vasable 1 the carher
movement of the arcraft, which not only determunes 1ts position
at the later tume when 1t acts as the environmental situation but
also, through the reflected radar waves, determnes the position of

the gun.
/ Ry,
Ve \ng
\E{' /

. N
+ 4 y
1o t 2

Frours 22
Semmerkoff's def mition of adaptanon (From Sommerboff, 1950)
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Wit tlus as an analogteal basis he proceeds to define a new
coneept, that of directive correlation, which, he says, “will become
our mam mstrument for expressing mn precsse terms the various
forms of purposiveness found m nature’. The defimtion (see
Fig 22) runs as follows

Definsion Any event ot state of affaws Ry, occurming at a
tume 1, 15 direcuively correlated to 2 given sumultaneous event
or state of affairs By, 1n respect of the subsequent occurrence
of an event or state of affars Gy, if the physical system of which
these are part 15 objecttvely so conditioned that there exasts an
event or state of affairs CVi, prior to ;, and a set of possible
altermative values of CVy,, such that

(«) under the given crrcumstances any varmation of CP,

withn thas set implies varations of both Ry, and E,,

(8} any such pair of varied values of R, Er, (as well as the

parr of their actual values) 15 a pawr of corresponding
members of two correlated sets of possible values Ry,
Ry, Ry, and E'y, E't, E”y , which are
such that under the circumstances all pairs of correspond-
g members, but no other pars, cause the subsequent
occurrence of Gr,

Our previous analysis of adaptation shows that every adaptation

15 an instance of directive correlation, but not vice versa Direc-

awve correlation 15 2 shghtly wider concept. For mspection of

the usual meaning of ‘adaptation’ shows that m the case of an
organsm-plus-environment system the coenetic varable con-
sists always of an environmental vanable and, m fact, usually
of an antecedent value of the environmental variable to which
a given response 15 regarded as adapted (cf §13) On the other
d, directive correlation, as defined above, contans none of

these restrictions concernmng the coenetic varuable
He therefore defines adaptation as 2 shightly more Lrmted
concept than directive correlation The statement that an event or
state of affarrs Xy, 1s adapted to another event or state of affurs
Y, from the pomt of view of some future event or condition
FCry means that Xy, and Yy, are connected by a directive
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correlation which has FCr, as focal condition and 1 which a
prior value of ¥, say Yz, acts as coenetic varable
There are several pomts to be made about these defingtions In
the first place 1t may be pomted out that the melusion of coenenc
vartable 1 the definion m. effect begs the question 1s to the
natute of adaptation It msists that adaptation arses as a conse-
quence of some factor prior to the situanon under observation,
which causally mfluences both the thing which adapts and that
which 1t adapts to, n such a way that the goal of the adaptatton
1s attamed This excludes by defimtion the posaibility of any
vitalistic explanation of adaptation Even though one wishes to
reject such expl, 1t 15 well to ber that the coenetic
variable 1 not i general a fact of observation, 1t 15 something for
which we have to seck, and have, mdeed, m most cases not yet
discovered The definition 1 not a steaghtforward ostensive one,
which mdicates a phenomenon, but mvolves a theory as to the
way 1 which the facts are to be explamed
Tt 1s perhaps more important from my present pomnt of view
to ask whether the concept which Sommerhoff has defined 15
that which 15 normally referred to when the word adaptation 15
used Is he not rather speaking of adaptability, that ss, the capacity
for adaptive responsez In the concept as he expounds 1t the
thing which adapts always becomes modified m a manner appro-
priate to the particular environmental situation, Just as, each ime
the gun fires, 1t pomes 1 a direction related to the particular
movements of the aircraft m that mstance Now the normal use
of the word adaptation does not necessanly mvolve such modifi-
cations We mught say that an animal with a thick fur 15 adapted
to a cold climate without meaning to mmply that the thickress of
the fir would alter m relation to the lztens\!ty of the Ifmsts to
ch 1t was subjected Where such modifications m relation to
Xx}:mvuonmmt'ldo oceur, we would, I think, speak of a chu]tg
bemng ‘adaptable’ rather than ‘adapted” For mstance, “l,e’Sh?u
say that the drameter of the pupi of the eye 15 agfgmhi: (ﬂif;
certam range of hght intensity, meaning that wathun mnags -
can aler  conforanty 10 (he HmORTER, !? sl‘:wh y :Xayrccma
attamn the goal of keeping the ntensity of light at the
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within certan houts On the other hand we usc the word
*adapted’ of a perstent condition which 15 such that withm a
certamn range of variation of the environment the goal s attamed
For mstance, when after a certam length of exposure to 2 given
mtensity of light the diameter of the pupil has settled down to a
constant value, we rught say that 1t 15 ‘adapted’ to that dllumma-
tion We conventionally use the word ‘adaptation’, m fact, not
precisely of the crrcumstances defined by Sommerthoff

The word 1s 1n fact used mn two different senses, for a structure
or function which 1s appropriate to some particular set of condi-
tions (thick fur, or an active metabolism, ts an adaptation to a
cold chimate), or for the process by which such a structure or
function comes mto existence Nesther of these 1s exactly the
concept which Sommerfeld has defined, he has described systems
with the capacity for carrymg out processes of the kind referred
to when the word 15 used m the second sense {One could modify
his definition of directive correlation to deal with the first sense
of “adaptation” by specifying that the values of R’s, R"'s,, etc,
wluch occur in paragraph (b) are all 1dentical )

The concept which Sommerhoff humself defined, and which [
suggest should be called adaptability rather than adaptation, 1s
probably the more fundamental 1dea When we say, using con-
ventional 1deas, that a thick-furred ammal 15 adapted to a cold
climate, we probably in the first place think of both the thickness
of the fur and the temperature of the environment as constants
On reflection 1t 15 obvious that over any sizeable sectson of the
hife hustory of the amumal the temperature will not remam con-
stant Although the thickness of the fur does not alter, some other
aspect of the metabolism of the anumal wall be modified m cor~
relation wath the temperature—perhaps 1ts rate of sweating, its
heatloss through breathing, or the amount of foodstuffs consumed
to produce mternal warmth Thus for the animal as a whole the
focal cond ie ats c d ) 15 attamed only
because some parts of the system are adaptable over the range of

! d The features of the antmal
wihich are adapted, and which do not become modified 1
correlation to the environment, are bemg carried, as 1t were, by
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the adaptable ones 1If, however, the environment becomes much
hotter, the temperature may pass out of the range within which
the rest of the heat-regulating mechamsm can cope with the
thick fur, and 1 this case we can say that the fur 1s not adapted
to the prevailng conditions (of which the remamder of the
homosothermic apparatus 15 one) Equally we could regard the
heat-regulating mechanism as bemng ill-adapted to the situation
of which the thickness of the fur 15 2 part If the goal, the persst-
ence of the ammal, 1s to be achieved, one or other or both of these
two elements the fur and the r dez of the heat-regul
mechamsm, must be altered The alteration will consst esther n
a change 1n the adaptability of the phystologteal homorothermsc
mechanism or a modification to the thickness of the fur If the
latter occurs we should speak of 1t as a new adaptation Agam m
normally fluctuating circumstances 1ts success would be depend-
ent on the existence of a certam adaptability in the remamder of
the system

The practical importance of the distmction between exstent
adaptations and potential adaptabihittes for evolutionary theory 1s
that much of the discussion of this toptc centres around the
appearance of anatomical structures which show little or no
capacity to vary m the hifetime of the mdividual of which they
are a part It1s perhaps unfortunate that our methods of observa-
tion make 1t much easter to examme the static and anatoms
adaptations than the perhaps more fundamentat physiologseal
adaptabilities But so 1t 18

It 3s important to realise that m considerng evolutton we have
to deal with changes which take place on 2 number of different
ume scales, and that we may wish to discuss adaptations and
adaptabilattes at each of these levels We can for mstance, con~
cewe of a physiological adaptabil y which 15 developed as 3
result of an epigenetic adaptability which 1eself has been evolved
as & consequence of a genetic adaptability An example might be
a1 estuarme form, which could survive great and rapid fucts-
atsons 11 the sabmaty of the water But this physiological adapt-
ability sught only reach & hugh effictency m antmals which from
chmty;nrhcst stages have developed m estuarme conditions And
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finally, the capacity to respond to a fluctuating suuation during
growth by the development of an efficient physiologacal mech-
amsm of this kind might atself be the result of an evolutonary
process. Sumular distmctions can be made m respect to anatomscal

dap The develop of thickened skin on the hands of
the manual worker 1s an example of a developmental adaptation,
The capacity to produce such an adaptation may be brought mto
bemng, or at least enhanced, by evolution, and 1 that case would
be a result of evolutionary adaptability

It may be as well to summanse, with the aid of a diagram (Fig
23), the forms m which the adaprabihity of orgamsms may be
mantfested, and to compare them with the formulation given by
Sommerhoff In the interests of stmplicity, consider an organtsm
winch develops mto only two components, 4 and B, which then
mteract together to produce the final adult conditton, P. Adapt-
abtlity conststs 1n the ability to mamtamn P relatively constant
even when 1 mfl p on the org;
alter some component of 1t (which we will take to be A4). The
entity which 1s buffered m this way 15, in the last analysis, the
fimess, but i complex organtsms there may well be buffering of
some earher component which mfluences fitmess.

The dugram m Fig 23 summarses a number of different
condittons We may fisst suppose that the organism develops
some ‘normal’ and produces the comp Aand
B Then let some unusual environmental condinon supervene
(arrow 1) which stufts 4 to A’, m an adaptable organism, B will
concurrently alter to B’, the change bemng of such a kind that 4"
and B’ mteract to produce P whuch 15 quite near P. Here the
environmental change {arrow 1) corresponds to the environ-
mental varable Ey, m Sommerhoff’s defimtion of directive
correlation, the final state (or fimess) P to his Gy, the whole
responding organssm to hus Re, The “coenetic vamable’ CVy
15 not directly represented m our scheme, 1t 15 the factor which
causes B to change m relation to the alteration of A 1 such a way
that P 15 kept constant. We connot yet state, for organisms
general, what thus factor 15 All one can say, of a general kind, 15
that 1ts operation can be mmproved by natural selection, and
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1t may be that 1t 15 brought mto existence by the same agency

It 15, however, almost certamly not possible to consider 1t as an
carlier value of the environment, as Sommerhoff does m his
defimtion of adaptation If the abnormal environment operates
at a somewhat earlier stage m development (arrow 2}, 1t may

g, from lefc
to give a final
ge or through~

ganism 15 represented as develop

mponents A and B, which react
by 1n the adult stay
the heavy artows

FiGuRe 23
acting exther onls
are mdicated by

Adaptation and acchimatisation The or
mto two cor
out development,

to right of the diagram,
state P Environmental snfluences,
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produceanadditional effect, usually known asacclimatisation That
15 to say, if the organism 18 subjected to the environment over a
period, theresponseof 4. 1slikely to be modified, so thatat shiftsonly
to A*’, the response of B, correlated with ths, 15 also modified
toB'’, and A’ and B’ mteracting with each other, will produce
an end-state P’ which 1s m many cases nearer to P than P’ was

In both the circumstances so far described, 1n which the abnor-
mal environment acts either for 2 short duration (atrow 1) or a
somewhat longer one (arrows 1 and 2), the adaptation, 1f any,
oceurs m a pertod which 1s small m comparison with the whole
Iifetime Such processes can be referred to as ‘direct” or ‘physto-
logical’ adaptation, etther simple, or, m the second mstance,
facilitated by acchimatisation They arenormally reversible When
they are, they operate to preserve physiological homeostass

We need also to consider what may happen when the spectal
environment acts for a longer pertod, which makes up a large
part or the whole, of the Iife-span (arrows 1, 2, 3 and 4) It may
be that the character which m the standard environment would
have developed to A now appears as A'’. This character 1s 2
typical ‘environmentally produced modification’ or *acquired
character’ It may or may not be of 2 kind which 15 advantageous
to the organism We can speak of the process as ‘developmental
adaptation’ mn those cases i which the new value 4"/, interactmg
with the B component (which may be unaltered or may have
changed to B'*") produces a fimess P’/ which 15 near to the
ongmal P An org! m which the A comp can be altered
m this way has ‘developmental flexibility’ and 1f the alteration
preserves 31 fitness 1t has ‘ developmental adaptability’

‘We may find, however, that even though the spectal environ-
ment operates contmuously for a long pertod {arrows 1, 2, 3 and
4) the component A emerges unchanged This 1s what 15 meant
by saymg that 1ts development 15 canalused, or that 1t exhibats
homeorhests Such a system 1s the contrary of one which shows
developmental flexibility. It safeguards the organism agamst
changes from A to A”’* of a kind which lower fimess On the
other hand, if the development of A 1s canalised, and that of B
s fleable, and modified by the environment, the mteraction of
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A and the modified B 15 bound to lead to a reduction of fitmess
"The complete homeorhesis of A deprves the organssm of develop-
mental adaptabality; 1t will lead to a lowenng of fitness m a new
environment, unless the develop of B 1s also canalised. One
mught be tempted to say that the only component of the organssm
which can, with perfect impututy, be canalsed by and for stself
15 the fitness, 1f any other component 15 canalised, 1t will be
advantageous to canalise everything: (but strictly speaking this s
illegitimate, smce fitness 15 not a *character’, 1n the sense 1n which
that word 1s normally used) In organisms which live m flucts-
atmg environments, as they all do, natural selectzon has to try to
find a compromuse between canalisation of each separate compo-
nent, and flexability combined with correlations of a kind which
result m developmental adaptability

Although one can distmguish these processes of direct adapt-
ation, acchimatisation, devel ] ad on and canal; 3
we have as yet extremely hittle und ding of the meck
by which they operate. The greater part of the discussion of
adaptation which has been actively carried on smce the earlest
days of biology has been concerned not with the processes which
that word can be used to denote, but rather wath the structures
and functions referred to when 1t 1s employed 1n 1ts other sense

Types of adaptation
It 15 abundantly found 1 the living world that the structures

and activies of an ansmal or plant are very precusely adapted to
the environments 1 which 1t lives ‘The nature of the processes by
which this situation has been brought about durng evolution
provides one of the major problems for biological theory. The
hypothesis of the mhentance of acquired characters suggested
that 1n some way or other the effects of functonng become
themselves mhented It has nsually been mterpreted to mean that
the reactton between the orgamsm and its surroundings bas, s
one of 1ts results, an effect on the germ-plasm such that ;1:\7«
hereditary changes oceur, of 2 kind which determmes the dcv:}f;
ment 1 Jater generations of mdividuals susted to these part "
condatrons of Iife. Although this 1dea has recently been revive
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n a rather nebulous form m the Soviet Union, 1t has been so
completely rejected by the rest of the sciennfic world that 1t 15
hardly considered to be worthy of discussion m most of the
1mportant recent works on evolution The reigning modern view
1s that, m nature, the direction of mutational change 1s entirely
at random, and that adaptation results solely from the natural
selection of mutations which happen to give nse to mdivduals
wth suitable charactentstics I'want to argue that ths theory 1s an
extremist one, and that, m essaymg to account for adaptations, 1t
neglects to call to 1ts aid the doctrines emergmg m other fields of
modem biology which can quite properly be combmed wath the
conclusions of genetics m the strict sense In the discussion which
follows, attention will be confined to ammals, but there 1s no
reason to doubt that stmilar arguments could be advanced 1n the
botaneal field

It will be advisable first to glance brefly at the phenomena
which are usually referred to under the headmg of adaptation,
since they are apparently of several different kinds which have
been distingusshed from one another

There 15, first, a category m which an amumal livmg under
pasticular carcumstances, or behaving in a particular way, iself
becomes modified so as to be better fitted for 1ts special circum-
stances Examples of such drrect adaptations are legion If muscles
are contioually and mtensely used, they become thicker and
stronger, 1f one kidney 15 removed from a mammal, the other
hypertrophues, sf the forclegs are absent at buth, or removed
shortly afterwards, from rats ot dogs, the hind-limbs become
modified to suse the bi-pedal gast which the ammals are forced to
adopt, ifskmissubjected to frequent rubbing and pressing, 1t thick-
ensandbecomes more homy, and one could multiplysuchstances
almost mdefinstely Smce the preaipitating causes of these direct
adaptations are to be sought in the external environment they may
becalled ‘exogenous’ The capacity to produce exogenous adapta-
ons 15 what we have earher (p 144) referred 1o as adaptabiity

Secondly, thete 15 a category of what may be called pseudo-
exogenous adaptations, m which the anymal exbubits character-

sstiessunilar to effects which can be called forth as direct exogenous
L
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adaptations, but which on mvestigation are shown to be heredi-
tary, and independent of any particular environmental mnfluence
We shall consider some examples of such adaptation 1 more
detail later, since they pose one of the most strking problems to
be solved

Emally, thete 15 2 very large class of adaptations, which, a5
Medawar (1951) has recently emphasised, are of quite a different
nature to those of the previous category They are charactensed
by the fact that the adaptive feature 15 of 2 kind which one cannot
magne as having ever been produced 1n direct response to the
environmental condittons or mode of Iife of the animal To grve
two examples only, Medawar mentions the modifications of
certain eprdermal cells to secrete sweat, and the development,
from another part of the sk, of a transparent area which forms
the cornea of the eye It 13, as he says, impossible to see how any
attempt to peer through an area of opaque skin could tend to
cause 1t to become transparent ‘The adaptation of the comea to
wvision can hardly have anisen m any causal dependence on extemal
factors, and we mught therefore give the name of endogenous
adaptations to thus category

It 15 m connection with thus third type of adaptation that we
can as yet make the least progress beyond the current hypothesss
which 15 content to rely on the chance occurrence of suitable
mutanons But even here there 15 a little more to be sud In some
endogenous adaptations the usefulness of the character Is 1
cannection with factors m the outside world Another of Meda-
war's examples, the possession of horns which serve the purposes
of aggression or defence, will suffice as an mstance But the
transparenry of the comea is adaptive because 1t 15 suted to the
functioning of another mtermal part of the organisim, namely the
retina, sensinive to the ight which the comea allows to enter
Now, I think that we shall often find that the vanious parts con~
cerned 1n such internal endogenous adaptastons are mvolved Wl'-§\
one another not only durmg thew functionmg n the aduft m *
but dusng thert development in the embryo Thus 15 ot P v
true of the eomes, winch can be mduced from nOrmz}[lcpl tﬂﬁ
of an eye-cup s transplanted under 1t atan early enough stage
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the various parts of the eye, which can funcuion efficiently only
if they have the correct relations with one another, are mter-
dependent durmg therr development It was shown many years
ago by Ross Harrison (1929) that of the large lens of the axolotl
Amblystoma tignnum 15 grafted over the eye-cup of the smaller 4

punctatum, the lens does not grow to its fiull size, while the eye-cup
provided wath the larger lens attams a greater size than usual
(Fig 24) Sumlarly, if the eye-cup of 4 figrinum 15 transplanted
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Ficuse 24
Transplantation of lens ectoderm from Amblystoma ugrioum o A
punctatum Curve 4 growth of the tigrinum lens when associ~
ated with the eye-cup of the same species, expressed as the rauo
of the s1ze of tigrinum lens to size of punctatum lens Curve B
stmilar curve for ! dwithp eye—cuy
Curve C growth of punctatum eye—cup assocnated with tigrnum
lens, expressed m terms of 1ts size when assocrated with the punc—
tatum lens Note how in the mterspearfic combmation the ens
grows more slowly and the eyocup faster than they would
normally do (Aftcr Harrsson )

under the early embryonic sk of A punctatums 1t mduces a lens
which 15 ongunally of A punctatum size and therefore relatively
too small, but, as growth procceds, the lens grows faster and the
eye~cup more slowly than usual, so that they gradually achieve
the normal relative proportions We might say that the mternal
adaptation of the lens to ats retuna, although endogenous n the
sense that 1t anses within the ammal, 15 nevertheless affected by
factors from outside the lens tself, namely by the retina, The
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problem 1t presents 15 therefore not wholly different from that
offered by adaptations to external factors Morcover, the adapta-
t1on 15 1m part a direct response to the influence of the renna, ands
thus sumilar to the first category disungushed above, but there 1s
clearly also some mherent tendency for the A tigrmens materal
to grow faster than the A punctatum, and 1 thus respect we are
remunded of thesecond category, of pseudo-exogenous adaptations

It1s relevant in thus connection to note that a smgle gene muta-
tion may, n some cases, affect the whole structure of 2 complex
organ whose parts have to interact together during their physio-
Iogical functioning For example, genes causmg polydactyly m
mammals usually alter not only the number of skeletal digats, but
also, and m a more or less appropriate manner, the muscles by
which the digits are moved Thus when we find that the guant
panda and the mole have each evolved a six-diguted forelimb, and
that the extra digit 15 prowided with muscles adapted” 1o 1t {cf
Wood-Jones 1053) we are not forced to suppose that the altera-
tions of the skeleton and the muscles were two quite separate and
disconnected events The mutation which was the first step . the
evolution of the polydactyly probably altered both components
the change 1 the muscles being, perhaps, secondary to that of
the diguts, on which they may be epigenencally dependent The
smternal adaptation of the two componenss s not disstmlar m
prmuPle to an exogenous adaptation, since the bones act, m
effect, as the environment of the muscles (and vice versa} A
remarkable example has been described by Gruneberg (1953, <f
Fig 25) It should perhaps be remarked that not all genes affect
an organ m such an overall manner Bithorax m Drosophila, for
imnstance, converts the metathoracic mntegument mto 2 meso-
thorax, but 1t does not stmultaneously produce the approprrate
mesothoracic muscles (Shatoury 1956, of Fig 26) Genes of the
former kand, which act on the mdividuation field of an organ as
2 whole, will be much easier to utihse ;n evolution than those

alter one or 3 few components only

Whﬁlxc/}cl may now turn to comldl::r adaptations towards the fx“‘;“’l
environment, and firstly the direct adsptations Whmhlwc V:
classed 25 exogenous, 1 which an antmal, duning yts development
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FIGURE 25
A well ntegrated gene-controlled modfication. The first two cervical
vertebrac {atlas above and axis below) of 2 normal mousc on left
and of Danfurdh’s short-tail’ on right In the latter, the projection
on the axis (the odontord process or dens epistropher), 1s absent
Thus normally functions as a peg around which the head rotates
when 1t 13 turned from side to side, as 1n the conventional gesturc
mdicatng ‘No* In the mutant mouse, 1 which, a5 part of a
general reduction 1 the vertebrae the process 1s lackg, 2 new
P R .o, 1

becomes modified by external factors i such a way as to mcrease
1ts efficiency i dealing with them An organism which ss sub-
mutted to an unusual during 1ts geny may, of
coutse, become altered erther m a favourable or an unfavourable
mantier ¢ 15 2 matter of first prmciples that the manner of 1ts
response will be subject to genetic control, whence 1t follows that
st will be subject to natural selectron. This pomt was well appreci-
ated 1 the ealy days of genetics It1s for mstance, discussed at
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some length by Baur (1930, p 207 et 30y, a reference which Lowe
to the kindness of Dr. R. Snow), but Jitle attention has been
pad to 1t m most of the recent works on the genetical theory of
evolution Natural selection will act s as to suppress ot reduce the
hability of the organism to delerersous modification by the en-
vironment, and at the same time to strengthen 1ts capacities for
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Fiouse 26
Longuudnal section of o Deosophula edult which exinbited a haghe
grade bithorax phenotype Note the absence of fight muscles 1
the secondaty thorax (After Shataury 1956}

adaptive responses The first type of selection leadhs to the evolu-
tion of narrow canalisation, the second to a canalisation winch 15
loose wath regard to certamn particular types of modificanon,
namely those which are advantageous

We have discussed eather {p 134) the conflice berween these
two types of selection Narow canalisation will be of value
rendermg the omganwsm sclatwvely mdependent of effects of
environmmental fluctuations, but 1t cannot proceed too far without
g 1t of the capacaty to modify 1ts development 1 a8
The pnme selectve advantage attaches to the
which amounts to the homeostasit ©

deprveny
adaptzve manner
preservationt of fimess,
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physiological functionmg, In order to presesve this under abnor-
mal environmental conditions, some degree of developmental
modification may be necessary For mstance, 1of newt larvae are
kept m water poor m oxygen, therr gills become larger and are
provided wath thinner walls, so that the rate at which oxygen 1
taken up 15 increased, while at the same time, the need for oxygen
15 teduced by a slowmg of growth and reduction mn actvity
(Drastich 1925, Figs 27 and 28), or agamn mangrove plants grown

Ficure 27
Above, left, drawang of gills of a Salamander laeva kept i low
oxygen tension, on the fight a section throngh a gill filament
Below, the same, from a larva kept under pure oxygen (After
Drasnch 1925 )

m salty water develop a thick cuticle and narrowed stomata
wrhich guard them agamst 1o rapid water-loss (Baur 1930). We
have then m these cases a lack of developmental canalisation, or
Tather a loosening of 1t to permut certam particular modifications,
which allows the organism to achieve somethmg approaching a
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homeostasss of 1ts mamtenance-functiomng This 15, 1m fact the
form normally taken by exogenous adaptations, which can be
tegarded as resultng from a renuncution of developmental
canalisation m order to achieve phystologreal homeostasts

169 ~mm*®
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Ficure 28
Values of oxygen uptake and CO, ontput per gramme body
weight, i Salamander larvae kept under pure oxygen (full Ines,
Libelled 2) and under reduced oxygen tenston {dashed Imes,
labelled IV) From Drastich 1925 )

A mere falure to evolie a narrow canalisation would not
suffice to ensure that physiological homeostasts would be achieved
Evolution has a much more ticklush task—to tighten canalisation
agamst deleterzous changes and loosen 1t m favour of adaptive
ones Is 1t plausible to credit natural selection with the POWCI;}) to
do this effectively In the first place, 1t must be granted that the
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precision with which canalisation 1s controlled by the genotype 1s
very constderable Ifa stock, for wnstance of Drosophila, 15 selected
for ability to respond developmentally m a particular way to a
certamn environmental stumulus, this capacity will ncrease, but 1t
by no means follows that the stock simultancously becomes more
sensittve to other sumub The response to selection 1s not neces-
sanily a mere general thing out of the canal (Waddmng-
ton 1957) Moreover, 1f one apphies one and the same stumulus
to a muxed population, 1t may produce different modificaions
different individuals, and by selection from these, stocks may be
butlt up each of which responds to the stimulus m 1ts own
charactensstic manner (Bateman 1956) This suggests that it 15 at
{east not wholly unreasonable 1o atmbute to natural selection the
responsibility for evolving, from the wide range of rather
precisely acting genes which seem to be available, the speafic
capactties for direct exogenous adaptive change which are such a
usual feature of living thmgs Yet the phenomenon 1s so wide-
spread, and some of the adaptations, such as those of the newt
larvae and mangrove plants mentioned above, so difficult to
attnbute to any well und d epigenetic mect that one
15 tempted to feel that there may be something more behind the
scenes Is there some general principle operating m all these very
drverse sttuations? Might 1t be for instance, that the reproduction
of enzymes 15 closely hinked wath their functionmg, and that this
tends to resule directly, before sel acts, m develop 1
modifications which can be utilised for adaptive ends»

It 15 the remaming category of adaptanons, the pseudo-
exogenous, which has provoked the most discussion. We are
confronted here by phenomena for which an explananion could
so eastly be found m a direct effect of some environmental factor,
were it niot that further study demonstrates unequivocally that the
structure concerned 15 determined by the heredity of the organ-
1sm, and 15 relatively mdependent of the environment The ques-
tion anises whether we can bring ourselves to believe that the pars
which the environment can play m mumucking the conditron 15
really irrelevant, and that the evolution of this particular adapta-
tion has resulted from the selection of chance mutations which
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might have appeared and produced the phenotypes even if the
environmental effects had never existed

Some concrete examples will make the problem clearer One
of the most famulsar 15 that of the thickened skm on the soles of
our feet Thus thickening 15 obviously an adaptation to the stresses
which this region of the body has to bear, but, as Darwm pomted
out, and as Semon (1913) discussed 1 a full-length paper, the
thuckening already appears i the embryo, before the foot has ever
borne any weight The structure therefore cannot be a direct
response to external pressure, bur must be produced by the
hereditary constitution independently of the specrfic external
nfluence to whach 1t 1s an adaptation The struation 15 even more
strkang when sundar thickenmgs are found on Iess conventtonal
parts of the body For mstance, the ostrich squats down m such 2
way that the under surface of the body comes mto contact with
the ground at 1ts two ends, fore and aft In just these places 3
constderable callosity develops m the skin (Fig 29) and Duerden
(1920} showed that these thickenings make thetr appearance m
the embryo before hatching The same thing 1s true of callositres
which appear on the wrists of the forelegs of the African wart-hog
which while feeding has a pecultar stance which mvolves restmg
on these pomts (Leche 1902) Agam, diggmg anmals such as the
mole, are genetically endowed with heavy shoulder girdles and
powetful forehmb muscularure, of the type which would tend
1o be developed durmg thew hfetime by their manner of ife.
The seal, as an embryo, develops a curvature of the cervical
region of the spmal column whach makes 1t easy for 1t to hotd
1ts head while swammung mn the postion which other non-
aquatic carnsvores try to attam when they are i the water and
have 1o keep therr eyes and nostrils above the surface (Wood-

Jones 1953)
In plants exarples of pseudo-exogenous adaptations are per-
haos even more widespread and smkmg‘tlzan m ammilsL In

2;:1;‘:12% ﬁ:{;g):\;;xdys“a:d heavy pr:cxpxtmon Lowland plants
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FIGURE 29
View of the ventral susface of an ostrich, to show the callosites
(After Duerden 1920)
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grown from seed m the hulls tend to be shorter than normal, by
a direct adaptation; and the opposite 15 true of mountam forms
grown at lower levels. But neither local race becomes modified the
whole way; the upland forms are genetically shorter m growth,
the lowland ones taller Their adaptations are oaly partly exo-
genous, but to a considerable extent pseudo-exogenous Such
races are the ‘eco-types” of Turesson (1922, 1930).

The exustence of such partually or completely genetscally deter-
mmed pseudo-exogenous adaptations has for a Jong time caused
surprise As a recent American author has put t, ‘the “best”
value of the controlling factor (the morphology of the adult
which controls phystological functioming) 1s mdependent of the
disturbing factor (the environment)! Such genenc fixanon 1
comparable to bemng sewn nto one’s winter underwear * (War-
burton 1955). It 15 not quite clear from the context of these
sentences whether the exclamation mark 15 intended to signify
disbelief or mere astomshment But, surprismg though they may
be, the facts can hardly be demed, and 1t 15 for them that an
explanation must be sought. One possiility that will be suggested
15 that 1f one lives in the Arctic it may indeed be preferable to be
sewn into one’s winter underwear than to nisk having 1t blown
away by an unusual gust of wind!

The genetic assmslation of adaptive characters
Many authors have argued that truly exogenous adaptations
are produced by selection for the capacity to respond develop-
mentally to the environment 1n an appropriate way. Baur has
already been atted to this effect A much carlier author, Douglas
Spaldig, to whom Haldane has recently drawn attention, had
thought along stmular limes fifty years before In alecture given 1
1872 (sce Haldane 1954) he made the following amusing sugges-
tion: ‘Suppose a Robmson Crusoe to take, soon affer hus landmg,
2 couple of parrots, and 1o teach them to say in very goc:;:
Englsh, “How do you do, sir+”"—that the young of Lkest bua
are also taught by Mr. Crusoe and their parents to say, "How do
you do, sira"—and that Mr Crusoe, having little else to do, scts
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to work to prove the doctrne of Inherited Assoctation by direct
expeniment He contnues his teaching, and every year breeds
from the birds of the Jast and previous years that say * How doyou
do, sir?” most frequently and with the best accent After a suffi-
cient number of generations his young parrots, contmually hear-
g their parents and a hundred other birds saying “How do you
do, s1r?” begun to repeat these words so soon that an experiment
1s needed to decide whether 1t 15 by wmnstinct or tmutation, and
perhaps 1t 1s part of both Eventually, however, the mstinct 15
cstablished And though now Mr Crusoe dics, and leaves no
record of his work, the mstmet wll not dte, not for a long time
at least, and 1f the patrots themselves have acquured 2 taste for
good Enghsh the best speakers will be sexually selected, and the
mstmet will certamly endure to astonssh and perplex mankind,
though m truth we may as well wonder at the crowing of the
cock or the song of the skylark.”™

Nether Spalding nor Baur, however, find any good reason why
selection should have gone so much further than would appear
to be necessary, and genetically fixed a character which, 1t mught
seem, could have been directly produced 1 each generation They
suppose that such an evolutionary step must have required very
many generations, but mere lengthening of the time does not
really help In 1ts simplest form the problem 1s this We have 2
stock of amumals P hving m environment A If some of them are
caused to develop m environment B, they become modified so as
10 be adapted to their new siruation, we mught call these Py
amimals, and their progeny if brought back m 4, will develop
exactly hike the ongmal P stock But 1f a local race evolves
environment B 1t will become of a type P b, which, ideally, are
ndstinguishable from Py except for the fact that if their progeny
develop in A they wall not be 1dentical wath P but wall show some
traces of the Pj charactenistics What agent has operated to cause
this genetic fixation of the Pj features?

In my optmion, the solution of this problem can only be found
m the context of developmental canaliation, an 1dea which was

* For a modern discusston of snimal behaviour m selation to evolunonary
processes of the kind with which we are here concerned, sce Spurway (ross)



164 THE STRATEGY OF THE GENES

not known to the earlter authors The phenomenon of pscudo-
exogenous adaptation 1s esentially one in which the genetic consti-
tution 1mposes a imitation on the degree to which the phenotype
responds to environmental change The race adapted to environ-
ment B fals to become completely altered back to the orgmal
form when taken back to env A Tts develop has
tbcc; t0 some extent canahsed towards the phenotype appropriate
°
The question 15, how has ths canalisation been brought about*
There are several possthilities In the first place, a gene mutation
may have occurred, by chance, which determmes a canalised
development suitable for B This 15 the hypothesss known as
‘organic selecton’, or the ‘Baldwimn effect’ It was advanced by
Baldwm, Lloyd Morgan and others m the early years of the
century Stmpson (1953), who recently devoted an article to 2
discusston of 1t, describes the Baldwin Effect as takmng place
three stages, which put very shortly are (1) Indivadual organisms
mteract with the environment m such a way as to produce non-
hereditary adaptations, (z) Genetic fictors producing sumilar
traits occur m the population, (3) These factors mncrease
frequency under natural selection The gap m the argument 15
between steps (1) and (2) Is there supposed to be any connection
between the developmental adaptations and the genes with
similar effect, and 1f so, what» Sumpson says that exther there 1510
particular connection, tn which case the theory sigmfies very
little, or the connection must be by way of a neo-Lamarckun
causal connection Huxley (1942) seems to put the pomt ongin-
ally made by Baldwin and Lloyd Morgan more clearly when ke
writes that the adaptive modifications operate ‘by holding the
stram mn an environment where mutations tending i the same
dizection will be selected” Thus according to both Stmpson and
Huxley, the theory of ‘orgamic selection’ still leaves the actuall'
nature of the adaptive changes produced to the operation o
exther random mutations or Lamarckism
A stmular relance on random mutations,
ently of the environmental stumulus, 15 1mpl .
which was carred out by 2 group of Russtan authors bef

occurrng independ-
liext 1n the work
tween
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1936 and 1044 Gause, who was one of the most tmportant of
them, has described these actuvities m a very interesting paper,
published m English in 1947 He pomnts out that the Baldwin-
Morgan 1dea of orgamwc selection, appearmg at a tme when
Mendelism had only just been rediscovered, and when most
brologists believed m the mhentance of acquired characters,
rapudly fell mto oblvion The same prnciple was, 1t seems,
mdependently arrived at i Russia by Lukin m 1936, and Gause
and his fellow workers carried out a number of experiments
mspired by 1t, which were pubhshed n 1941 and later

The organsms studied were Paramecim and Euplotes If vegeta-
tively propagated clones of these Protozoa are cultured at different
temperatures or m meda of different salmities, any changes m
shape or other properttes that occur must be direct exogenous
adaptations, smce all the organisms wll have the same geneuc
constitution and no natural selection can occur If, however, a
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operate Gause showed that 1n several cases natural selection in a
particular environment operates to produce changes, mn characters
such as body size, which are sumlar to the durect adaptations to
that environment exfubited by vegetatively propagated clones
This he considers to be‘ organic selection” 1 the sense of Baldwin,
since 1t mvolves the selection of genes which act i the same
dirccuion as the envirenment Bue he does not seem to conceve
of the genes as controllimg the response of the organtsm to the
external he phrases lus description always as though
the action of the gene was quite ndependent of the environment
In fact, when the abniormal environment 15 so extreme that the
imtial vegetative clone cannot survive m 1t, although some segre-
gatng ex-conjugants succeed 1 domng so, he demes that this 1s
also organic selection, writing “With increase m salmty of the
medum 10 7 per cent, adaptive modifications m Enplotes vannss
are no longer formed and vanous straws entrrely die out Among
ex-conjugants direct natural selection of viable mdividuals oc-
curs In this case there 1s clearly 1o organic selection’ Thus he
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does not consder that the segregated genotypes which are
favoured by natural selection operate by making possible an
adaptation of some kmnd to the environment, he seems to think
of their phenotypic effect as merely selected by the environment,
but not otherwise modified by 1t In this he 15 probably grvmng to
the phrase orgamic selection, though m modem Mendelun
terms, precisely the significance which Baldwin and Morgan
mtended 1t to bear, and although he does not discuss the problem
of why an adapted race, when replaced m 1ts orrginal environment
does not always return completely to 1ts mutial form, the general
tenor of hus]thought would undoubtedly lead him to a reliance
on ‘random mutations’.

The whole tram of thought found 1n Gause, and implicit m thet
old rdea of organic selection, 1s based on the over-simplification of
forgettng that the environment 1s one of the determunants of the
phenotype It 1s more realistic to envisage these phenomena as the
selection, not of genes whose effects, though not modified by the
environment, happen to be parallel to the direct adaptations, but
rather of factors which control the capacity for response to the
environment In these terms, we can go further i finding an
explanation for partial irreversibility of adaptation It has become
a commonplace that natural selectton for any character wall alter
the general ‘genetic background’ of the population If the selection
1s for the capacity to respond adaptively to the environment, 1t
wll mould the epigenetic landscape into a new form, m which
this response 15 facilitated and perhaps adjusted 50 as to reach the
most favourable end-result, There will then be two ways 1
which genenc fixatton of the ongnally acquired adaptive charac-
ter may take place Esther a gene-mutation occurs which suffices
to direct development nto the channel which has been prepared
for 1t, or the remodellg of the epigenetic landscape goes so fat
that what was iually the side-valley, reached over 2 threshold,
becomes the most easy path of change, so that one cannot pomt to
any Pamcugrhgmes as bemg responsible for switching develop-

(

¢ mto 18y{Fig 30)
ch‘;le more thorough the remodelling of the landscape, the more

Iskely wall 1t be that some random genc-mutatson wall be able 1o
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talra nerar tha crmedune fimennn of the armnal anyranmental

may still ask why, even of such a mutatron occurs, should 1t be

Frcuse 30
“Orgame selection” (the Baldwin effect) and genesic assimlation The
dizgram above shows part of an ¢prgenctic landscape, with a mam
valley leading to the adult character X and a side branch leading
to ¥, the developing tissue does not get mto the ¥ path unless an
environmental sumulus (hollow arrow) pushes 1t over the thresh-
ol The three diagrams below show ways m which the
‘acqurred character” ¥ mght become mncorporated mto the geno-
type On the left, the ongwal environmental sumulus 1s replaced
by a mutant allele (dark arrow) which bappens to turn up, this s
‘organic selocion’ On the mght are two modes of ‘genetic
assumilation” I the central one, the threshold ptotectmng the wild
type 1s lowered to some extent, but there 15 an sdentifiable major
gene whick helps push the developmg tissues mto the Ypath On.
the ght, the genotype a3 a whole causes the threshold to disap~
Ppear and there 15 00 1denuifiable “swatch gene” Note that 1 both
the genenic assimulation diagrams there has been a ‘tuning” of the
acquired character, 1 ¢ the Y valley 1s decpened and 1 end-point
stofied from Yo Y.
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selected? Provided natural selection so 1mprove
respond to the environment that the adaptfve clcli:;: fsa S: ler;o
performed, 15 there any advantage 1 gomg further, so d%ac zhz
adaptation becomes genetically fixed and occurs even m the
absence of the stimulus? The answer, I thitk, must be an appeal
to the same type of consideration which we have to call upon to
explam the evolution of canalisation m general The almost
unversal occurrence of developmental bufferme, and the general-
1ty of some degree of genetic fixation of adaptations, supgests that
1t 15 an advantage 1f mdwiduals tend to produce the modal
adaptive phenotype even 1f their particular life-hustory has -
volved circumstances which were somewhat unlike those which
are most common for thesr fellows, and to which the adaptation
ssadjusted If, for mstance, there was no canahsation of the growth
habit of a plant ecotype, every cold spring would convert the
lowland forms mto alpme types unable to take advantage of 2
succeeding warm summer It looks as though 1t must be too diffi-
cult for natural selection to produce organsms which always
respond m a perfectly adjusted adaptive manner to fluctuatmg
environmental circumstances, and that faute de neun 1t tends to
fix, by canalisation, a type which 15 reasonably well adapted to
the situation 1t will most frequently encounter When this accurs
1n a population Living m an environment which remarms relatively
unchanged for considerable pertods, 1t 1s the process which we
have called canalising selection When st happens to a sub-
population which 1s carrymg out exogenous adaptation to a new
environment, 1t converts this 1nto a pseudo-exogenous adaptation,
and the ‘acquired character’ becomes genencally assimilated
Smce the concept of the epigenetic landscape 15 not well
known, and sice some people find 1t difficult to follow an
argument expressed 1n terms of a three-dimensional dragram, 1t
may be well to discuss these 1deas i another way Let us consider
first a population of animals living 1n some environment 4, 11
which some important character, subject to natural selection
rakes values within the range a (Fig 31) Suppose that the charac-
ter 15 mfluenced by the environment The genotypes compostng
1t wall react each accordng to its appropriate sensitivity, and 1f,
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1n a later generation, the conditions change from those of 4 to
those of B, some indiduals may be supposed to react according
to the Ime P, others say to Q, to give only two examples Now1f
the opttmum for the character 1n environment B falls withmn the
range b, Q wall be favoured by selection but P rejected On
return to 4, however, 2 papulation of Qs would again exhibat the
character withm the range 4, and no assmilation towards the
modified b range would have occurred The simplest posuble

CHARACTER

ENVIRONMENT

FiGuURE 31
The assmlation of @ charaster which vaties i a quantitative manner

type of genetic assmilation would occur 1f selection favoured the
buddmg up of genotypes which produced the character wathin
the range b even though the environment mught vary from B’ to
B’ This would lead to the appearance of mdviduals which
reacted more like §, and a population of these, on retum to 4,
would show the character withm the range a? In thus case, the
rejectton of P in favour of Q 15 an example of ‘normalimg
selection” (p 72}, and the formation of genotypes which react
like S rather than Itke Q 15 what we have called canalisarion,
whle the almost complete retention of the modified b range when
the population returns to 4 1 the phenomenon which leads one
to speak of asstmilation

Tt 15 also possible for normalisation m B to take place around
some optunum value which hes outside the range which can be
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produced by direct adaptations such as are mdicated by the lmes
P and Q. It rught be, for mstance, that the oprmum fell i the
range ¢. Then 1f we had purely normalising selection, with no
canalisation, the result mught be genotypes which react ltke R, m
which the ‘strength’ of the genotypic tendency for the character,
and the sensttrvity to the environment, have both been mcreased
On return to A, they would regress towards the range 4, but
would not quite reach 1t, comung say to o' If, m simdar crream-
stances, canalismg selection also operated, we might get genotypes
reacting like T, which would regress only to 2%,

InFig 31, an mdrvidual of the imitial population whose reaction
to envir 1 change 1s mdicated by a rather steeply slopug
Ime, such as Q, would be exhibiting only very loose canalisation
It 15 worth considermg the situation when the character of the
ongmal population 1s strongly canalised. As an extreme example,
we can consider a character which 1s entuely unexpressed  the
origmal population 1m environment A, and which 15 developed
only when some threshold 1s exceeded, as, we wall suppose, 1¢ 15
for some mdividuals when the population 15 transferred to en~
viconment B We may then postulate that the orsgmal population
would react as mdicated by Ime Q m Fig 32, but note that here
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“The assimlation of a quantitative character which mvolves a
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the ordnate 15 the freguency with which the threshold 1s exceeded
and development 15 duverted out of the canalised normal path
mto the abnormal path If the abnormal phenotype has an
advantage m environment B, there wall be normalising selectron
to merease the frequency with which 1t occurs, so that the popu-
lation will be changed mto one which reacts hke R

Thus may already show some asstmilation, m the sense that the
abnormal phenotype may appear, pethaps only mn a low percent-
age, when a retum 1s made to A Further d
tion could occur 1f canaliing selection becomes mmportant It
could do so m two rather different ways In the first place, 1t
maght be advantageous to produce the abnormal phenotype m
Tugh freqr even 1f the went vanied throughout the
range B’ to B’ We should then build up a population reacting
Iike the lime T, and thus corresponds 1n 1ts mode of formation to
the population also indicated by Tin Fig 31 But there might also
be another form of canalising selection We have so far con-
sidered the abnormal character as unvanable, but there might be
some optimum degree of expression of 1t 1 environment B, and
1f there were, canalismg selection would tend to build up geno-
types whach produce this grade of expression throughout the B’
to B’ range This possibility cannot be mdicated m Fig 32 which
deals with the frequency of the abnormal phenotype, but not with

s 1 . ‘

1te darrrns nre band af a e

cousse ot the side valley and a shuft m the end pomt whuch 1t
finally reaches

An evolutionary process which results m the genetic asnmula-
tion of a character wlich was ongmally produced as a direct
adapive response to the environment must, 1 fact, be envisaged
as a somewhat complex set of changes, which may proceed n
sequence, or, more probably, concurrently One phase m the
process 15 the appearance of genoty pes which direct development
mto the ‘adaptive’ path, or something like 1t, without requirmg
the assxstan;z of any specizl environmental sumulus This may

phished by quite strmghtforward progressive
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selecrion of genes of appropriate activities This would suffice
when the epigenetic systems m the mal population possessed
2 canalised system 1 which the adaptive phenotype could be
cherted merely by pushing development out of 1ts normal path
Assmulation would then require no more than that the gene-
dosage was ratsed above the threshold which protects the mtully
normal developmental path (1¢ 1t would only be necessary to
steer development over the saddle m Fig 30} Often, however
assimilatton would require something more, namely the butldmg
up of a new canalised path In sts smplest form thus mvolves the
selection of genotypes with only restricted responsiveness to the
environment (e g those like § n Fig 31) In such cases, not only
prog , but also lising selection would be operatve
Fnally, canalising selection would, m many 1f not most cases m
Nature, have still another task to perform, namely to guide the
new path of development so that 1t reaches exactly the most
valuable end We might call this the "tumng’ of the adaptive
phenotype

It will be argued later (p 188) that this process of tumng s
from the theorencal poms of view, perhaps the most important
aspect of genetic asstmilation So far, however, most of the expen-
mental work which has been devoted to explormg these pos-
sibilttes has been devoted to the other aspects of assunilation, and
has touched only mcrdentally on the tuning of the phenotypes

These experiments were made with Drosophila Very strong
environmental stimult were used, which pushed development
over well-marked thresholds mto quite defimitely abnormal
channels In a first series of expenments (Waddmgton 1954)
pupac aged about 21 to 23 fours were subjected toa tsmperaml?
of 40° C for four hours In the foundation stock, 2 number ©
aberrations n the wings were produced One of these, a breaking
or even complete absence of the posterior crossvemn, was select
for study Selection was applied for (and also ag?mst) thcvcayﬂaf‘)i’
40 seact to the environment m ths manner, the ‘upward’ selcca!tccs
stock bemg carrted on by breeding mn every generation from o
in which the crossvem was broken, while the ;Jown‘:;, .
selected were bred by taking m every generahion those
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farled to respond It was immeduately apparent that, as might be
expected, the capacity to respond was under genente control and
became strengthened (or weakened, as the case might be) as the
expertment proceeded The important pomt then emerged that
genetic assimilation began to occur After about 14 generations,
flres of the upward selected stock were found to produce 2 small
number of offipring which developed broken crossveins even
swhen they were not given the temperature treatment In order
10 speed up the further progsess of assumlation, these flies were
bred from and selected 1 normal temperatures, when stocks were
rapdly produced which had a broken or absent crossvem n a lugh
percentage of mdrviduals

Suntlar cxpenments have been made by G Bateman (1956),
usmg a number of different foundation stocks (Fig 33), and m
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as indhcated at the top, m cach gcnmtxlon, only flies extubsting
the modification were bred from The lower dot-dash graph
shows the lack of response 10 selection of an mbred stram {(denved
from the same ongmal stock), the mbreds were treated for four
houss throughout the expenment (From Baterman 1956 )
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some cases sclecting for different environmental responses, Per-
haps the most extravagant character which has been assumilated
in this way 1s the well-known bithorax phenotype, m which the
metathoracic imagmal buds develop nto an accessory mesothorax
Ths effect 15 not only produced by the bithorax gene, but can be
called forth by various environmental strmult (ether vapour, lugh
temperatures) apphed to the egg shortly after laying (Gloor 1947,
Maas 1948). In an expeniment m which ether was used as the
inducmg agent, the character eventually became asstmilated after
some 28 generations of selection (Waddmgton 1956} The resl-
ng flies are hughly bizarre (Fig. 34). If such a change occurred m

FIGuRE 34 .
the “assmulated bithorax’ stock, wth the normal wings
how the metathorax transformed mto a very

Afyof
temoved to !

64
complete sccondary ‘mesothorax. (From Waddington 195 )
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Nature, 1t would certamly rank as a “macro-evoluttonary” step
1t seems doubtful whether m any other selection experument such
a large change has been produced so rapidly from a normal wild
type stock

These expertments are, of course, artificial i the first place
because the responses to the environmental stimult are not actually
of any natural selective advantage, but are only treated as such by
the expertmenter ‘This, however, docs not scem likely to affect
the general prnciple of the process It 15 rather difficult to think of
an experimental matersal which would be convement for breeding
through a large number of generattons and which also shows
clear-cut environmental adaptations of real value to the organsm
Attempts are now bemg made to study the lengthening of the
postertor tracheal homs mn Drosophila latvae kept m a liqud
medium, and 1t seems possible that the haemoglobm formation
mnduced 1n certamn small crustacea by low oxygen tension mght
also be favourable expenimental mate

Another pomt to note about the expermments 15 that the later
stages of the selection were based on the assumption that any tend-
ency towards asstmilation can be treated as favourable That s to
. - B P p

1s that, if genetic fixation of an ecotype 1s valuable, this mechanism
can bring 1t about

There are several other mteresting pomts about these experi-
ments, We may ask what 1s the genetic constitution of the asstrul-
ated stocks Is their epigenetic landscape like that 1n the centre of
Fag 30, with a modufied genetic background but also one rela-
tvely amportant switch gene, or 15 3t like that on the nght, m
which there 15 no parncular gene which can be smgled out as
more important than any other for the switchs In the first assimul~
ated crossvemless stock which was made, there was little evidence
for the exstence of any definite switch gene In asslated bie
thorax, on the other hand, there 15 a gene (or genes) on the X
chromosome wath rather strong effect Thus factor 1s recesstve, and
acts by “matemal cffect’, causing females homozygous for 1t to
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lay eggs which produce a moderate proportion of bithorax pheno-
types It could be regarded as a switching mechanism, but it only
succeeds in giving a really ugh percentage of bithorax individuals
1f the rest of the genotype determunes a sustable epigenetic Jand-
scape with a low threshold for this modification, and some b-
thoraces are formed even without 1t

The process of selection for the ability of an anumal to react
adaptively to 1ts environment, leading to the genetic asstmilation
of the adaptive character, provides us with a way of understanding
how ‘acquired” characters may become mhenited without our
having to suppose that the external conditions have been respons-
ible for calling mnto bemg the necessary genetic determmants
There 15 1o a prion theoretical reason which would prevent us
mmagmng that all the genes which eventually make up the
asssmulated genotype were already present m the population
before the selection began, and only requred bringmng together
Equally, however, 1t must be admtted that this suppositson does
not necessarily follow from any of the facts which have yet been
related Most previous discussions of acquired characters and thetr
possible mhentance have tumed around the question whether the
environment can provoke the appearance of new hereditary
variation of an appropmate (1 ¢ adaptive) kind It seems to be the
opmton of nearly all recent authors, with the exception of
Lysenko and his followers m lLluslsm, that the lack of conclusive

. - LS R

Tl fom oomnm syenm

A

evidence for the conversion of acquired characters mto mhented

ones which has been provided by the experiments on genetic

assmilatron make 1t necessary to discuss the matter agam, spectfic-
ly i connection with them

. nyone Tooks at the facts concerning the asstmilation expenments

wth an open mund, one will find m several cases father strong
indscatsons that the genetic basts for the assmilated genotype :}‘;’:S
1n fact present 10 the mut1al population, while there 15 Iittle zh:
positively suggests—and that not very compcﬂmgly—th.;; e
enviropmental stress has called forth the new varation
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case of the crossvemless phenocopy, the evidence for the pre-
exsstence of the genetic varation 1s mdeed convinemg In the
population from which Waddington’s expeniments were started,
no crossvenless flies were found before the expenment began,
but the number of mdividuals examned was not very large
Bateman (1956), who repeated the work using a different stock,
checked over very many more of her mitsal populaton and
found a low percentage (<1 per cent) of spontaneous, naturally
occurrng low grade crossvemless mdividuals (Fig 35) Selecting
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FIGURE 35

Selection for hability to heat induced crossvenlessness In this stock

{ Edwburgh ) unlike thatshovmnmnFig 33, there werea very fow

p t less flies 1 the popul from which

selection statted The frequency of these 1s shown by the poumts

marked S, thar numbers increase as the selection for heat-
sensitivity proceeds (Feom Bateman 1956 )

these, she was able to build up a crossvemless stock, and when this
was tested agamst the fated less stock Iy
denved after the they appeared to be
1dentical in genetic constitution It seems certain, then, that all the
genes Which enter into the genotype of the assumulated race were
aleeady present m the mina) population, though m such low
frequenctes that 1t was only m a very few mndividuals that sufficient
of them occurred together to give a crossvemless phenotype
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What the environmental treatment has done m this case 1 to
reveal sub-threshold concentrations of these genes, and thus made

1t possible for selection to get a hold

Attempts to carry out genetic assmulation starting from mbred
Imes have semamed quite unsuccessful (Fig 33) This provides
fusther evidence that the process depends on the utilisation of
genetic varnability present m the foundation stock with which
thie experiment begmns

In most of the other phenocopres studied by Bateman no
mdtviduals of the abnormal type could be found m the sl
populations This does not, of course, prevent us supposing that
the necessary genes were present, if the assmmlated genotypes
mvolve the co-operation of large numbers of genes, and if each
of these was present only m low frequency before the expeniment
began, 1t would require a search through an unmanageably farge
number of the startmg population before an abnormal mdrvidual
was found We are only confronted with a positive suggestion
that new variation has arisen 1 1t appears that the assimulated race
contams 2 gene which we cannot imagume to have been concealed
m the stock with which we began, There are actually three cases
which suggest something of the kind

One of these arose during Bateman’s selection for a dumpy-like
phenocopy provoked by a temperature shock to the pupz An
assumlared stock was eventmally produced, and 1t was shown that
an mmportant clement 1 1ts genotype was a gene with a rather
strong tendency to produce durpy wings It1s probably an allde
of the well-known dumpy locus Although when this gene 1s
crassed out of the assumlated genotype mto a wald-type back-
ground 1t causes dumpy wings to appear only i a Jow percentage,
1t seems most unlikely that 1t could have been concealed m the
wuttal population, 1t 1s more probable that 1t has ansen by muta-
won dunmng the course of the expernment The same condusxor;
applies even more foraibly to a'dommant (wath recesswcd:clha
offect) whach ayycarcd dunng the selection of the bichorax

henocopy and caused a shght enlargement of the haltercs Ths
Pmc whrch seemed to be 1dentical with the previously known
%xp ,actuﬂuy appeared twice, once 1 cach of the two selection
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experiments winch were bemg carmed out simultaneously, but
there 15 always the possibility that the second appearance was due
to contammation by a fly which had escaped from the stock of
the mutant which had by that tume been established The gene
did not produce a full assimilation of the phenotype, of the kind
which the expertment was attempting to produce, and 1t was
therefore clmmated from the lme which was carsted on and
which eventually gave rise to the assmlated stock described and
figured above Its importance m the present connection 1s that
even when transferred mto a wild-type background the gene
gave a well-marked effect, and 1t certamly was not present i the
onigmal population, 1t must have arisen by mutation

The third susprcious case also occurred 1n the bithorax expen-
ments In the final assimilated bithorax stock, an important ele-
ment m the genotype 15 a sex-linked recessive condiion which
produces a‘maternal effect’, that 1s, the homozygous mothers lay
eggs which tend 10 develop mto bithorax phenotypes When X
chromosomes contammg this genetic condition are transferred
mto a wild-type background the homozygous females still
produce some, though rather few, bithorax offsprimg It 15 quite
certam that this did not happen m the ongmal population. The
only way to escape the conclusion that the genetic determmant
has ansen by mutation during the experiment 1s to suppose that
the matemal effect 15 caused by two or more linked genes m the
X chromosome, 1 which case the frequency of the complex in
the smitial population mught have been so small that 1t would be
overlooked Thus 15, however, rather a forced explanation

We have then one case—bxP—which seems certamly to have
ansen by mutation, and two others—the dumpy allele and the
bithorax | effect—which have probably done so Must we
then suppose that the environmentsl sumuls have directly caused
these mutations? We are forced to do so only 1f 1t can be shown
that chance alone could not have been responsible for the result
Now these expertments have mvolved very large numbers of
flies The total numbers mspected are not very exactly known,
but m the bithorax experiments there must have been some
200,000, and one would probably not be overeshmatng 1f one
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guessed that m the whole work something of the order of half
mullion flies have been looked st more of less closely Is it tesson
able to suppose that the observed new mutations, producmg
phemotypic changes of the kind for which a wateh was bemg
kept, arase by chance m that mumbers It 1 difficult 1o say
Personally, 1 should not fike to take the opposite view, and dlam
that 1 was unreasonable to attribute the mutanions to chance Isee
111 these facts no reason which cotmnpels one, or even very strongly
urges one, to seek any other cause for the mutations which have
occurred
I should not Iike 1t to be thoughe that I adopt this view merely

to avord the necesuty of providmg an explanation for an effeet of
the environment on mutanon Recent developments have made
1t somewhat easiet to envisage mechamsms by which such effects
nught concewvably operate In partscular, 1t has been found that
m many mwro-orginims, such as yeasts and bactera the
presence of sorne unusual substrate may provoke the formatson of
an appropfiate enzyme, and there are some reports of the synthess
of such “adaptive enzymes’ also s the cells of huigher organwsms

The mechatusm of the process 15 sull obscure, but ats reality seems
beyond question Now genes can be considered to be enzymes,
or at least o be tn many ways sumslar to the more typycal cellular
enzymes Although st 15 not clear how far this analogy should be
pushed, ane would not, perhaps, be too much astonsshed ifat
should be found that some metabolic ‘oppornmty” avalsble m
the cell might tend to mduce 2 gene mutation to 2n aflcle which
m some way fitred 1t ¢

A diagram which expresses the formal structuze of this tram 0

speculation 1s given 1 Fig 36 In the upper half, we have ‘hg“
genes, each of which produces 2 pomary gene-product (5}’3’3“!))

The cell abso contams matesals whch are dependent on d)ﬁ
environment {toangles) Under the condittons mdcated  the
products of genes 4 and B corbine, together with the mv:(x{on—
imental matertals, mto a complex, but the product of gene C Gf
pot fit cauly mto 1t Tn the lower part of the figure, the ?VKO‘;{
mental matenals ate shown m an altered shape The yml UCZ "
A ani\B now it together 1 2 dufferent way, which leav



THE SURVIVAL OF THE ADAPTABLE 181

(R

N\
T

I
Ficure 36
A specuk about Hy-induced gene mutaon The upper
diagram rep i A,Band C, whichgive off a replica of a partof
hemsck d 2 certam 11

gene-p Tnthe p

produced substance (trianles), the products of A and B combine as shown. In
the Jower half, anot! Ily-produced sul isp gl
of different shape) The products of 4 and B now combine to form zcomplex,
whuch 1 neasly but not quitc comple- mentary to € Then 1t 15 concervable
that C rught be caused to mucate meo the fully complementary form C”,
perhaps by 2 mech sumsdat to that responnible for the app

adaptive enzyme.

of an
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positon mto which the C product could become attached pro-
vided 1t underwent the shight change which 1s mdicated as the
conversion of 1ts re-entrant semicircle mto a right angle The
occurrence of adaptive enzyme formation makes 1t appear not
mpossible that the existence of such a potential site mught stimu-
Iate the appearance of an allele to fit 1t

‘Thus fantasa on the well-womn theme of imaginary keys fitung
mto hypothencal locks 1s not, of course, offered m the hope of
convimcmg anyone that such processes occur It 15 mtended only
to suggest that 1t may be unsafe to consider that the occumence
of directed mutanion related to the environment can be rled
out of court a prion A mechamsm anything Iike that suggested
may perhaps scem very umprobable There 15 also another -
probabality, implicit m the fact that the gene mutation, ifst s to be
whented, must occur m the germ cells rather than in the somatic
tissues on which the environment impinges directly r(but it s

But evenit 1NProbable, SUCH Processes WOl Lot U WEULLLay
mexplicable It must be for experiment to deade whether they
happen or not So far there seems 1o be no definre evidence that
they do Work with chemical mutagens has been held to show
that some substances tend to stimulate more mutations i1 some
genes than 1n others (¢ g Demerec 1953 and Glover 1956), but
there 15 no suggestion that the new alleles are 1n any way appro-
priate to the metabolic potentialities of the cell It Jooks as though

the dfferent mutations depend on the types of actrve groups which
ot s et e+ o affered fOr

7 has only

sle which
I elell U Plovusa oy PR
;;u i{nplmt mat }:vﬂl be gxﬂicult‘;ro detect m the face of the
posubility that the gene mutation has occurred by chance Butit
seems wisest to keep an open mund on the subject o
To the context of evolution, however, the question 1s prula iy
srrelevant Natural populations can be assumed to be so Ifﬁi
that any mutation of which the genotype 15 capable xsh a:h ke
Potmually present The meanmgful question 15 not whe
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mutatton, considered as a change m a nucleo-protem, has occurred
before or not, but rather whether the evolutionanly important
phenotype s already avatlable There s no doubt thata phenotype
such as the assimilated bithorax, 1f 1t occurs at all m wald popula-
trons, does so at such low frequencies 25 to be out of the control
of direct selection
There are many adaptive phenotypes which one can hardly
suppose to have been present m the ancestral population before
1t was exposed to the environment to which the adaptation 15
related It 15 dufficult, for mstance, to 1magme that any ancestral
ostriches had callosities just i the approprate places and no
others, before bemg subjected to the particular relevant environ-
mental stress Agam, many adaptations depend on correlated
changes mn several characters whrch there 1s no reason to suspect
would spontaneously be connected with one another in develop-
ment Canalsing selection for an optimum adaptive response of
the organtsm to 1ts environment would tend to buld up epr-
genetic systems producmg such spectal phenotypes The type of
change mvolved 1s that indicated m the d of ig 30 by
the alteration of ¥ 1nto ¥’
There has been less direct expertmental study of this kind of
adjustment of the end results of development, but there 15 already
some evidence about 1t For instance, when 2 temperature shock
of a given intensity and duration 1s applied to a number of pupae
of a defimite age from a population of Drosophila, there 1s usually
considerable vanation m the type of response which 1s exlubited
(Fig 37) Some flies develop with a broken cross-vem of the kmd
sed on p 172 In others 1t may be the antentor eross-vem
which 1s broken Extra cross-veins may be formed m one or other
of several different places, or the shape of the wing may be
altered We may say that the environmental stmulus has pushed
development over a threshold and out of 1ts normal course, but
that there 15 1o very definite alternatve canalised valley along
which 1t will then run Now by regarding a broken postenor
cross-vemash adaptivevalueand selecting fort we din
causing this character to become assimilated, as was pomted out
above, while the other abnormal types of development become

N
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relatively reduced, or at least, not equivalently ncreased 1n fre-
quency If, however, selection 15 practised for one of the other
characters, such as an extra antertor cross-vem, that character may
alsobecome assimilated and the broken postertor cross-vems remamn
mfrequent, as Bateman {1956} has shown In these expenments
sclection for a particular type of environmental response has,
effect, canalised one or other develop 1 pathway out of the
possibilines which are available m the sstial mixed population
There can be little doubt that 1t would be possible through
selection to control sull more precisely the exact nature of the
end result of development For mstance, Timofeci-Ressovsky
(1931) has described 2 gene i Drosophila funebrs which produces
abreak m the posterior cross-ven very smular to that with which
the exp on genetic 1 were performed Starting
with a mixed population 1n which this gene was present he was
able by sclection to build up three stocks In one of these the rest
of the genotype acted i such a way that the gene usually caused
a break at the antenior end of the cross-vem, m the second stock
the break was usually at the posterior end, while mn the third 1t
occurred at exther end with equal frequency A similarly precise
control over an assimslated phenotype has not yet been realised
It would presumably take longer to do than to brng about the
mere I of a ex less type, regardless of where-
abouts m the cross-vemn the break occurred. Bur there seems every
reason to suppose that 1f a break at the anterior end was advanta-
geous while one at the posterior end was harmful selection
pressure could assmulate the former to the excluston of the latter
Tt mught sometimes be advantageous i the artificial selection of
crops or Livestock to utilise processes sumlar to those which have
Just been discussed That 1s to say, one mught apply some environ-
mental stress for the speatfic purpose of forcmg mfo expression
genetic factors which, although present m the population,
remam imperceptible under normal circumstances and therefore
taccessible to selective pressures When such a procedure 1s
consciously adopted, one mugh refer to 1t as ‘forced selection”
But 1t must be recognssed that no clear line can be drawn between
forced selectton under environmental stress and a hypothetical
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normal selection under no stress, since the second of these situ-
atons cannot, strctly speaking, ever anse In all populations
under any circ es, the env plays some part
determunmg the phenotypes It 1s not sunply that the vamations
m the environment contribute to the vatunce in the phenotypes,
but the modal environment systematically influences the modal
phenotype, and this mfuence would remam even if the mter-
mdividual environmental varance could be reduced to ml All
selection which tmpinges on the phenotype 15 a selection of the
capacity of a genotype to respond to an environment

The phenomena of genetic asstmlation 1 hugher otgatusms
are very closely related to problems which have been extensively
studied by mucro-biologssts, particularly 1 connection with the
evolution of drug-resistant strams of bactenz The extensive
Iiterature can be approached through the volumes edited by Gale
and Davies (1953) and Sevag and others (1955) It has frequently
been found that when a stram of bactena sensitive to some
delcterious drug are grown n the presence of the substance 2
resistant sttain eventually emerges A considerable conttoversy
has occurred berween those who hold that the ‘adaptive” heredi-
tary character was present m some few cells of the ongmal stram
before contact with the drug and those who argue that a heredi-
tary alteration was a consequence of this contact It seems now
to have been demonstrated with some certamty that, m some
cases at least, the former altermative 15 correct, smce from 2
sensive stramn 1t 15 possible, by suitable and highly mgentous
methods, to solate resistant clones without ever bringmg the
cells mto contact with the drug (Lederberg and Lederberg 1952,
Cavall-Sforza and Lederberg 1956) This 15 true not only for
strans which owe their resistance to single genes of large effect,
but even for those 1 which the resistance depends on the synet-
n of many factors These results do not, of course, 1n
any way exclude the possibility that the actual defences of the
bactersum agamst the drug may depend on a process of adap!;ﬂigh
(whxchc,dowmmgn to t.hgl:l short lifcufm: ofa })a;:cx:un: mig t ~‘=

Py well as a P pay &

;c};g;rsmmoqn) Byuc there remams hittle reason to suggest that the
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heredutary charactersstics of resistant strams have been brought
mto bemng by induced adaptive mutations

The ul basss of the ph of 1 bactena
15 therefore very stmilar to that to which genetic asimilation m
Iagher organisms has been attributed Both processes are founded
on the selection of pre-existng mutations rather than on muta-
tions mnduced by the conditions which are adapted to There are,
however, consderable differences between the developmental
and genetic systems of bacteria and higher organisms, and these
conditton the manner m which the selechion processes operate
the two cases In lugher organisms we are usually dealing with
characters (e g the shape of an organ) whose epigenetic basis 15
much more complex than a drug-resistance 1s likely to be, we
are almost always confronted wath systems of genes rather than
single genes To compensate for this, one mught say, selection can
take advantage of the greater genenc flexibality of the sexual
mechanism of recombrnation. And finally, in the cases which have
been studied m higher orgamsms, the situation mentioned at the
end of the last paragraph 1s realised, and the epigenetic develop-
ment of the character selected for 15 an adapuve response to the
presence of the selecting environment, We thus find ourselves
selectng for g i} fed plexly determmed,
capacinies for adaptive modification, while the bacteriologsts
are usmally dealing with relatvely smply determmed chacacters
whose genetic basis 15 changeable 1 the mam by mutation alone
It 15 2 measure of the effi of sexual reprod as an
evol ry mech that exceptionally precise adap of
very complex characters are no less possble m the relatively
small populations of hngher orgamsms than the simpler adapta-
tions are in the much farger populations of bacterna.




EPILOGUE

THE ADJUSTMENT of the end results of development is perhaps
the most generally important aspect of the mechamsm which has
been suggested for genetie asimilanon In thus conmecnon 1t
acquires a much wider importance than as merely providing an
explanation for the fixation of ecotypes We have been led to
conclude that natural selection for the ability to develop adaptively
1 refation to the environment will buld up an eprgenetrc fand-
scape which 1 1ts turn guides the phenotypic effects of the muta-
tions avatlable, In the light of this, the conventional statement
that the raw matenals of evolution are provided by random
mutation appears hollow The changes whtch occur mn the nucleo-
proteuns of the chromosomes may well be ndetermnate, but the
phenotypic effects of the alleles which have not yet been unlied
1 evolution cannot adequately be charactertsed as ‘random’, they
are conditioned by the modelling of the epigenetic landscape mto
a form whuch favours those paths of development winch lead to
end-states adapted to the environment

As many have pomted out, the gravest defect of modem sciente
as a general plulosophy 15 1ts exaggerated atomsm Even befote
the advent of Darwinism, Tennyson m In Memoran heard the
votce of Sorrow

“The stars,’ she whispers, ‘blindly run,”

butat was above all the doctrine of Natural Selection which placed
Man humself mexorably 1n a sheerly mechanisne unverse whose
parts, although they mdeed reacted on one another, were exst-
entually quite mdepenpdent Darwm's theory was intespreted to
sean that all living things, man mcluded, had been brought mto
bemg by the collocation of two entisely independent factors, o
the one hand the occurrence of mutations whose nature Was
totally unconnected with any ambient arcumstances, and on the

other a sieving proces: Iy selected

s m which the environment merel
from amiong orgamsms which were offered to 1t ready-made 8
188
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urits of bemg, not m any way of potentality Any further
mfluence which the environment mght have was degraded to
the status of mere ‘noise” m the system of genetic determumation
This was a glarng example, m another field, of that Bifurcation
of Nature agamst which Whitehead (1920) mveighed so strongly
mep logy, and many and rehgrous authors, from
the Victorans to such present-day cnitics as Barzun, have drawn
attention to 1ts damagng effects on man’s spiritual Iife
‘We are now begmnmg to see n what way such an outlook 1s
ficall q what real p 1t leaves out of
consideration, and why the ssimphfications 1t makes are unjustifi-
able Accordmg to the view I have been developing, organism
and environment are not two separate things, each having its
character m 1ts own nght which come together wath as httle
essentral inter-relation as a steve and a shovelful of pebbles thrown
on to 1t The fundamental charactersstics of the orgamsm—ts
Form, to use the term which was employed m the Introduction—
ate ime-extended properties, which can be envisaged as a set of
1 pathways of develop cach to some degree,
greater or lesser, a creode towards whach the epigenetic processes
extubst homeorhesss And m this way we can concerve of organtc
Form, not only as occupymg four dimenstons wstead of only
-t - = " tes as well as what 1s actually
1¢ epigenetic landscape, with
with steep or gently rsmg
sides, with cols and hangmg valleys of more or less well defined
contours, provides a rather crude but ;n some ways serviceable
way of visualismg the possible ways m which the developmng
system can be modified Natural selection, whose direct opera-
ons impmge on the phenotypes which result from the mteraction
of genotype and environment, favours systems of genes which
respond to the local siruation by producmg well adapted organ-
tsms It thus does something more than merely favour orgamsms
which are, for some reason or another, fitter than therr fellows, 1t
builds inta the epig system tend 1o be eanty modafiabl
mways which arc adaptive And since ammals, at least, have some
ability to choose their environment, natural selection has sull
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another dimension 1n which to work towards a fitting of the two
together—towards that appearance of End, which was the other
of the major problems of bology with which thus discussion
began.

The mntegration between the Iving organism and the rest of the
world 15, admuttedly, by no means complete The charactensties
built mto the epigenetic landscape influence, but do not com-
pletely determune, the phenotypic effects of mutations, and
processes of genetic dnft may go some way to loosen the bonds
between the animal and ats surroundings But we can now se¢
that these elements of discontmuty are set withm a framework of
essenttal connectedness



APPENDIX

SOME PHYSICO-CHEMICAL ASPECTS OF
BIOLOGICAL ORGANISATION

H KACSER
INTRODUCTION

THE BELIEF that a living organism 1s ‘nothmg more’ than a

collection of sub albeit 2 very complex collection of very
complex substances, 1s as widespread as it 1s dufficult to substantiate
The d that the 1s 2 sort of contamer

e o
wathin which chemical and physical processes take place, or that
parts of the orgamsm or part-processes obey the laws which have
been found to apply to the nammate world, established, of course,
only a pnma facie case What 15 required 1s a demonstration that

fhnea nenmonan and s mae af hohammn ozl ik osea bal o en ba

P 1s therefore the mvestigation of systerns,

te components related or orgamsed m a speafic way The
properties of a system are 1n fact ‘more” than {or different from)
the sum of the propertzes of its components, a fact often over-
looked m zealous pts to d ate * y' of certamn
phenomena It 1s wath these “systemic properttes” that we shall be
mamly concerned. These only anse as a result of 2 particular
type of orgammsation, 1e particular functional relationships
between the components, and these properties, of course, ‘dis-
appear’ when that organisatton 15 destroyed or altered Thus1s the
reason why the physical sciences, often dealing wath the same
components as those 1 organtsms, m many cases a1l to say some-
dhng of relevance to the bologist There are no concepts
chenustry or physics equivalent to genes, regulation, epigenesis,
191

result of the complex mterplay of mamimate substances and
The probl
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pletotropy, phenocopy, acquired character, etc, precisely becatse
these are properttes only possible 1 systems of greater complexity
than have been subjected to detailed analysis by these seiences
The first task, therefore, 15 to show that systems, composed of
‘orthodox’ thanimate components, can display properties which
we normally assocuate with hving orgamsms In so doing we
canmot hope to describe a smgle system showing all or many of
such properties, partly because of the lumtatton of space and time
and partly because of the limitation of mathematical theory We
shall therefore have to describe a number of systems cach display-
mg parucular aspects of brological organsation A system which
displays, say, multiple effects of 2 smgle substieution wall be
associated with the concept of pletotropy, but an organtsm show-
ng this will have additional propertres very different from those
of the system Unavoidably, we shall fail 1o show relanonshyps
which arsse from mter-system mteractions when we extrapolate
to the system as a wholc, but as a first step there 1s}no other
way.
’{'he mterest m discussing systems of ths kind ss thar st may
throw Light on the mechantsms and processes underlymg bio-
logrcal phenomena The great achievement of genetics has been
the demonstration that certam portions of the chromosome con-
trol to a Jarge extent the development and behaviour of organisis
Although we beheve the elab 12] tht
the genes act m thus fashion, 1t 15 destrable that, Tke Justice, thcg
should mamsfestly appear to act This activity 1s pnmanl‘y reved C{
m the smgle chermcal and physical steps, which are the ‘atoms ©
the organism To demonstrate the genes i action then, rcquércs
the language of the molecular calculus mstead of the Mendelan
anthmetsc which revealed their presence .
The appropriate method of description 15 that of t;hcmXCti
kmetics The relevance of any conclustons will therefore depﬁ;
on how far the assumptions of kinetics may be assumed 1o spfk z
to lvmg organtsms It 1 tmmediately obvious that, strictly spe:
wo these assumptions never apply However, "he Pf‘ld‘ffr‘:;
4
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between the ‘real’ and “ideal’ stvation This s for example the

case m the biochemical mutants of micro-organisms when they
P 1 - [ N Lo 1 & Tha wn wals

assume that the kimeuc wreatment 15 applicable The justification
for this however must 1 each case be that 1ts consequences are
expernmentally demonstrable In fact whenever a particular
kinetic model 15 equated with a genetic or physiological pheno-
menon that should not be taken as ‘proof but merely a5 a
possible mechamsm The mode] should be regarded as a working
hypothesss which can be venfied or disproved by performng
appropriate experiments Swmce 1t would be tedious to reiterate
these reservations every time they will from now on be assumed
10 be constantly borne i mmd by the reader

A further difficulty must be mentioned To explamn phenomena
which arc desenbed m concepts of one branch of science m
concepts of another mnvolves semantic and epistemological ques-
tions of some importance As these problems are outside the scope
of this work they will only be dealt with when they impmnge
directly on a parucular example How far this neglect may

Lidate the arg; must be d d 1 another place

CATALYSIS IN CLOSED AND OPEN SYSTEMS

Closed systems

The most commonly exammed systems m kinenies are closed
ones 1¢ systems m which no matter enters or leaves Under any
given set of conditions they will approach a time-mvariant state
known as thermodynamtc equilibtium Open systems on the
other hand are those which have an inflow and outflow of matter
Certam of these will also reach a time-mvarant state which 1s
known as the steady state There are important differences be-
tween the two and we shall examme both

The simplest closed system 15 composed of two spectes which
nterconvert monomolecularly
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kea
A=—=8B (]
kan
The rate eq for each comp may be written as

d4
e kpaB—kapd

dB
— = kapA—kpaB.
dt
At equilibrium both rates are zero and we obtain the well known
solution
4 _ta_p
B kg
whete 4 and B are the equilibrium concentrations. In order to
show the behaviour of the system as at changes towards the
equihbnum state, however, we must consider 1t as startmg at 2
certam tutial state and solve the rate equations If 4o and By
are the il concentrations of A and B respectrvely and x the
amount changed at any tume, then

dx
%= kap(Ay—x)~kpa(Bytx}

On ntegratton thus gives

x =1 g kartka¥]

and
i Ay—~KB,
K41
Since
A =4y—x
and

B = Byt
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the rate equations for 4 and B are
_ K(4,+B0) 4,—KB,

LT Gantha¥ 2,

A=—%r TTER @

= AotBo wﬂhnkm 3)
K+1 K41

Fort= o we find
A= K(4,+By)

4
5| V]
_AetBy ®
K+1 =
and of course
A
== 6
=K ®
We can also rep the results d Ity by curves A
]
.
g
8 T
A B
[}

and B We find that the ratio 4/B 1s mdependent of the absolute
value of the rate constants and the minial concentration but that
the values of 4 and B, although mdependent of the rate

depend on the values of Ag and By In fact, the sum (4o + Ba), L

the total minal concentration of substances, determines the values
of the final ¢ The rate eq contatn m their
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exponential term the sum of the rate constants This means that
the absolute ¢ alues of these constants (not merely their ratio K)
determumnes the rate at which equilibrium 1s approached

A catalyst acts by increasing the rate of reaction n such a way
that the forward and backward rate constants are mereased pro-
portionately, so that the ratio of the new constants 1s the same

=X @

a][hough L*zu > L'BA and L*AB > LAB
The addition of a catalyst to the system or change 1 catalyne
concentration, will therefore leave the values of 4 and B, and
their ratio A/B unaffected but wall affect the rate of approach
This 15 indicated by the second set of curves in Fig 1

No matter how complicated the closed system s, ¢ g

AZ=F BE=C 55D

o
E<=F FSS56

the same general conclustons hold
- 11 L san

rate constants Whesher any, some, or all of the steps m the system
are catalysed, ot what the quantity or efficiency of the catalysts
may be, cannot affect the equilibrium properties of the system
which depend only on the ratio of the rate constants 1¢ the
equilibrium constants The rate of change of the system, however
1 a function of the rate constants as well as the imtsal dustrsbution,
and the behaviour of the developmg system can therefore be
wfluenced by alterations of these parameters This 15 summed up
m Table 1
TasLe 1 CLOSED SYSTEM

N =f(K,No)
i =) ®
dNidt = f(K,Ne k)
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We have described these well known relations m some detail
because they differ mn mportant respects from the relations of
open systems Although for certam purposes an organism (or part
thereof) may be considered as a closed system there are senous
lmutations to such a view Thus 1s evident when we consider the
fact that there 15 catalytic (enzymatic) control not only of develop-
ment but of phenotype, a phenomenon contrary to the mvariance
of the equilibrium composition with respect to changes m the
values of the rate constants Thus 15 ot so 1n open systems which
we shall now duscuss

Open systems
Consider the system
k k k
x ¥x A=BAB=C3C:kDCDkY Y
kyp kac kep
Ligg| kpe 6
E

which 15 ‘open’ by virtue of the fact that 1t 15 constantly bemg
supplied by X and constantly passes out Y It 15 assumed that the
source X 15 50 large 1n quantity that the amount converted mto A
makes no duffe to 1ts ation or that 1ts n
1s mamtamed constant by some other (external) mechanism Tt wall
also be noted that both kx and ky are irreversible steps This1s not
the only type of open system* and we shall deal with others
later, but 1t 1s one which reveals a number of pertiment propertics
In the above system (which assumes constant volume) the compo-
nents X, 4, etc, may stand for concentrations or for masses, and
the equattons and deducnions apply to either formulation Thus1s
not necessanly so m other systerns which may be discussed.

® Sec Burton, J Cell Comp Phys 14 (1039) 327 Denbigh Hicks and
Page, Trans Faradey Soc 44 (1947) 470 Bertalanffy, Soience YIX {1950) 23




198 THE STRATEGY OF THE GENES
The rate equations for the components m the system are

d4
= kxX—~kapA+hkpaB

dB
e kagA—(kpa+hpotkag)B+-kesCkesE

dc
e kacB—(kc+kep)C+kpeD

dD
= kopD—(kpc+ky)D

o kpgB—hkppE
7 = ke 2B

The system will reach a ttme-mvanant composition when the
amount flo oo ™
conditton 1
concerned ) .
pomnted out that while the equilibrium 1n closed systems 15 the
state of maximum entropy, the steady state 15 one of mummum
entropy production owing to the flux of matter through 1t On
equating all rates to zero and solving we find the following
values for the steady state concentrations of the components If
the product Xkx, which s the constant amount flowng nto the
system, 1s written Qx we have

A=0x (KABKBcKan‘ KABK50+KAB+ _L)
ky kop  kse kan
KpcKep  Kpe | 1 )

= O
B Qx( ky kep  keo

Kep 1

C=0x —I;"(-';c-;) (10)
1

D= Qx;;

E=QXKBB( ky kep ke
= KrsB s

KBCKOD+§£ + 1 )
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where the capital K's are the equilibnum constants and the
lower-case K's the rate constants

The first and most mteresting aspect of the ss {steady state)
values 15 that rate constants and not only equilibnum constants
enter the expressions of all of them Thus means that the absolute
values of the rate constants, which can be altered by the presence
of catalysts, determme the final values of the components This
fact makes 1t immedsately possible to control the composition of
the steady state, the ‘adult” state of the system, by the control of
the nature and quantities of the catalysts present

Secondly, the s s values are independent of the 1l concen-
trations smee these do not enter the expressions This means
that with a given catalytic sitwation, the system will reach the
same state, both s far as 1ts composition {ratio of comp )
and as far as the absolute values of the mdis sdual components 1s con-
cerned, irrespective of the quantities and distbuton i the mitial
state

Thurdly, the rate of supply, the flux rate enters as a factor m all
ofthes's values Its varation wall therefore affect all components
1 the same way and 1t will be elimnated when the ratio of two
or more components 1s considered This means that, although the
absolute size of the adult system will depend on the flux rate, 1ts
composition, and all other properties dependmg on the relative
values of the components, will be unaffected by size of the system

The explicie solutton of the rate equations for a system with
more than threc components 1s not possible (this applies equally
to closed system equations) although particular cases {1 ¢ known
numencal values of the constants) can be evaluated We know,
however, that the solutions will be of the form

4 = Qx(Ax+Ae M4 A Mt Ae Mt )
B = Qx(Bx+Bye My By M 4-Be Mt )

where Ax 15 the steady state value, as given before, divided by
Qx,1¢ Ax= A|Qx Forn components m the system there wall
be # — 1 exponential teems The A terms are the solutions of an
equation of the {# — 1)th degree mvolving rate constants only

The 4, B, C, etc, terms are functions of equilibnum constants,
°

an
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fate constants and nitial concentrations Therr sign may be 4-ve
or —ve and hence these equations can show maxima and/or
muntma

‘The relations m tlus open system are summed vp m Table II

Taste II Oeen System

¥ =poxh
N = f(K, k) (12
dANdte= f(K, Ny, )

We may now discuss some relevant biologtcal propertics m
relation to the mechamsms operating tn the open system Sice
MoSt Teactions 1 an orgatism ate mediated via enzymes we shall
consider the situation where all steps are catalysed

KINETIC MODELS

Regulation

Let the system start with a given complement of catalysts
for all steps, and a certain mitral concentration of reactants (some
of which may be zero) It wall proceed from this mutraf state
towards the ss according to equations (11) and will approach
the values (10) If we now take a second system with the same
catalytic concentrations, but altered mtial concentrations of
reactants, 1t can be seen that the development of the system will be
different but that the same ss valucs will be approached Thn
property of open systems has been called ‘equifinality” It 1s illus-
trated diagrammatically for one of the reactants m Fag If

T for simplicity we assume that m the second system all muesal
concentrations were halved, and if the final concentrations are
hygbes than the sl ones, the ‘half system” will take longer to
teach the same* degree of completion” than the first system (Both
will of course reach the s s ‘at thesame time’, viz when t = &
The precise e relationships are comp’lcx and wll depend on the
system, but companng ‘equal stages’ 1 most cases the ‘half
1 ] arron at that stage 1 less than twice the tme
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We can compare this behaviour with the phenomenon of
regulation shown particularly in echmoderms and amphibra We
may provisionally 1dennfy the cytoplasm with the reactants and
the nucleus with the catalysts (In later discussion we shall examne
the justification for this and any modification required )

The many studies mvolving separatton of carly cleavage cells
ot fuston of two, have shown that the amount of cytoplasm docs
not affect the ability to produce a normal type of orgamisation. In
some cases of amphibia the adult appears to reach the same (or
very nearly the same) absolute size The same apphies to mam-
malian 1dennical twins As far as time relationshups are concerned
few data are avardable, but Tyler (Biol Bull 68 (1935) 451) reports
for examplethata grant (double) sea urchin reached the pluteusstage
1n 64 hours while the notmal took 84 hours—less than twice the
tume At that stage the sizes were still different and there 15 no
eveidence m the case of sea urchmns as to whether the ‘abnormal
pluter would develop mto normal sized adults

The system described will reach the same s's even if the mtial
proportions of the substrates are altered The many expenments
which have been performed usimg constriction, cautensation and
removal of parts of eggs have established the emstence of gradi-
ents For normal development only restracted parts {usually m the
muddle) can be removed There 15 no direct analyucal evidence
whether these gradients are composed of substrates or enzymes
In the latter case one would, of course, predict that development
will be abnormal smee the catalytic proportions are altesed by
experimental removal of one end of the gradtent There 1 no
evidence bearmg on the behaviour of eggs where one can be sure
that substrate proportions only have been altered

The flux rate Qg only affects the absolute values of thess,

leavmg the proportions mvanant If we associate Qx with the
rate of feedmg of the organism (or the rate of supply of some
essenttal metabolite), the mvanance of the composition may 8¢
compared with the general observations on starvation Within
Linnuts {sbout which more will be saud) many organisms can s‘;’ “t
remarkable changes mn size depending on the food situation Buf
they sull retam largely the same proportions (Fig 1)
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‘Regeneration’

Related to the property of equifinality 15 the reaction of the
system to disturbances of the ss If some part of the reactants 15
removed, the system will retum completely to the ss The
removal has m fact brought 1t to a new “yutial’ state from which
1t will proceed m the normal manner (Fig IV)

Numerous studies on amputation have shown a great diverg-
ence i the power of regeneration of different spectes or of
different organs m one orgarusm The most remarkable for their
completeness are m the planarian worm and the hydrods Smalt
portions of these can regencrate mto the complete organsm In
some ways this 15 very sumlar to embryonuc regulation, smee it1s
not only one organ but the whole functional organisation which
develops from the portion The 1dentity of the systermic mechan-
1sm 1n both cases does not, of course, argue that organisms show-
nglarge powers of regulation as embryos necessarly sh?w goodre-
generativeabtlities {Thiswallb dentwhenw e
complexsystems ) But 1t does suggest that the two phenomenaare
closely related and may be mfluenced by the same type of agencies

NEW “INITIAL"
# VALUE OF N

CONCENTRATION
x|

TIME OF
# AIPUTATION®
£ or N
ta
TIME
Ficure IV

§ one

Effect of dusturbance of the steady state by removal of part of

cnx;cyonm: The disturbance spreads to other components and
the rate of recovery of one of these 1s also mdicated
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Temperature effects

Temperature has an effect on both the equilibrium constants K
and the rate constants k The precise relationships, wlich are
dealt with m physico-chermical textbooks, need not concern us
here The rate constants ate always increased wath increase of
temperature according to an equation of the form

k= AcERT 13)

The magnitude of E, the activation energy of the step, then,
determmes the temperature coefficient of the reaction rate For a
reversible step the values of E for the forward and backward
constant are, m general different and hence therr rato (1e
kpfkp = K) at two different temperatures will be different In
many cases the effect on the rate constants 1 much greater than
thaton K Ttshould be noted that K may exther increase or decrease
with a rse m temperature {depending on whether 1t 15 an exo-
thermuc or endothermuc reaction) When these facts are considered
mn relation to equattons (10} and (11} 1¢ 15 clear that two systems
kept at different temperatures but 1dentical otherwise, will daffer
both n rate of development and s s values and proportions Even
1f dK{dt 1s stmall for all K's, the effect on the ks wall result m 2
change s the s's {equations (10)), unlike the effects m a closed
system

Smnce all rate constants may have different activation energues,
only very general inferences can be drawn One may distmguish
two classes of rate the duffi which have
very low temperature coefficients, and the reaction constants
which have high to very high coeffictents If we assume that in
system ¢ the constants kx and ky are diffission constants wiule the
others are reaction constants, the effect of a rise m temperature
can be assessed as follows consider two systems Sy, at 2 low and
Sg_at 2 high temperature Assume that for the temperature
difference considered the effect on the diffusion constants kx and
ky 15 neghgible, while all other rate constants are doubled m Sz
Assume also that the equilibnium constants change little wath
temperature On inspecting equations (20) 1t 15 clear that the s s
values of the components m Sy wall be reduced (except D) smce
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Qx(= Xky) and ky remam constant while the other terms are
reduced. The rate of development of the system towards the 5.5
will of course merease

Numerous observations show that thys temperature relation 15
found in many organssms Thus i Drosopila all stages of develop-
ment can be accelerated by culturmg at ngher temperatures At
the same tume the size of the larvae and msects 15 smaller Ths
relation 15 often used for producmg large larvae for embryo-
logical purposes by Jow temperature culrunng  Spmilar observa-
tions have been made for Fanma and Parameasm (sce the review
by Gause, Trans Connect Acad 37 (1047), 17) The case of

mammals 15 complicated by the thermostatic mechanism operat-
. A * -1 - -2 Tnvviane

iuhenotypxc differences as well as changes m expresuvity 2nd
penetrance may be cited However, 1o statements concermng the
magmtude or direction of the change can be made unless the
precise mechanism of a process 15 known

This general relation of the diffusion and reaction constants
neglects the posstble difference m heat loss occasioned by the
difference 1 temperature m organisms which are not perfectly

poikdothermic

* Substitutions’

We have already referred to the fact that the absolute values of
the rate constants enter the expression for the s5 values of the
components. The mfluence of a change 1n the amount of 2 catalyst
on the composition of the ‘adult’ system 15 of obvious genenc
interest Stce, however, we have not yet mtroduced the concept
of the gene, the present section wall merely describe some of the

ubshtuting one catalytic siuation for another

consequences of bt

Thas wall be 1dentified with a change 1n the genetic situation,
he yustification for this wall be left to a fater section.

’ at us again compare two systems S and S, of type (9) \vtt::
ss solutions {10) Both start wath the same 1mtsal conocntr::l;:! n
of reactants, are  brought up’ at the same temperature and are’
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at the same rate Q¢ To fix completely the development and
final state of the system we must fix the quantity of each catalyst
Let these quantities be the same 1 both systems for all steps except
one Let this step be D to Y Our two systems wall, therefore,
differ 1n the value of by, the excretion’ constant S, (with ky,) wall
reach values 4;, By, etc On m;z:kmg the ‘substitution’ ky; to ky,,
we obtam the system S, (s, By, etc) It can be seen (10) that by
enters the exp of all comp ts but i diff ways
While m D 1t wall have 1ts full effect, being the only constant
mvolved, 1t can only affect part of the value of the others We
thus see that the result of a single change in a rate constant con-
trolled by a smgle catalyst can have multiple effects on the
components of the system The magnitude of the effect will
depend on the absolute value of the other constants mvolved and
may be neghgible for some

1f we next choose the step B to C for our substitution, the
situation 1s suntlar It will be remembered that a change m
catalytic amount changes the values of kg and kgp but leaves
thetr ratio Ky unaltered A, B and E will be affected since they
all contain kg € and D on the other hand will have the same
values 1n both systems The degree of multiphcity of effects wall
therefore depend on the position of the affected step i the system
While the situation 1s clear m this sumple system (components to
the *nght’ of a step being mvarant towards step substitutions), 1t
becomes less obvious when closely mterlinked part-systems are
considered

* Pleatropy’

These substitution effects are clearly m Ine with genetc facts
and theory Firstly they show that, by varying the enzymic
situation, phenotypes of varyng composttion, yet having the same
basic organisation, can be obtamed “Secondly, pletotropic effects
are the normal consequence of kinetically lmked reactions The
efiect described 15 *genume’ or ‘pnmary’ pletotropy. In more
complex systems other higher level mteractions will oceur
Wbcther these should be described as*secondary’, ‘physiologieal’,
or "spunous’, 1s mawnly a verbal matter, and wall be determned
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by the methods and/or the views of the wvesugator Althougha
*herarchy of cavses’ can be constructed from 2 system particn
larly when the mam effects are spaced out n tume 1t 15 clear that
the mumal relanons of the components are what they ace &b
sttio and are operatsve all the ttme
Whether plerotropy 1s detected at all will also depend on the
method adopted. Thus, 1f the character studied {t e the parneulss
funetion of the system) 35 for example dependent on all the
componesits which arc affected the single substirution will be
found to have a single effect But the more detailed the analysss
the more platotropy will be uncovered—unul, quite suddenty, alt
pletotropy disappears, namely when (or 1f) a measurement of the
rate constants 1s smade
Returning to the case where the single substitunon difference
was taken at the step B to C, we found plerotropic effects on 4,
& and £ but nonc on € and D From our general analysis of the
rate equattons (11} however, 1t 15 clear that the absolute values of
{pc and Loy enter the rate equanons for € and D, since the ds
ate composite functons of all rate constants. This means that
there 15 a plesotropic effect on the des clopmental pattern of Cand
D but that 1t dasappears as they approach the ss
A number of cases are seported where such a relation has been
observed The case of siderocyte anaemua m the mouse My be
cited (f Griineberg The Genetics of the Monst, P 239) T;“
recessive gene f when homozy gous has two* mam’ effects flex
tatl and belly~spot In addinon these amsmals show 2 um:;‘gl)’
anaeraia which disappears at abont the second weeh after
In fact, since the two ‘mam’ characters ‘may falto manfest thems
selves on account of mhibitory genetic modifiers mé “"]m"‘:‘!'“
environmental condinons’ , while the anzerma shows \ﬂ')g‘ <
sf any, normal ovetlapping™, the larter appears 1o bea b;::;
character for genenc idennfication **The condimen of the o
av bt Ty b safiky e vsed 5 an indreator whether 2 g0
mal 15 genoty prcally f]f or not™ _
anhu obgscngn mz}j{)n e considerable generahty ghc g\;r’
ance of ¢ and D towards substitunon m B to € ;ﬂd ‘;mce :
partscular example of the phenomenon of buffenng
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sepatate chapter will deal with this aspect a few remarks only wil
be made There are probably 2 large number of pletatropic
effects which are buffered out 1n the phenotype of the adult and
are therefore not detected by the notmal methods of sconng As
m the case of f]f, sconng of an embryonic character may be 2
better or safer procedure More mmportant sall there may be a
large number of genes whose presence even remans undetected

because all adult characters are more or less buffered to one value

Deyelopmental abnormalsties

A mechanism showing that 2 subsntution can have an effect
only on the development, leaving all s's values constant, 15 also
operative i system (9) The equation for the ‘branch comporent’
E, shows that the mdrvidual values of ky and kg, a3 such donot
enter the expresston, but only their tatro Kz Nesther Kgg nor
the rate constants enter the ss values of the other components
The amount or pature of the catalyst for B-E, therefore, does not
affect any s s values of the system On the other hand kg and koz
do enter the rate equations of all components 1n the ustal way and
hence an alteration. of the catalync concentranon at B-E wil
alter the course of development of the system but will leave the
final state unaltered

We can apprectate the effect of such a change 1f we ?kth’l‘le

wall be diverted 1nto E but later this *disturbance wilt asappes
Fig Vi shows thus diagrammatically for E and another compo
nent, say C

Casesyof this kind are probably very difficult to recogmse unless
the developmental ‘abnormality” 15 spectacular Ina scgrcgatﬂ“&
populasion this sort of vanation mught easily be attributed o
env 1 co It can, h , be a very mp
evolutiopary mechanism. The cffect of mereasng kzs mdboll’;
can be cegarded a5 a “tume-delay’, or 2 'stretching of meta "
ssme’, smee 1t retards the approach o thess without aﬁ'ccﬂ‘:gdc
This may be of considerable survival value mn 2 sruanion it
fength of development must be closely related to for cxamp




211

PHYSICO-CHEMICAL ASPECTS

anfea [E0Y 81 $AYITA ) YPOTYM
1¢ 973 11 w1 AepPp Furpuodsesos € put I T J00YSISA0 UE saonpord ¥y pur #9y josnjea 1 w SsTanU
ay, pamirun a3t sTuwnoduiod {[E o sn[TA 1S Apeass oyy, g 02 g dois aRAEIT o 3T UOTMNAGAS JO 19IPT

1A BH0OLL
38y LI gy < 3y v (Fey ¢ W)y e
— = .
LER S L ] iy < 91y ¢ (Fy ¢ 9ig)y
anIL

NO1IVHINIINOD



212 THE STRATEGY OF THE GENES

theplantiifecycle Formstance, transfer of an msect to atother eco-
logrcal situation may demand 2 longer penod of| pupatton, and this
mechanism achieves this withou changmg the aduke phenotype,

Although no single gene has been reported which shows this
phenomenon, there 15 ample evidence m Drosophila that length of
development can be altered by selection without (sppareatly)
affecting the characters of the adult

In this connection the mutant *spherordal m D fumebns (Crew
and Averbach, Proc Roy Soc Edin 57 (1936-37), 255) may be
mentioned The mutant affects the size and shape of the eggs {is
1ts name 1mphies) and 1 therefore 2 ‘maternal effect’ Howeves, the
females carrying sphfsph are mdisungusshable from /4 females
and agam males and females hatched from spherordal eggs are
wild type 1 appearance Takmng as our developmental cycle the
peniod from adult mother to adult daughter we can compare the
pattern of +-/+ and sphfsph Both start and finssh at the same pomt
but their paths differ by the ‘transient” appearance of the egg shape

‘Larvae’

If the ‘branch component’, E, 15 not regarded as 2 simgle
substance but a sub-system (or the first component of such a
system), the behaviour discussed above describes m a formal way
the passage of an organism through a larval stage The comylem}t\y
of the branch system can, of course, be considerable, and the
time of 1ts duration prolonged The emergence of the final state
may be gradual or may be tnggered off by a threshold pheno-
menon The sigruficant property is that a temporary orgmu:;:w:
15 butlt up, which may appear to approach a s, but W os1
built-up matenial 1s eventually *sucked back into the mam channel,
to be reorganised 1n the form of the aduft The mferestng cascb o
the anolot! shows how well adapted the branch system can 5
comne, and how difficult 1t 15 1 practice to deade whether ¢
system 15 near to the s ot merely near a meta-steady state

Site of gene action e
utson at B-C we may
Retumning to the effects of a substy o ke

the question of the ‘sice of prumary gene :,vcucnc e
obvious answer 15 that 1t must be at B and € becaus
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the rate constant has been changed But we have scen that € 15
unaffected by this. Can B then be constdered as the site? Inspection
of the equation for B (10) shows that kg, the affected rate con-
stant, appeats as one of three terms The contnibution which this
term makes to the total B may be large or small depending on the
values of the other constants It 15, however, precisely the same as
1ts contributton to £ Both B and £ are equally affected by 2
change 10 the value of kze From the pomnt of view of effect,
there 15 nothing to choose between the two 4 wall of course also
be affected, but m a somewhat different way owmg to the addi-
tional term 1k, In more complicated systems the situatton may

anse where the q; e cffect of a sut 1on may be very
shght 1 the d ghbourhood” of the changed rate
constant, due to comp by a buffering mech: but may

have serious consequences 1n a ‘distant’ part It 13, 1 fact, very
difficult to assign any precise meanmg to the term ‘distance’ with
reference to these problems, except pethaps by the number of
intervenmg components Certanly the magmtude of an expen-
mentally determmed effect 1s no sure guide (cf C) as to the kinetic
proximity of the component to the affected step

4 suggestion concermng the recogmtton of distance has been
made by Gruneberg in connection with the flexed-tail belly-spot,
anaemn pletotropy of fIf mice “Now 1t seems that whenever a
gene has constant and mconstant mamfestations, the constant
manfestation 1s nearer the primary gene action than the variable
one” From thus 1t 15 argued that the anaema 15 “nearer’ than the
other mamfestations

Our considerations do not lead us to such a sunple relanion It
would only be true 1f each manifestation were a necessary conse-
quence of the preceding mamfestatron

M, causes My, causes M, causes .

1 all three f are causally ¢ d to a preceding
event (and this seems a more reasonable view) the constancy o
mantfestation will depend on how well the respective paths P,
Py and P are buffered wath respect to environmental ot genetic
vamations The kinetic proxmity of each to E 1s unumportant. The
discussion of buffered systems will deal with this more fully
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M,

Sub-systems

So far we have considered a number of properties of systems of
type 9 1 relanon to some well-known brological properties of
bhving organisms However, system 9 {(and more comphcated ver-
sions of 1t) have other properties which are clearly contrary to
bologscal facts For example 1t 1s immortal as long asat 1s fed by
X, 1t does 1ot reproduce atself, ats adult propernes are determned
by the catalysts present as a full complement from the begumng
1t shows consplete regnlation and regeneration towards all tempor-
ary disturbances, and 1t can grow to an unlimited size dependent
on the supply of matersal We shall therefore enquire what new
aspects anse when we modify or complicate the basic organsationt

so far considered i’
System 9 d of five comp and each was consid

a recogmsable character of the system If we extend oue system by

bining a number of sub-systems of type 9 we obtaw the fol-

lowng system

x_,‘__’,)_A::—;ﬂ =D
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We have seen (10) that the ss value of the last component of
sub-system I was

D = Oxlky
The rate of supply to sub-system 2 15
Ry = gky
dt
but at the ss 1t wall be
Ry = Dry
=Qr

The same applies to all other sub-systems arranged i serres At
thess the rate of supply 15 Qy to all sub-systems rrespective of
the catalytic situatton m each  As far as substitutions are concerned,
each sub-system 15 autonomous and the 55 values for 1ts compo~
nents will be of the same form as m (10} Pletotroprc effects on
adult characters therefore operate only within sub-systems (f
they are organused i thus particular way) If we take the whole
sub-system (or a composite function of 1t) as a “character’ we can
see that 1t 15 possible to effect changes 1n compostition and absolute
values of charactess 1, 2, 3, etc, mndependently of each other
Thus elumunates a great deal of plerotropy that one mught expect
causally dependent ar * The devel I path,
however, 15 affected, but m 2 unidirectional way Substitutions 1
a sub-system affect the develop of succeeding systems but
not of preceding ones Ths 1s a consequence of the fact that they
are connected by wrreversible steps

Tt should be noted that 2 change, say m k., the supply constant
for sub-system 2, does not result m any changes m the's s values
of that system (or any subsequent one) This mvanance 1s achieved
by an approprate adjustment of the value of D so that

Dxky =Qx=Ry=Ry= ..

Sub-systemn 1 may m thus mstance be regarded as a buffer for the
s values of the subsequent systems, towards changesin k  This

® (CF the system described by Waddington, J Gen ST (x053) 243, where
genes acting on the same process are descnibed as ‘homodynamic’ )
P
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nvariatice 1s mamtaned 1n spite of the intimate causal dependence
of the systems on ky, A cursory mspection of the scheme would
not give this answer

‘Epistasts’

The ss valuc of any component of a sub-system may be
altered by all the rate constants entermg the expression The
quantutative relations resultng from substitutsons of several con-
stants (several ‘loct’) will be additive 1f smgle components are
taken as characters If, however, the character of the sub-system
15 a function of several components, mvolving ratios or products,
mteraction effects anse. A numerical example will make the pownt
clear.

If we take as the chatacter of sub-system (z} the rato of s last
two Components

¢ =CiD

From (10} we find
k
‘ ¢ CiB=Repto—
kep

Assummng two ‘alleles” for each of the rate constants mvolved we
can find the values of ¢ for all four combinations Choostog con

venient magrutudes

Kep =1ky =2, kep =2,
Ry =13 khop =83
‘Expested” value
“Allelie’ ky &b Addtwe Fam;:l
combination | Ken [ (X 100) i’f’i"ﬁ- w
ky kep 3 ¥ 150 } e ]X( }
X
'y ken % 4 100 ~75
ky k'op $ S 75 "—'_’”’T
e s°
Ky Hop 3 ¥ 625 (25 .

cs e 0 “exp
From the differences i the first three combinatrons the “ expecte
ests 15 25 whtle the

value for the fourth on the additive hypoth
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actual value 15 62 5 A factonal analysis of the differences gives a
value of 50 We have arbitranly chosen the rato C/D as the
character In more complicated systems, with feed-back or
divided flows, smple components can show epistatic effects, smee
the function of therr ss values contams terms wath ratios or
products of rate constants

Size effects

‘We have already mentioned the branch component E and that
tt may be the first term of a sub-system The behaviour of this
type of sub-system chffers, however, from thosc described above

O[O

; ©

FE=R
1
S
‘The s s values will be as follows
KpcKep Kpe | 1
B- [ S
0+ ky +kcu ksc.
E =KzsB
F = KpehesB '

G = K¢rKreKpaB
B = KgrKreK B

We note that no rate constants of sub-system {14) for any
subsequent to (1)) enter the s s values Except forB 1t acts like an
equilibrium system Thos 15 because at the 55 there 1s no flux of
mattet through 1t, although 1t 15 of course m dynamic equibbrium
with B. While we can thus make no changes to the s s values by
altermng the sub-system rate constants, the cffect of B 1s of mterest
Substitutions 1 (x) affect the components of (1) m a pletotropic
manner as discussed before In so far as these affect B, they wall
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have the same effect on all components of (10) 1e wwillbes
quantitative cffect only

Irreversible effects

Temporary disturbances, whether fuctuations m matesal sup-
ply or temperature, mitial changes in quantines or ‘amputations —
all affect the developmental pattern butnotthes s of thesystemsso
far considered This 15 56 becanse the comporents of the systems
were all consydered soluble, each step reversible {except the mer-
system steps) and all steps first order reactions While ths may be
true for some biological components 1t 15 cleatly not true forall

Themtroduction of msoluble components will have the follow-
mg Consequcnccs

.___>.J RE== L ==
4

ks, ks

5
Kinetically a solid 15 distinguished by the fact that 1ts activity does
not depend on the amount presens The rate at which 1t s con
verted 1s therefore constant
~dS{dt = ksz xS = constant

=8
(Sa like Q, 13 2 1ate)
The rate atzw}nch 1t1s produced however dependsn the usual way
on the concentration of L

dSidt = krsL

which wall vary durng development The compo
reach a stattonary value except under the very sp:
when kisL = Sy
In general L will have a different value If

ksl > S,

nent S will not
ecial condition
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the ss will be the one when all other components have constant
value and S a constant rate of increase, smce

dSjdt = kst L—S,

There are many biological properties which show nearly constant
rate of production (hair and nail growth, red blood corpuscles,
etc) Thus 1s not the same as mamtaming a constant quantity m a
*soluble system” where the amount present determumes the amount
beng produced

If

krsL < 8,

the ss system will contam no S, though 1t may be temporanly
present during development

In view of the constant activity of S the absolute quantity of S
atany time 1s unrelated to the state of the system at that tune but
15 dependent on the past hustory Temporary fluctuations of, for
example, Q;, will be buffered out m the soluble components but
will leave their mark on S

S atself can therefore be regarded as a buffer or reservorr A
sudden temporary mnerease n Q, will be smoothed out rapidly,
since a large amount wall spill over mto § Sudden cessation of Q,
will have less serious consequences, smce § 15 still bemg sapplied
atthe constant rate §; The carlier i the sequence such a reservoir
15 situated the more effective 1t will be as a buffer and the more
rapudly the disturbance wall be damped

Component S may be connected to more than one sub-system,
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In this sstuation 1t would act a5 2 constant source of supply to the
1 11 1 1 1 a4 m . -

same form as the open system wath which we started Instead of
Q. a new flux rate 1s R, substituged This 15 however not sumply
Sk, but also a finction of the formation constant, kg, and the
other constants in the system

Rs = Spf(kp byyko ks &)

At the 55 as before, the flux through all sub-systems from {g)
onwards will be Ry, but this will now be affected by substiturions
m {4} Substitutions 1n (5), (6), etc , wall, of course, not affect Ry
Epistatic effects will occur 1n components of (¢)

We thus see that the tesult of interposng 2 solid compapent
has the effect of making subsequent systems tmyacant towar
flucruatsons of matenial supply The system can now ‘feed et
mttently (as most hagher orgamsms do) and yer mamtan con
stancy of part of its organusation The buffering 1s achieved byan
expansion or contraction of the amount of § Tras complete buffer-
ng for systems {4), (s), etc, and parnal for (1) {2) (3), e1c

*Phenocopres” .
Another type of organmsation which records the effects ©

temporary fluctuatrons 1s the following

| TS U =S

kp

b3

¢ subsystem) P s seevessbly connected 82

he component (o
T P { rate equation for P18

pranch to another sub-system The
dPjdt = kU
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and hence 1t wall vary according to the fluctuations in the develop-
mental hustory of U As 1 the case of the sohid § 1t wall reach a
stationary rate of mcrease and not a s s value

dPjdi = kU
Let us assume that the vanation i U 15 such that 1t reaches high

values durmg pare of s hustory but settles down to a low 55
value The plot for dP/dt may then be as follows

A ca be ween normal and fuctiat on
furves 8 equal to area betweers o mal
and subst 1 on curves

dp/dt

Tme of changed
> temperature level
L
ThiE
———— r{rlcovstaNT) ) Z o P ( NOBUAL SYSTEW)

? ( FLUCTUATION SYsTEw)

=== f{T(FUCTUATING) k)

=== e(rovsTANT) k) E P ( SUBSTUILTION Sysrew)

Fiouse VII

Comparison of the effects of a fluctuation (e g temperature) and

2 substitution (change 1n onc of the k3) on the quantity of an

ureversible component Note that the ordinate 15 the rate of

production of P and that the quanticy (or concentration) 1s grven

by the arca underncath esch curve  The curves shown here

result in the same increase 1n P by etther of the altered systems

The resultng total P s are 1dentical except i their past history
The quantity of P1s given by the mtegral 1¢ the area underneath
the curve Now compare this‘normal curve with one where the
system has been subjected to 2 temporary fluctuation 1 say,
temperature  Let us assume this fluctuation has resulted m 2
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temporary larger accumulation of U The result on dpjdt ss given
1 the second curve Although the begmning of the effect will
comerde with the begimming of the fluctuation there 152 lagn the
return to the normal curve owing to the fact thar U stself will
show a lag n returming to 1ts normal values Although both
and dB/d; wll be the same in both cases, the total quantity of P
will be greater for the second case The effect on P 15 therefore
permanent The same ncrease i the quanuty of P can be achieved
at constant temperature by a smtable substitution m some rate
constants This 1s shown m the thied curve The areas under the
fluctuation and substitution curves are the same and hence
Py = Pg I{ P {or a function of 1t) 1s the character, then the two
will be indistmgushable

Ths situation may be compared to the production of pheno-
coptes The effect of a single substitution can be imtated by an
appropriate treatment The twao effects are clearly not identical
particularly with respect to pletorropic effects But these may be
buffered out so that, at a superficial Ievel of analysts at any rate
the two may be said to be the s3me

Another interestig feature concerns the time of treatment It
can be seen from Fig VII that there 1s a tune wmterval dunng
which the bulk of P will be produced Fluctuations wathin this
period wll therefore have the greatest effect winle considerably
before or after no sigmficant alteration m the total quanuty wil
be made This 15 m Jme with the observations of sensitive periods
for many phenocopies

Although 1t was stated that P does not reach a 55 value but 2
constant dP/dt, 1t 15 clear from Fig VII that P effectively reaches 3
constant value, a pseudo-ss value, since 1t ncreases only msig-
mificantly after a certam time Components of thus type are there-
fore lad down at more or less defimte periods, as distinct from
true $5 components which are constantly bemng mantamed 3t
¢hat level In most cases where 1t has been mvcsugatcd 1t has beﬁﬂ
found that the sensitive period comerded with 2 physiologcally
enittcal penod where some structure such as an Anlage ”;"m
We may suggest that the latter petod 1s1n tum determine Kc!\t-
“kmetically cateal pertod’ of a pseudo-steady state cOmPpO!
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‘Determnation’

Components Itke P which are produced ‘once and for all’ prob-
ably form the majonity of structural components of an organism
In the discussion above 1t was not specified whether P was soluble
or msoluble The analysis m fact, apphes to exther Sumilarly the
production of P was described as sreversible, but the same general
conclustons can be reached 1f a reversible reaction 1s considered, so
long as the forward step 15 very much greater than the backward
The composition of such a component may therefore change
slowly wth time and 1t 15 a matter of expertence from tracer work
that structural components have a much smaller turnover rate
than“metabolic” components Too much emphasis 15 occassonally
laid on the *dynamc state of body constituents’ A great number
mamtan ther mtegnty over long pertods of ttme These more
permanent components will differ significantly from the *dyna-
mic’ components and conclusons dertved for one class do not
necessanly apply to the other

It can be seen that the process described has an important bear-
mg on the problem of determnation While a reversible system
shows complete regulation a system contaming 2 number of
Permanent components cannot retrace 1ts steps completely Thus
if we picture a system with a number of components whose
kmetically critical pertods are spaced out m tume 1t follows that

ete 15 an mncreasing mability of the system to reconstitute stself
Different systems may differ considerably m the time at which
such processes occur Some may have passed such perods at the
tume which we choose as zero and which we 1dennfy as the tme
of fertilsation The ‘mutial’ state of the system has of course a

bustory of sts own Systems may differ as much i ths as m thetr
future developmental hustory

*Maternal effects’

a sumilar way one may mterpret the occastonal mfluence of
thegenetic constitution of the mother on the phenotype of the off-
sprng During oogenesis matertalsare bemg supphed to the cocytes
bythematernalsystem Although wehave seen thatnerther propor-

t1ons nor quantitics of componentsm the mitial state mfuence the
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ss of a reversible system, 1t 1s now clear that rereversible processes
waill be mfltenced Thes 15 not the only type of maternal effect, and
another will be mentioned when we discuss the nature of the gene

BUFFERED SYSTEMS

A system can be completely defined by a set of parameters and
the funcrional relations between them These parameters may
stand for concentrations, quantities, rate colistants, temperature,
tme, distance, volume, etc Some of these may themselves be
functions of other parameters not explicnly occurmng m the set of
equations descibing the system In such a case 1t 1s exther imphed
that, for the purpose of analysis, no change m the value of these
parameters will be considered, or that, m fact, they do not change
Some parameters may usefully be described as the ‘external or
environmental parameters, some as‘mternal’ or those of the system
m the restricted sense of the word Inany particular mstance itmay
be difficult to decide mnto which class to place a certam parameter,
or whether to change 1ts classification when different aspects of
the system arc bemg constdered, but often the chorce ss quite clear
‘We shall be concerned with the effect of a change m the ext
parameters on the system as well as the effect of mternal changes

General charactersstics

‘The statement that a parameter belongs to the system mphies
that 1t 1s expressed m a functional relation to at least one other In
consequence most parameters are functions of many others, and a
change m one will, n general, affect many others In any particu-
lar system, however, there will be some parameters whch ared‘z’ ery
nearly or completely unaffected by changes m some of the others
The conditions of this mvanance or buffermg wll be the subject
matter of this chapter It 15 desirable to state at the outset Wl::n :
statement such as ‘the system 15 buffered” has no meaning e
may be significantly asserted about a system 1s that ccmcl;rm -
tions of its parameters are mvartant wath respect fo certain 3 -
A well known case may serve as an lfustration. Cerait lef;;‘ s
of acxds and salts 1n solution known as pH buffers, wall, on :n "
t1on of acd or alkali, mamtam the pH unaltered The functs
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the system that 15 mvarant 15 the H 1on concentranon Other
functons, such as concentrations of particular molecular species,
or osmorC pressure, are obviously not mvarnant when more 2c1d
has been added In fact changes m these functtons must take place
m order that the pH may remain constant Furthermore, the sys-
tent may be subjected to changes other than the addition of H
1015, such as changes m temperature or dilution Towards these
the pH s not necessanly mvaniant And lastly, complete mvariance
overall possible ranges of Hion additionwill not bemantamed The
buffer can only cope withm certanluruts, and even withm these the
buffermg 15 not absolute, 2 ¢ dpH/dH has a small finste value Thus
function 1s the degree of buffermg and 15 not necessanily Imear
To describe the behaviour of a system 1n terms of 1ts buffening
rramame o b o £ e — #~esmse 1) The function under
which are changed,
These Limitations of
the term ‘bufferng’ must be clearly bome m mnd, 1f 1£ 15 to be
used n any but 2 metaphorical sense 'We may use a diagram~
matic rep of the ph as follows
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On the ordmate are plotted the values of the varable paramteter,
and on the abscissa the values which a pasticular function 1 the
system has under these conditions. Within a certam range of the
vartable the degree of buffermg 15 given by the slope of the lme,
verticality beng complete buffering for that range T s clear from
the diagram that a knowledge of the behaviour of the fwo func-
tions withmn a certam range, say b, 15 not necessanily a gmdc to
therr behaviour outside We must now enguure as 1o the pussxb]c
mechamsms which may bring about such mvariance of 3 fimction
towards changes in certam parameters

The first type 15 1 a sense a trvial one and may be called
‘mvarance by exclusion’ It operates by the fact that the alleged
change 1 the parameter 15 cancelled as far as the system 1 con-
cerned Let us take, for example, a function whose value 1
dependent on temperature It 15 clear that the presence of condi-
tons which mnsulate the system agamst changes of temperature,
apphied externally wall have the effect of buffermg the system
wath respect to such changes Thas, for exampls, the provision of
a constant temperature by the mcubation of eggs, or the surround-
g of the embryo by the thermostar of the maternal body,
ensures a hugh degree of temperature mdependence What has
happened 1 these cases 1s that temperature as a variable has been
exccliided (or at least reduced) Funcrions of such systems are theses
fore buffered agamst changes m environmental temperatuses
because, in fact, they never experience any changes The problem
of how this mnvanance by exclusion 1 brought about 15 anothet
matter, and may mvolve other mechamsms But these donotenter
the discussion if the system 15 chosen as the embryo only )

The sccond type 15 best described as ‘mvanance by ms«gm!ld
cance’ Briefly it velies on large quantinies—large, thars ¢OmPIC
with the effect whuch the change produces We may take a;“g
examaple a system which consists of two substances only, W e
are 1 equilibrium such that one of them 15 greatly m excess ©
other

A=B, A®B

ma’
Change 1 an external parameter, say again temperatute, MY
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shuft the equilibnum towards B, say to twice 1ts ongmal value

This, however, will constitute only a very small reduction m the
guantsty of A, which 1s therefore practically mvarnant, while B has
wncreased 100 per cent However, not all functions mvolving A
are so buffered, as 15 evident when the ratio A/B 15 considered

This would be reduced by a factor of nearly two A number of
functions or ‘characters’ which are known to be dependent on the
same substance may therefore show very different responses to a
particular change, dependmg on what function of the substance
1 concerned m the c} The magmf ot 8
connected with the expermental imitations of the methods of
measurement, and thus aspect has been described as the ‘scale
effect’ For 1t 15 clear that on an appropriate scale even the msig-
nificant changes can be quantitatively defined. It 15, however, a
fact that the accuracy of most methods of measurement 15 some
function of the absolute values of the quantity measured If there-

F S .

foratha rhaomncand 1 ol oD e o PRI RV S

erable part m many biological processes, although its demonstra~
tion 15 often difficult

"The thurd type of mechantsm 15 probably the most common and
most tmportant, and 1t 15 the one to which the term buffenng 1s
most appropriately apphed Its nature 1s suitably described by the
term ‘mvanance by compensation’ Unlike the first type, changes
of parameters do affect the system and wnlike the second their
effects are not necessarly negligible Or, to be more preasse, 1t 1s
the mitial effects which are not neghgible It 15 the property of
this mechanism that these mmitral effects set mto operation a cham
of further effects whose outcome 1s the eventual cancellation (or
partial cancellation) of the mitial effect Thus, 1ts mam character-
sstic 15 that of the feed-back An mmportant aspect of 1ts operation
15 that there 15 a time-lag between the onset of the change and the
completion of the compensatory process The range of this time-
lag extends from fractions of seconds to years, and on thus basis
mportant distinctions between ‘physiological responses’ and
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;acquucd characters’ have been made These will be discussed
ater.

Withm the class of compensatory mechanssms two sub-types
may be distingushed, described wath reference to the outcome of
the process, by h (s me) and b (i
=similar) respectively

The complete regeneration of parts of an organ o the restora-

tion of the s after a disturbance are examples of the first sub-
1 1 r 1., 1T LT an

Change 10 this SItUAION Wil SNHT TS €qUILDIIUIN 10 4 HEW i
Provided no elimmation of any alleles through dnft has taken
place, the restoration of the original selective situation will result
1n the restoration of the ongmal gene frequencies (Ths 1s often
described as genetic homeostasis although the root homeo appears
to be derived from homoros and not from homos )

The second sub-type 15 exemplified by pH buffer systems, or
by the hypertrophy of one of a pair of organs if the second 15
amputated or destroyed The reaction of the system tends to
restore some function to 1ts onginal value (pH or overall fime-
tional capacity) but mevitably leaves some other aspects of the
system 1n a different state

The adjustment of a system to very nearly the same state, the
buffermg of one parameter by adjustment of others, 15 probably
much more frequent than the complete restoratton of the status
quo The demonstration of this, however, depends on the senst-
trvaty of our analytical methods, and m brological matersal there
are formudable obstacles to the complete analysis of a given case
The multiple mteractions m brological systems, whch make the
unravelling of casal connections so dfficult, axe 1 fact the causes
of the remarkable buffering capacity so often encountered

Number and complexaty

Both the time-lag an
large number of factors Except for very sumple systerms,

4
practicable to develop quantitative arguments Swce most of

d the degree of buffermg will depend on3

1t s not
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biological cases are assoctated with very complex systems, only a
qualitative description of some of the factors mvolved will be
given

In a system consisting of many members 2 number of factors
will be important 1 determuming 1ts behaviour m two different
acumstances The first 15 the actual number of members Let us
take a sumple sequentral chan, for example,

AT R gt—sp Y LI Y S ——
3

and consider a disturbance imposed on the steady state of this
system This may be, for example, the removal of part of one of
the components, say C Now smce C 15 n feed-back connection
with eventually all other members, the matial effect on € 13 more
quickly damped and the effect of the disturbance on 1ts nexghbours
smaller than 1f the system consisted of, say, three members only
Ths 15 50 because the rate of recovery of C depends on the -
values of 1ts d ghbours, B and D, which
will both decrease immeduately after the disturbance This de-
crease will be the less the more raprd 1s the recovery of B and D
and this agam depends on thesr neighbours We thus see that the
longer the cham on either side of the primary effect the more the
consequences are dustributed and damped, and the more nearly
the rate of recovery of C will approach 1ts maximum, which 1s
represented by the case when B and D do not decrease at all
A somewhat sumilar aspect 1s revealed when we consider the
effect of a change m the rate constants Thus may be duc exther to
asubstitution (allele), or to a change in conditions, say pH, which
affects the efficiency of the catalyst Whule the disturbance at C
discussed above was an example of complete buffering (restoring
of the steady state values), the change in the valuc of a rate con~
stant permanently affects the parameters of the system Dependmg
on the position of the constant m the system somc members’s's
values are affected, whilc others’ are invaruant, although they wall
suffer a temporary change This hay already been discussed m 2
previous section (cf eq (10)) We can now sec how the number
of members affects the change m ss values due to a rate constant
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change On mspecung eq (x0) 1t 15 seen that the number of mem-
bers m the sequence determines the number of terms of the 55
value of the first component The larger the number of members
therefore, the smaller will be the effect of a change m any one
step The degree of buffermg 15 therefore meseased Although
subsequent members have successively one term less m thesr s s
values, and are therefore more sensitive to changes they ganm
their overall buffering behaviour by having successively one step
more towards whuch they are completely mdependent In general
then, the larger the number of members, the less senstnve will the
components of the system be towards changes of external or
nternal parameters There 15 safety m numbers

Developmental buffering

‘While both the tume-lag and degree of buffermg are thus seen
to be functions of numbet of members, there 15 another mechan-
1sm which affects time-lag without change m number The 5
value of g (x0) {of which the first component 15 again giver)

RanKncKep KapKpo  Kap 1
- Qx( ky + kep  kso kAH)

shows that the value of 4 can remamn constant if all the rate
constants are mereased by the same factor as Qi 15 decreased (and
wice versa) The difference 1n tesponse of two such systems ©0.2
dusturbance 1 best dlhustrated by a mechanical analogy Consider
two spiral springs fixed so that they are compressed and act, V132
disc, end to end m oppoute drections

%

7

’ he plane separat
Dependng on their respective Young’s modult ¢
mfgythur %ontaa emls{)mll have an equiibnum posn:;)nrh zf: u:
dssc 15 dusplaced m one direction and then released 1t - g
1o osaillate back and forth unul st settles down agam
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ongmal position If the sprngs are ight and friction small the
time-lag may be considerable By replacing the springs by two
heavy ones {such that the equilibrium posimon 15 unaffected), the
same displacement will now result 1n a very rapid retumn to the
ongmal position
Systems 1dentical 1n number of members and time mvanant
values may therefore show considerable varation 1 the rate of
tesponse towards a disturbance  Although this has been discussed
by reference to a disturbance of the steady state of a system, 1t 15
clear that similar consideranons apply to the tme course of a
developing system. Under a constant set of conditions, mital and
persistmg, the course of development 1s completely defined Each
component {or any other function of the system) will have a
path along which 1t moves towards the steady state If the system
durmg 115 development, 15 subjected to random fluctuations of
some of the external parameters, the actual path which any fune-
tion follows will deviate from the normal to a greater or lesser
extent Ths deviation wll, apart from the extent of the fluctuation
tiself, depend on the ‘retumn pressure’ of the system A function
which rapidly retums to the normal path may be said to possess a
high degree of developmental buffering with respect to environ~
mental fluctuations
While i the homogeneous kinetic system whuch serves as our
model this degree of buffering 15 only recognused by the deviation
of the actual path from the normal (the s 5 values being the same),
10 organisms many of the fluctuations are recorded m the adult
ghcnotypc ‘The reason for ths has already been mdicated mn the
on ph pres It 1s {ly due to the fact that a
number of effectvely 1 ble p take place dunng
specific stages 1 develop and these are dependent on the
value of certam parameters during that nme A fluctuation which
ects these parameters will therefore have a permanent effect,
observable m the adult This wall be reflected 1 the environmental
component of the vanance of the character when 1t 1s measured
a popul developmg m the usual fliciently controlled
(or uncontrollable) conditions

From the simple example quoted above we can thus see that
q
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DISTURBANCE

QUsRTITY

TINE

T—t— “NORMAL" paTE

T SMALL RETURN PRESSURE

T === BiGy RETURN PRRSSURE
Frgueg IX

Comparsson of rwo systems differing 1n therr rate of tesponse to
a disturbance but reachung ¢he same position finally

there may be two systems {which may be individuals or populs-
trons) whch, though showmng the same mean values, may diffec
considerably m their varance Whether a particular kind of
bufferng 15 of advantage (physiologically or selectively) will
depend on the parnicular arcumstance Invarance of a 051"1”‘
function may have adaptive or contra-adaptive value, and the
demonstration that many responses appear to be adaptive B
strong evidence that selection has operated to produce systems
that will so respond  Cases where a particular response 15 m':;‘e'
adaptive have been much Jess studied, pi,zxa‘txlly, éxcr:ﬂ}z’g’;:“”
ults appear to gve less mformanon than a aptive

" The o : t factor affecting the buffening m the system

The second mayor "
(o, more generally, affecting the response cha.ractcnsaa)d x;l 3‘:‘;
plexaty, Thus 1s very dificult to define in general terms (an
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may have little meaming outside particular cases) It 1s clearly con-
nected with number of comp smce they d the
mumber of ways of arranging the system. It 1s also connected with
the mmber of feed-back sequences, or ‘loops’, which exist By
introducng a new loop, the system 1s made more complex by the
fact that this creates new mteractions between components With
each new the resp 1 1stic of the system 1s
altered It1s, however, not true to say that all new feed-backs tend
to merease the buffermg This 15 obvious when the nature of an
autocatalytic reactron 15 considered
Take a simple reaction

k
A———— B
where the quantity of A 15 considered to be very large The system
hasno feed-back and the quantity of B produced 1s ndependent of
the quantity already present If we now mtroduce a feed-back
such that the quantity of B determunes the rate at which B 1s being

produced,
L5\

A > B

wesee that instead of tending to Limt the quantity of B 1t mereases
1ts rate exponentially

However, the mtroduction of a feed-back affecting the quantity
of B will result 1n a buffermg of B

These relations are shown m Fig. X.

Temperatute bufferng

¢ 1n the examples treated above, we have been concerned
with disturbances and re-establust of cond which
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QUANTITY

e

§. CONTRA-BUFPERED

2. NON-DUPFERED

3. BUFFERED

Figuee X
operate through a mass effect, these are other factors affecting
thie behaviour of a system towards which mvarnance s found. One
of the most smportant 1s temperature We shall here not be con-
cerned with the elaborate mechanisms operating 1 higher 3=
mals such as the alterations m blood vessels and the evaporation of
water from surfaces, by means of which the heat balance tends o
be adjusted In many lower organssms, no such systems operate,
and yet 1t 15 probably mmportant that the organism should showa
certam amount of buffertng towards changes 1 temperatice
Below we shall give a possible mechanusm operating ona chemuta
Tevel, which tends to reduce the apparent temperature coefficient
of a reaction and may reduce 1t to zero
Constder the system

k k,
1 3
AMTB —S
2

where the converston of A to C1s measuzed Acany grven zcmp:n-
ature the rate of production of C will depend on the copcentyaty
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of B present I 1t 15 assumed that the absolute values of the rate
constants ky and b, are larger than kg, we are effectively measurmg
the latter rate constant The temperature variation of ky wll, as
usual be determmned by the activation energy for ths step, and
hence the merease i temperature wall result i an appropriate
merease m the value of k; However, 1f the equilibrium constant
K of the A to B reaction has a negative temperature coefficient,
te if the heat of reaction AH 15 positive, the concentration of B
will decrease with a mse m temperature, thus tendmg to oppose
the effect of the mncrease n the rate constant &y It1s clear that with
certam relative values of K and ks, the nett temperature coefficient
of the change 4 to C 15 zero, and thus would constitute an effective
buffermng of thus step towards temperature fluctuations It 15 of
course, possible that the mass effect outwesghs the rate effect,
which case an apparent negative activation energy will be found

It 15 not uncommon to find such apparent violations of the
stability conditions of a reaction when a very complex set of
teactions determuning a final character 1s studied m relation to
temperature The only case which has been mnvestigated m detail
15 not 1n biological maternal, but conscerns the reaction

+0
2
N0 E== (N0),—>— 2N,

where a negative temperature coefficient 1s m fact found

THE HIERARCHY OF THE CATALYSTS

The discusston so far has been concemned with the fate of the
system’s components under the nfluence of a certan complement
of catalysts These, both as regards quannty and nature, were
regarded as fixed and present m the iunal state of the system
These 1p notn dance with the observations that
1 living organisms certamn enzymes make their appearance at
various stages of development, or change 1 quantity throughout
hife, and that enzymes are unstable to varymg degrees and there-
fore must be continuously synthesised In any case, the smgle cell
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from which the organism starts could not possbly conta 1
sufficient quantity of enzymes to keep the adult gomg

To deal with this problem we must meroduce an aspect of
molecular organisation not so far mennoned, The s s, was charac-
tenised by the time mvamant values of the components, and thes
the system showed 2 persistence of pattern 1n spte of the transitory
nature of many of s parts There 15, however, another type of
persistence whuch relies on a different mechansm An assembly
of atoms organised mto a particular molecular compound may be
very far removed from the lowest state of free energy which the
assembly could assume It will therefore tend towards this state
The rate at which 1t approaches this mmmum, however, 1s deter-
minted by the free encrgy of activation for the transition to that
state It has to go over a“free energy hump’ before 1t can fall mio
the ‘trough” Part of thus free energy of activation depends on
the force required to break the bonds holding the atoms together
The farger the number of bonds holding the structure togeiher
the greater wall be the stabiliy of the assembly We know that
many macromolecules occurring 1n organisms {protets nucleic
acids, polysacchanides) consist of 2 network of mtethnked unis
We also know that they are far from their equilibrium state
sice appropriate catalysts easily break up the structures T‘i:‘g
persustence therefore depends on the extremely stow rateat W o
they change, and not on rthesr bemng constantly mamtaine
that state It 1s persistence of pattern through stabibity

Smee such stable compounds do not stand sn a dynamicx o
to other compounds, thesr mclusion m a systens would not app :
to affect 1ts hinetics However, they mteract with the compont:; ¢
1n a different way, namely through therr surfaces Whﬂ:hﬂ che-
pound exceeds a certamn size {or stze range) compared ";’ ﬁ:h e
cules of “normal’ size 1t may gam the property of adsorbing P
smaller unuts Thus 15 a reflection of the restricted motion © .
parts and the possible co-operative effect of ncxghbvlﬂcz!ulﬂi P:’w
The effect of adsorption on the small adsorbed mo e hest
alter ther reactvity In general 1t results i a lowerng fll s
of actvanon, and therefore mcreases the rate of rcaaaom e
adsorbed molecule The adsorbent acts therefore 2

clation
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‘This thermodynanic basts of enzyme action forms a very import-
ant aspect of 2 physico-chenucal mterpretation of hving processes
The ngorous treatment of the problem, however, 15 beyond the
scope of this discusston 'We shall therefore only use the fact that
adsorption may result mn catalysis In view of the nature of the
forces mvolved (mamly short range coutombrc and van der Waals
forces) adsorption on an orgamc surface will be more or less
speaific The surface configuration will derermmne which molecu-
Lar spectes can approach sufficiently closely to result m adsorption

The addition of stable and surface active components to a sys-
tem therefore has the effect of altering certam of the rate constants
They do not appear m the form of *dynamic components’ 4, B,
C etc, but affect the values of the k's The catalytic stuation now
assumes 2 Tore matenal form, simce 1t can be specified by the
quantity of particular molecular species, 1 ¢ the catalysts Apart
from the presence m the mutial state of specific catalysts for the
system’s components, other surface active species may be present
Ther function can be the catalysts of the components which act
as the catalysts which we have already considered The raw
matertals for the assembly of these catalysts may be a separate
pool, so that we would have two paralle] systems connected by
the fact that some of the products of one act as catalysts for the
other If'we designate the catalysts by Ct with the components for
which they are specfic as subscripts, the formal scheme shown
duagram on page 238 can be given:

There 15 a huerarchy of catalysts, two classes of which are ndi-
cated The nnged class of catalysts act on a mulumolecular
assembly’, reaction while the unringed elass act on monomolecu-
lar “transformation’ reactions ‘There 1s however no fundamental
difference between them, the latter having been chosen for
algebratc convemence m describing a system of first order reac-
tions

It can be seen that only the “lughest’ class of catalysts necd be
present mn the system, snce the *lower’ classes can be produced
with thewr help Thus the lower catalysts need not have a very
igh stabiluty, smce they may be constantly replaced The con~
centrations of these catalysts may vary with tume, since they are
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dependent on the kinetics of their own formation and decay The
kmetics of the mam system may therefore be very complex.

The system as shown eventually wall cease all actiity when the
catalyst pool 15 exhausted and the catalysts have decayed Thus is,
however, not necessary, since the catalysts’ raw matertal may be
obtamed from the reactions of the lowest systems, 1 e, by a feed-
back system, The eventual source of these 15 of course the matenal
which flows mto the system (of which X 1s an example) These
matenals are transformed, combined and assembled ;. vanous
ways to give catalysts and substrates of diverse kmds Some wall
have temporary exsstence, some will reach steady states ox steady
nates of production, some wall fl with the
somewnll be nvanant Although the minal substrates and catalysts
will determme the early course of development, the presence of the
Tughest class of catalysts wll determme the behaviour of the system
moreandmore As substrates for their action become avalable, the
catalysts so produced will feed back on thesystemand will beginto
control 1t Catalysts which were not present m the beginning can
thus make their appearance and open upnew channels of reactions

The genes

It 15 now apparent that we may provisionally tdentify the
highest class of catalysts with the genes Leaving aside for the
moment the problem of their duplication, 1t can be seen that, even
with a fixed quantity of them, neither the amount nor the nature
of other catalysts 15 limited to that of the matial state Both the
substrate system and the catalyst system can thus expand and
change m'a manner wnpredictable from a knowledge of therr
mutial quantities only Development of the system 15 therefore
epigenetic The exp 15, } 3 lled by the nature
and quantity of the genes Its course 15 determuned by the mter-
action of the pattern of the genes with the pattern of the 1ntral
state and uts subsequent changes In cybesnetic termunology we
may say that the mformation m the system (of which a large part
1s contamed i the genes) acts on the enviconment which therefore
changes smctly m d with that mf on, In that
sense development 1s preformationust
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The genes were equated wath the hughest clags of catalysts As
such they must display an exceptional stabibity, smee thewr pattern
cannot be produced by another set of reactions For if this were
so, this set of reactions would have to be catalysed by a structure
having all the properties of a gene And 50 We would have an
mfinite regress, or must stop at some pomt and assert fughest stab-
thity for 11 We choose to stop at the genes Then stability 1s there~
fore hugh but not absolute

A sumple structare has a small fimte number of states which 1ts
parts can take up When left to stself 1t will spontaneously reach
the state of Jowest free emergy, though not necessanly by a
direct descending route Occastonally 1t will jump mto 2 higher
state, but on the average 1ts route 1s downwards A very complex
structure does not differ from this except that the number of
states 1s very much larger Itas therefore not possible to predict to
whuch state 1t 15 Iikely to change, though the direction of 2 large
number of changes can be asserted with certamty The complex
catalysts which we have called genes will therefore occasionally
switch mto another state If that new state affects the surface
configuration the change will be reflected 1 the catalyuc acion
1t induces It may become a more efficient or a less efficrent
catalyst, or 1t may change 1ts specifiary This change will in tum
be reflected 1n the system’s propertses, though some changes may
be buffered out As 2 result the system may be better or worse
from a survival or selection pome of view, but this 15 unrelated o
the change of efficency of the catalyst or to the thermodynarn®
direction of the change, as bas sometimes been asserted The new
pattern of the structure will persist until another change brmgs *
back or to yet a different state

We therefore sec that the genes will mutate Since the persst-
ence of pattern does not depend on any nteracuon with the rest
of the system or the environment, these cannot affect 1t (For
the obverse reasons the pattern of the dynamic part of o

tem cannot mutate but will be subject to environmens®
nflyences) There are, however, factors which will ll:‘;’il
ence the rate at which mutations occur, which require sp

discussion.
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Mutation rates

Attempts to give a unsfied picture of the mechanism of muta-
tion have met with difficulties Thus the target theoty based on an
analysis of x-ray mduced mutations 1s not easily related to- the
effects of chemcal mutagens, and many thermal effects (or thewr
absence) require specaal hypotheses to fit them mto the scheme.

The mamn efforts have been directed towards elucidatng the
mode of actron of the agencies responsible for the change, rather than
to constderations of the mechansm of change

In the study of mutation rates any explanations must mevitably
centre on the stability of the gene The assumption 15 generally
made that a mutation 1 1 the nature of a rearrangement It has
often been expressed explicitly (¢ g McElroy and Swanson, Quart
Rev Buol, 26 (1951), 348), and many times smplied, that the
stability 15 due to the activation energy necessary to bring the
structure from one configuration to another From this 1t was
concluded that the stable genes are those wath a lugh energy of
actvation (1 ¢ sitting m low trough of energy), and the unstable
genes are those having lower activanon energies This 15 not
necessarily so

The rate of transformation 15 determuned by the free energy of
actvation If the rate 15 wntten m the formulation based on
statistical thermodynamucs, we find that apart from an energy (or
heat) term, an entropy term 15 equally important 1 determmng
the rate constant

BT
k=

eAS*R g—AH*IRT

Ths formulanon smplies that 1f a structure 15 to pass from a
state 4 to a state B 1t must pass through a configuration C (the
activated or transition state) which duffers m heat and entropy
from aither The rate of formation of the activated state (and
thetefore the rate of transformation) depends on these differences
m heat and entropy, AH* and AS¥, between the normal and
activated state i the manner mdicated m the equation, k15 the
rate constant, k+ T/} 15 a umiversal frequency term and 1s constant
or all reactions at a given T (temperature)
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AH¥ 55 the acuvation energy {or very nearly so) determunable
from rate-timperature data I 1t 35 positive (as 1t usually 1), 315
value will determmne the*energy bump’ over which the configars-
ton has to pass A high value wll make the second exponentul
term 2 small quantity and therefore wall result m a small value for
k,1¢ the normal state A 15 farcly stable (and vice versa for small
values of AH*)

AS* reflects, among other things, the change m organisation
during the transition A posittve value mdicates that the transon
state 15 a less ordered one, a negative value that 1t 1s more ordered
than the normal state (This 15 only one aspect of the entropy
relation, but may be taken as sufficient for the purpose of this
discussion } It follows immediately that :fAS* has a lugh negative
value the rate of transformation (i spite of a possible low value
for AH*) wnll be small, 1 ¢ the state 4 15 relanively stable

We therefore sec that stability 1s not exclusyvely determuned by
the energy state of the structure, and that the supply of additiondl
energy, or rasing of temperatuire, 15 10f necessart ly effectis e i wmcreasing
the rate of change

One may divide reactions with high stability mnto three classes
according to the values of the AH* and AS* terms, although such
drvaston 15 for conventence only It should be remembered that
only the term

AHYRT
shows an appreciable vanation with temperature, the other terms
beng temperature msensttave, at least for the range relevant
buological material A large value for A H* means a large tempera-
ture coefficient of £, decreasmg with AH* until 2 value of the
order of RT results m substantyal temperapure mdependence
. AH* Deseription

Ckzus sn:lsl large Thus 15 the most wmm°£ class m d“‘“““b’r

dveor  hve tions I shows varymg degrees of s |§:y

e depending on the actal value for KH* At dz:
same time 1t 25 emperacure seasiuve X

r discussed.
2 lage smmall mus 15 of sumslar stabikity to No ¥ 4::’ ﬂ;

—ve -hoe cludes some catalysed and enzyme react
has a small temperature cocfficient
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3 lage large This 15 the most stable class and for very large
—ve Fve values the rate 1s substantially zero Its rate cannot
be measured but as all classes shade mto onc

another, there 15 no doubt of 1ts realicy

Thete 1110 2 priors or emprical reason to suggest that genes are
more likely to belong to one of these three classes than to another
‘We may therefore assume that, with the large number of genes
usually assumed present 1n organusms, we may expect all three
classes (and therr intermeduates) to be rep d As far as the
mechanism of change 15 concerned the three classes duffer sigmfi-
cantly m their behaviour towards experimental conditions

Temperature  An merease m temperature will produce an
Increase m the rate of reaction depending on the value of AH*
Temp ate studies will thereft A and “detect’ only
those genes which are stabilised by a high actvation energy, 1¢
manlyclass Thisclasswill of courseshow aspontancous rate snce
the thermal fuctuations will, from time totime, result m anaccumu-
lanon of the requusite encrgy m the appropriate region Structures
of class 2 and 3 however, may passmany timesthroughstatesof the
req gy without undergomg change They aresut lly
tndependent of thexr at least as far as temperature or
any othet energy yreldng process 1s concerned They will mutate

P ly, their rate dependng ily on the probabil
of the structure passing through a particular configuration

Radiations The precise mechantsm of radsation induced or in-
creased mutations 1s notknown Inthecaseof U V itispossible that
atleast part of the effects are due to anncreasem energy, especrally
since many structures identified 1m or near the genes possess strong
adsorption bandsim the U V Itas further possible that this may result
nlocahised heatmg 1¢ those regions of high adsorption recetving
more energy before 1t 15 dissipated throughout the structure Such
2 mechanusm might favour particular loct, and would result m a
different mutation pattern than the normal {spontancous) pattern
which may result from equipartiion of encrgy among all loct

There 15, however, evaidence that part of the action of U V' and
particularly that of x-rays p ds via an mdirect meck It
15 generally held that this 1s through the production of secondary
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electrons or such substances as peroxides, 1ons or free radicals
Investigations of the effect of radratons on systems of known con-
stitution show that such processes do take place
The view that theseagentsactas carriersof encrgy, gving stupas
theyreactwith genc, s, however, ulikelyto be carrect Suchenergy
chamns are very doubtful in solution reactions, and would certamly
be rapidly deactivated by the solvent molecules of the solution,
A possible mechatusm 15 that these agents act by exchangmg
therr status wath that of the gene, e g
(1) frec radical+gene = molecule+gene-radical
or (2) ton+gene = molecule+gene-ton.
Alternatively, production of particular substances may only be
merdental, and the effective action may be through the durect
1omusation or free radical formation of the gene In both cases such
a change will 1n fact constitute a change 1 structural character-
1stic (with consequent changes m the constants of the rate equa-
tton), 2 phenomenon which 1s well known 1 many chemical
systems In such cases transformations via the tonic or radical state
may give measurable spontancous rates, while for the normal
mechanism the reaction 13 extremely slow The observed dose-rate
relationshipwould still hold sinceth of dronssation
would be proportional to the amount of effective gene-jonisation
On the other hand 1t 15 possible that these agents act catalytic-
ally by entermng 1nto some sort of union wth the genc, eg
free radical+-gene = (gene+mofecule] radical
Any substance which enters mto some relationship with a syster:
will alter the structural and energetic properties Catalysts md
enzymes are known to act by changing the constants AH* an
AS* 1n a way favourable to the rate, and we may extend the tcm:
catalyst to describe any substance which, by entermg mto $om
relation with another changes its rate parameters
Chemscal mutagens Therr mode of action 15 equally “n“’b“s:
1t 15 more likely that the catalytic mechantsm suggcstcdrﬂ d:’m
applies to thus case The mutagemc agents themselves, ; ol
decomposttion or reactron products, may by wteracts h
favourable to the
specified groupmgs produce condittons more e can
mechanism of change Such changes i the rate cons
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oceur 1l three classes considered, but certam structures will
be more readily affected than others This means that the radiation
or chemucally mduced mutation pattern will not necessantly be
the same a5 the temperature and other patterns

‘We may sum up the situation as follows

{1) The population of genes constituting the genotype of the
organism can be arranged 1n a spectrum as far as the factorsAH*
amd AS* affecting their stability are concerned

(2) Owmg to the difference m these parameters any partrcular
mutagenic agency will, 1n general, affect a different portion of
the spectrum  There wll be an overlap, but each agency will
cause the appearance of a partcular mutation pattern for the
organsm characteristic of the mode of action of the agency

(3) Conclustons drawn from the study of one of these agents
are not necessanly relevant to the mechanism of the others

{4) The same dose of 2 given mutagen should m general
affect the mutation rate of two loc to a different extent

(s) The mutagenic pattern of a given gene, 1¢ the effect ofa
sertes of agents on the rate, will be charactenstic of that gene,
and might be used as a means of distmgushmg whether two

parately arisen ‘1d P are m fact so

These conclustons are m accord with the results obtamned .
Neurospora (Kolmark, Hereditas XXXIX {1953), 270} and m E
coli (Demerec, Proc gth Intemnat Congr of Genetics (1954), 201)

Inter-gensc relations

So far we have treated the genes as1f they were separate macro~
molecular entities with a speafic surface controlling a specific
catalyst This appears to suggest a “one gene—one enzyme’ rela-
tionship The situation 15, however, more complex than this We
have scen that multiple effects can be caused by the change 1n a
simgle rate constant Insofar as each enzyme 1s assumed to control
a smgle reaction-—'one enzyme—one rate constant'—demonstra-
tion of primary pletotropic effects on reaction products does not in-
vahdate the‘one gene—one enzyme’ hypothests Thiswas thestate
of affars m the simple systems described at the beginning Since
then we mtroduced the 1dea of a feed-back of reaction products
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to the gene-system Thus altets the relattons m an smportant way

In all our discussions on substitution effects we compared two
systems which differed 1n the magnatude of one (or more) rate
constants This change m the magnitude of k may be due to 2
vartety of causes 1f 1t 15 controlled by enzymes

Let us assume we have two systems which differ—by mutation
or substitution—1n a sngle gene By thus we mean that the two
surface configurations of one ‘highest class catalyst’ differ in some
matersal way The catalysts derived from these will therefore also
show a changed surface configuration Consequently the adsorp~
tion parameters for the relevant metaboltc molecules will duffer
and the two catalysts will cause different values of rate constants
ky and k;*, to operate m the two systems These rate constants
enter the expression of many components of the system Some of
these components will be molecules participating msome catalyso-
genic reactions If for example the substitution of ky* results n 2
T r 1

L ocn bne m talietrona

OF LS seconud (—dld.lysl wil Dﬂplc&c.l“-ul LLCOULS dLu vady
has the effect of decreasng the magmtude of the dependent rate coti~
stant from ky tok,* Thesttuationss shown diagrammanically below

a+bsoe C'-l
—_—— A== 1 €~
11 kl
E
A
"
LI § Ct2
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The genetic change occurs from G, to G;* and dhus can be seen
to have an effect on the value of fu6 rate constants On k; by a
qualitayve change of Ct, to Cy* and on ky by a guantutative
change of 5Cty to mCt, We therefore have gene mteraction “one
gene—two enzymes’ It 1s clear that much more complex mter-
actions can occur 1 the organism

The catalytic efficiency of enzymes 15 known to be hughly
dependent on the pH of the medum The pH, like other charac-
ters 15 under genetic control (cf the flower pigments in Primitla)
A partrcular genetic change may therefore affect a whole class of
enzymes msofar 2s 1t affects the medsum pH and alters the result-
mgrate constants ‘one gene—many enzymes' We may therefore
conclude that the method of chnunating pletotropic effects by
measuring rate willnot 1ly establish whether one
or more enzymes are directly affected

The prcture of the gene developed so far doss not restuct tt to
an exustence as a separate physical entity The macro-molecules
can be combmed mnto larger structures and there 1s good evidence
that they are The mere aggregation of the genes would not alter
the arg; dvanced so far Smce 1 the actty of the
gene was considered to be vested m 1ts surface the juxtaposition
of two genes can have effects on the surface specificaty The distrr-
bution of van der Waals forces from pomt to pomt 15 a co-
operative effect of all the atoms m the naghbourhood Thus effect
decreases with distance but 1ts precise distrsbution 15 difficult to
assess The nature of the umts which a gene assembles m produc-
g durectly or mdirectly an enzyme may therefore be affected
by the genes adjacent to 1t We therefore would find a* ponnon
effect’ of enzyme surface structure which would be reflected m
the phenotype

The assumption of a large structure with a contmnuous surface
raises the question what precisely an ndividual gene 15 Although
any partscular portion of the surface has lost much of its :dentity
1t will sall ace by eventually determuming the speafiary of the
catalynically active enzyme surface This m tum will control the
Tate of a reaction The conversion of one single molecular spectes

mto another constitutes the mdividuality of the process Alteration
"
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of the genenc sutface may affect the rate and final concen-
trations, but the identity of the molecules which ate acted upon
will not be influenced It 1s hardly far to call thus the “death of the
gene’ Although 1t may be difficult to define where 1t begms and
ends, the spectfiaity of 1ts acton and the power of 1ts effect
remain very much alive
Structural changes of portions of the surface can occur m the

same manner as those described for mdividual macro-molecules
In addion a structural change may take place m the region
‘between’ two genes, 1¢ between two portions carrymg the
speaificity of particular enzymes Such a change may therefore
affect both genes In such a case we may wnte

One mutation—two genes

Two genes—several enzymes

Several enzymes—many rate constants

Many rate constants—a multitude of reactions
In view of thus one may wonder how Mendel could have la:d the
foundatons of genetics Fortunately for hum and later mvestigators
most of the effects will be elimmated by buffenng and, of the
remaning, many will not be apparent by mspection In general,
many mutations must occur which have no apparent effects In
consequence, the mutation rate of organisms may be very much
Iugher than the estunates mdicate, since the wild type and the
mutant may mutate many times to alleles substanmally 1dentical
sm phenotype (It may also be questioned how long ogenc
stocks will reman so after cessation of mbreeding )

Apart from showing catalytic properties which

development of the orgamsm the genes are capal -
duplication Put more correctly, the genenc matenal 15 ccmmut
ously bemg reproduced m the course of cell dmsion It ‘}“"
useful to describe the genes as “autocatalytic’, as an analyss © 2{
autocatalync chemical reaction shows Such processs ¢ 1
breakdown of 2 complex structure caralysed by one of the .
down products These products are therefore already con Gane
1 the structure and the reaction merely hberates th??i‘maa]
reproduction, on the contraty, 1 olves the creation © flany -
smts from unorgansed matenal It s not the property ©

control the
fe of sclf
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substance or particle but the property of a system {cf Kacser,
Saence, 124 (1956) 151) Tt appears that the process is mtimately
connected with the fact that the genes are organised mto larger
umts, the chr or structures equivalent to them Simnce
this1s 2 problem about which much has been written elsewhere 1t
will not be discussed here

CONCLUSION

It will by now be obvious to the reader that, given mgenuty
and patience, a large number of kinetic systems can be constructed
and therr propertics compared with biological phenomena Some
of these schemes may have immediate heurstic value while others
would, 1t the present state of knowledge, provide conceptual
models only It has often been argued that these latter are value-
less, and indeed of they are offered as ‘explanattons’ this criicism
1s not without foundation There 15, however, one aspect of
physicochemical models which sets them apart from other
models Biology and physical chemsstry are 1n many ways closely
related They are both concerned with the analysis of process and
mechamsm I we believe that the biologacal process 1s the result
of an underlymng physico-chemucal one, then a re-statement of
the problem 1n these terms appears the most appropriate Where
there 15 no wmmeduate prospect of expenimental venfication ofa
model, 1t may, nevertheless, not be without value The habt of
thought—to give an mterpretation 1 terms of concepts success-
fully applied 1n an exact science—will, 1t 15 hoped, lead to a re-
orentation of experimental approaches The newer methods and
techmques which today are so successfully applied m many
fields of biology can become more than better tools In a sense
they can create new problems, and allow us to ask more searchmng
qQuestions to which our curtosity demands an answer
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