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and cultivated plants by Serebrovsky, Philiptschenko and others are especially
instructive with respect to the composition of such species.

The paleontologists present a picture which has been interpreted by some
as irreconcilable with the Mendelian mechanism, but this seems to be due
more 10 a failure to appreciate statistical consequences of this mechanism
than to anything in the data. The horse has been the standard example of an
orthogenetic evolutionary sequence preserved for us with an abundance of
material. Yet Mathew’s interpretation as one in which evolution has pro-
ceeded by extensive differentiation of local races, intergroup selection, and
crossbreeding is as close as possible to that required under the Mendelian
theory.

Summing up: 1 have attempted to form a judgment as to the conditions for
evolution based on the statistical consequences of Mendelian heredity. The
most general conclusion is that evolution depends on a certain balance
among its factors. There must be gene mutation, but an excessive rate gives
an array of freaks, not evolution; there must be sclection, but too severe a
process destroys the field of variability, and thus the basis for further advance:
prevalence of local inbreeding within a species has extremely important
evolutionary consequences, but too close inbreeding leads merely to extinc-
tion. A certain amount of crossbreeding is favorable but not too much. In this
dependence on balance the species is like a living organism. At all levels of
organization life depends on the maintenance of a certain balance among its
factors.

More specifically, under biparental reproduction a very low rate of muta-
tion balanced by moderate selection is enough to maintain a practically
infinite field of possible gene combinations within the species. The field
actually occupied is relatively small though sufficiently extensive that no two
individuals have the same genetic constitution. The course of evolution
through the general field is not controlled by direction of mutation and not
directly by selection, except as conditions change, but by a trial and error
mechanism consisting of a largely nonadaptive differentiation of local races
(due to inbreeding balanced by occasional crossbreeding) and a determina-
tion of long time trend by intergroup selection. The splitting of species
depends on the effects of more complete isolation, often made permanent
by the accumulation of chromosome aberrations, usually of the balanced
type. Studies of natural species indicate thar the conditions for such an
evolutionary process are often present.

{"The Roles of Mutation, Inbreeding, Crossbreeding, and Selection in Evolution’, Proc, of
the VI International Congress of Genetics, 1 (1932), 356-66.]
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Disease and evolution

It is generally believed by biologists that natural selection has played an
important part in cvolution. When however an attemipt is made to show
how natural selection acts, the structure or function considered is almost
always onc concerned either with protection against natural ‘forces’ such as
cold or against predators, or one which helps the organism to obtain food or
mates. 1 want to suggest that the struggle against discase, and particularly
infectious disease, has been a very important evolutionary agent, and that

some of its results have been rather unlike those of the strugyzle: against
natural forces, hunger, and predators, or with members of the same
spccies.

Under the heading infectious discase 1 shall include, when considering
animals, all attacks by smaller organisms, including bacteria, viruses, fungi,
protozoa, and metazoan parasites. In the case of plants it is not so clear
whether we should regard aphids or caterpillars as a disease. Similarly there is
every gradation between diseases due to a deficiency of some particular food
constituent and general starvation,

The first question which we should ask is this. How important is diseasc as
a killing agent in nature> On the one hand what fraction of members of a
species die of disease before reaching maturity? On the other, how far does
disease reduce the fertility of those members which reach maturity? Clearly
the answer will be very different in different cases. A marine species produ-
cing millions of small eggs with planktonic larvae will mainly be eaten by
predators. One which is protected against predators will lose a larger propor-
tion from disease. .

There is however a general fact which shows how important infec-
tious disease must be. In every species at least one of the factors which
kills it or lowers its fertility must increase in efficiency as the species
becomes denser. Otherwise the species, if it increased at all, would increase
without limit. A predator cannot in general be such a factor, since
predators are usually larger than their prey, and breed more slowly. Thus
if the numbers of mice increase, those of their large enemies, such as owls,
will increase more slowly. Of course the density-dependent check may be
lack of food or space. Lack of space is certainly effective on dominant
specics such as forest trees or animals like Mytilus. Competition for food by
the same species is a limiting factor in a few phytophagous animals such as
defoliating caterpillars, and in very stenophagous animals such as many
parasitoids. I believe however that the density-dependent limiting factor is
more often a parasite whose incidence is dispropoctionately raised by over-
crowding.
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As an example of the kind of analysis which we need, I take <ulmv~,.m~
remarkable study on Urophora jaceana, which forms galls on the composite
Centaurea nigra. In the year considered 0.5% of the cggs survived to nnoa:nm a
mature female. How were the numbers reduced to 1/200 of the initial <m_“:n.v

If we put 200 = ¢*, we can compare the different killing powers of various
environmental agents, writing K = k, + k, -+ k, + . .., where k, is a measure
of the killing power of each of them. Surprisingly, the main killers appear to
be mice and voles (Mus, Microtus, etc.) which eat the fallen galls and account
for at least 22%, and perhaps 43% of k. Parasitoids account for 31% of the total
kill, and the effect of Eurytoma curta was shown to be strongly dependent on
host density, and probably to be the main factor in controlling the numbers of
the species, since the food plants were never fully occupied. .

When we have similar tables for a dozen species we shall know something
about the intensity of possible selective agencies. Of course in Ew case of
Urophora jaceana analysis is greatly simplified by the fact %wﬁ the H.B»m.Sm_
period is about 2% of the whole life cycle, so that mortality during it is
unimportant. o .

A disease may be an advantage or a disadvantage to a species in competi-
tion with others. It is obvious that it can be a disadvantage. Ler us consider an
ecological niche which has recently been opened, that om._mUOnmnonmm ,.z&nan
the genctics of small insects are studied. A number of species of Drosophila are
well adapted for this situation. Stalker attempred to g.mnm the related genus
Scaptomyza under similar conditions, and found that his n&ﬂ.:.mm died of
bacterial disease. Clearly the immunity of Drosophila to such diseases must
be of value to it in nature also.

Now let us take an example where disease is an advantage. Most, if not all,
of the South African artiodactyls are infested by trypanosomes such as T.
rhodesicnse which are transmitted by species of Glossina to other mammals
and, sometimes at least, to men. It is impossible to introduce a species such as
Bos taurus into an area where this infection is prevalent. Clearly these
ungulates have a very powerful defence against iﬁana.. d..n latter may
ultimately acquire immunity by natural selection, but this is a very &ni
process, as is shown by the fact that the races of cattle v&osmmmm to the native
African peoples have not yet acquired it after some centuries of sporadic
exposure to the infection. Probably some of the wild ungulates m.ﬁ of, or have
their health Jowered by the trypanosomes, but this is a small price to pay for
protection from other species. . .

A non-specific parasite to which partial immunity has been mn@::.wa. is a
powerful competitive weapon. Buropeans have used their genetic resistance

' G. C. Varley, Journal of Animal Ecology, 16 (1947), 139. Urophora jaccana is a trypetid dipteran :.w
with ‘picture’-patterned wings; its vernacular name is the knapweed gallfly. Centaurca nigra is
knapwced. The species mentioned a few lincs on, Eurytoma curia, is a hymenopteran (wasp) that
parasitizes U. jaccana.
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to such viruses as that of measles (rubeola) as a weapon against primitive
peoples as effective as fire-arms. The latter have responded with a variety of
diseases to which they are resistant. It is entirely possible that great and, if I
may say so, tragic episodes in evolutionary history such as the extinction of
the Noto-ungulata and Litopterna may have been due to infectious diseases
carried by invaders such as the ungulates, rather than to superior skeletal or
visceral developments of the latter. ‘

A suitable helminth parasite may also prove a more efficient protection
against predators than horns or cryptic coloration, though until much more is
known as to the power of helminths in killing vertebrates or reducing their
fertility, this must remain speculative.

However it may be said that the capacity for harbouring a non-specific
parasite without grave disadvantage will often aid a species in the struggle for
existence. An ungulate species which is not completely immune to Trypano-
soma rhodesiense has probably (or had until men discovered the life history of
this parasite) a greater chance of survival than one which does not harbour it,
even though it causes some mortality directly or indirectly.

I'now pass to the probably much larger group of cases where the presence
of a disease is disadvantageous to the host. And here a very elementary fact
must be stressed. In all species investigated the genctical diversity as regards
tesistance to disease is vastly greater than that as regards resistance to
predators.

Within a species of plant we ¢an generally find individuals resistant to any
particular race of rust (Uredineae) or any particular bacterial disease. Quite
often this resistance is determined by a single pair, or a very few pairs, of
genes. In the same way there are large differences between different breeds of
mice and poultry in resistance to a varicty of bacterial and virus discases, To
put the matter rather figuratively, it is much easier for a mouse to get a set of
genes which enable it to resist Bacillus typhi murium than a set which enable it
to resist cats. The genes commonly segregating in plants have much more
effect on their resistance to small animals which may be regarded as parasites,
than to larger ones. Thus a semiglabrous mutant of Primula sinensis was
constantly infested by aphids, which however are never found on the normal
plant. I suppose thornless mutants of Rubus are less resistant to browsing
mammals than the normal type, but such variations are rarer.

Anyone with any experience of plant diseases will of course point out that
the resistance of which I have spoken is rately very general. When a varicty of
wheat has been selected which is immune to all the strains of Puccinia

graminis in its neighbourhood, a new strain to which it is susceptible usually
appears within a few years, whether by mutation, gene recombination, or
migration. Doubtless the same is true for bacterial and virus diseases. The
microscopic and sub-microscopic parasites can evolve so much more rapidly
than their hosts that the latter have little chance of evolving complete
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immunity to them. It is very remarkable that Drosophila is as gencrally
immune as it is. [ venture to fear that some bacillus or virus may yet find a
suitable niche in the highly overcrowded Drosophila m.ovc_maowrw of our
laboratories, and that if so this genus will lose its proud position as a
laboratory animal. The most that the average species can achieve is to dodge
its minute encmics by constantly producing new genotypes, as the agronom-
ists arc constantly producing new rust-resistant wheat varietics. .

Probably a very small biochemical change will .m?n a Tnmﬂ species a
substantial degree of resistance to a highly adapted microorganism. This has
an important evolutionary cffect. It means that it is m:.mn?m:mumm to &.ﬁ
individual to possess a rare biochemical phenotype. mowgcmn vmnwcmm of its
rarity it will be resistant to discases which attack the majority wm its mm.:OSm.
And it means that it is an advantage to a species to be biochemically diverse,
and even to be mutable as regards genes concerned in disease resistance. For
the biochemically diverse species will contain at least some members nm_qun
of resisting any particular pestilence. And the biochemically :ESEa species
will not remain in a condition where it is resistant to all the discases so far
encountered, but an easy prey to the next one. A beautiful example o.m the
danger of homogeneity is the case of the cultivated banana cione ,OHOm
Michel’ which is well adapted for export and has been widely planted in the
West Indies. However it is susceptible to a root infection by the fungus
Fusarium cubense to which many varieties are immune, and its exclusive
cultivation in many areas has therefore had serious economic effects.

Now every species of mammal and bird so far 5<nmammnn.n has shown a
quite surprising biochemical diversity revealed by mm_.oﬂomwmm_ tests. The
antigens concerned seem to be proteins to which polysaccharide groups are
attached, We do not know their functions in the organism, though some of
them seem to be part of the structure of cell membranes. 1 wish to suggest
that they may play a part in disease resistance, a v»nanﬁm.—. race nm vmnﬁn:m or
virus being adapted to individuals of a certain range of biochemical constitu-
tion, while those of other constitutions arc rclatively resistant. [ am quite
aware that attempts to show that persons of a vu_.:n:_.ﬁ. Eoom group are
specially susceptible to a particular disease have so far m:_onr. .ﬂ._.zm is perhaps
to be expected, as a disease such as diphtheria or tuberculosis is nmmmnm W.% a
number of biochemically different races of pathogens. The kind of investiga-
tion needed is this. in a particular epidemic, say of diphtheria, are those who
are infected (or perhaps those who are worst affected) ﬁ_.nmo_ﬁimsmw.mnmib
from one serological type (for example AB, MM, or BMM)? In a different
epidemic a different type would be affected.

In addition, if my hypothesis is correct, it would be m&ﬁ.:SWmo:m for
a species if the genes for such biochemical diversity were particularly :..:,un-
able, provided that this could be achieved without increasing the mutability
of other genes whose mutation would give lethal or sublethal genotypes.
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Dr P. A. Gorer informs me that there is reason to think that genes of this type
are particularly mutable in mice. Many pure lines of mice have split up into
sublines which differ in their resistance to tumour implantation. This can
only be due to muration. The number of loci concerned is comparable, it
would scem, with the number concerned with coat colour. But if so their
mutation frequency must be markedly greater,

We have here, then, a mechanism which favours polymorphism, because it
gives a selective value 1o a genotype so long as it is rare. Such mechanisms are
not very common. Among others which do so arc a system of self-sterility
genes of the Nicotiana type. Here a new and rare gene will always be favoured
because pollen tubes carrying it will be able to grow in the styles of all plants
in which it is absent, while common genes will more frequently mect their
like. However this selection will only act on genes at one locus, or more
rarely at two or three. A more generally important mechanism is that where a
heterozygote is fitter than either homozygote [...] This does not, however,
give an advantage to rarity as such. It need hardly be pointed out that, in the
majority of cases where it has been studied, natural selection reduces
variance. :

I wish to suggest that the selection of rare biochemical genotypes has been
an important agent not only in keeping specics variable, but also in specia-
tion. We know, from the example of the Rk locus® in man, that biochemical
differentiation of this type may lower the effective fertility of matings
between different genotypes in mammals. Wherever a father can induce
immunity reactions in a mother the same is likely to be the case. If I am
right, under the pressure of disease, every species will pursue a more or less
random path of biochemical evolution. Antigens originally universal will
disappear because a pathogen had become adapted to hosts carrying them,
and be replaced by a new set, not intrinsically more valuable, but favouring
resistance to that particular pathogen. Once a pair of races is geographically
separated they will be exposed to different pathogens. Such races will tend to
diverge antigenically, and some of this divergence may lower the {ertility of
crosses. It is very striking that Irwin® finds that related, and still crossable,
species of Columba, Streptopelia, and allied genera differ in respect of large
numbers of antigens. I am quite aware that random mutation would ulti-
mately have the same effect. But once we have a mechanism which gives a
mutant gene as such an advantage, even if it be only an advantage of one per

* These genes control the ‘Rhesus’ blood group. In this case, as with some other blood groups,
crosses between individuals of different groups have lower fertility than crosses between indivi-
duals of the same group. Natural sclection then favours which ever blood type is commoner in
the population. Haldane here argues that the situation also tends to promote speciation. The
form of selection is called frequency-dependent, and in this case it is positively frequency-
dependent, unlike the negatively frequency-dependent selection of the previous paragraph.

P M. R Irwin, Advances in Genetics, 1 (1949), 133.
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thousand, the process will be enormously accelerated, particularly in large
populations. [...]

We see then that in certain circumstances, parasitism will be a factor
promoting polymorphism and the formation of new species. And this evolu-
tion will in a sense be random. Thus any sufficiently large difference in the
times of emergence or oviposition of two similar insect species will make it
very difficult for the same parasitoid to attack both of them efficiently. So will
any sufficiently large difference in their odours. We may have here a cause for
some of the apparently unadaptive differences berween related species.

Besides these random effects, disease will of course have others. It is clear
that natural selection will favour the development of all kinds of mechanisms
of resistance, including tough cuticles, phagocytes, the production of immune
bodies, and so on. It will have other less obvious effects. It will be on the
whole an antisocial agency. Disease will be less of a menace to animals living
singly or in family groups than to those which live in large communities. Thus
it is doubtful if all birds could survive amid the faecal contamination which
characterises the colonies of many sea birds. A factor favouring dispersion will
favour the development of methods of sexual recognition at great distances
such as are found in some Lepidoptera.

Again, discase will sct a premium on the finding of radically new habitats.
When our ancestors left the water, they must have left many of their parasites
behind them. A predator which ceases to feed on a particular prey, either
“through migration or changed habits, may shake off a cestode which depends
on this feeding habit. When cerebral development has gone far enough to
make this possible, it will favour a negative reaction to faecal odours and an
objection to cannibalism, and will so far be of social value. A vast varicty of
apparently irrelevant habits and instincts may prove to have selective value as
a means of avoiding disease.

A few words may be said on non-infectious diseases. These include con-
genital diseases due to lethal and sub-lethal genes. Since mutation seems to be
non-specific as between harmful and neutral or beneficial genes, and muta-
tion rate is to some extent inherited, it follows that natural sclection will tend
to lower the mutation rate, and this tendency may perhaps go so far as to
slow down evolution. It will also tend to sclect other genes which neutralise
the effect of mutants, and thus to make them recessive or even ineffective, as
Fisher bas pointed out. Whether the advantage thus given to polyploids is
ever important, we do not know. But the evolution of dominance must tend
to make the normal genes act more intensely and thus probably earlier in
ontogeny, so that a character originally appearing late in the life cycle will
tend to develop earlier as time goes on.

Deaths from old age are due to the breakdown of enc organ or another, in
fact to disease, and the study of the mouse has shown that senile discases such
as cancer and nephrosis are often congenital. In animals with a limited

e

nmwﬂ&:nmﬁ period senile disease does not lower the fitness of the individual
and increases that of the species. A small human community where n<nm‘
woman died of cancer at 55, would be more prosperous and fertile than on
where this did not occur. Senile discase may be an advantage wherever mrn
reproductive period is limited: and even where it is not, a genotype whi M
leads to disease in the 10% or so of individuals which _,?n Won ot g b
selected if it confers vigour on the majority. [.. ] ¢
In a.d.m brief communication I have no more than attempted to sugpest
some lines of thought, Many or all of them may prove to be sterile m%.w f
them can be followed profitably except on the basis of much field Smaw °
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est may be

Comment by Haldane in the discussion recorded afer his paper

Perhaps the theory that most discases evolve into symbioses is somewhat

Panglossist. I doubt if it occurs as a i
g general rule, though it may d
position for the original host is however best. e Vo so- The

[La ricercha scientifica, 19, suppl. (1949), 68-76.)




