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It is a generally accepted fact that new antigens arise in 

animals during evolution through mutations. We shall here tentatively 

assume that the gene s which control antigenic specificity under mutations, 

not only in the g erm cells, but also in the somatic cells of each indi-

vidual, and that they d o so perhaps at the very same rate . On the basis 

of this assumption, we may then ask how such mutations would manifest 

themselves . 

In mm there is one b lood group which is characterized by 

three genes: A, B, and 0 . These are mutually exclusive because they 

occupy the same locus on the chromosome; i.e . they are allelic genes , Since 

each individual carries two sets of chromosomes , the g enotype of each 
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indiv idual may be written as AA , AB, BB , AO, BO and 00. The genes 

A and B elaborate each an antigen vmich is present in the red blood 

cells and which differ in the ir antigenic specificity . 

Let us now assume that the allelic genes A, B and 0 can mutate 

into each other and that their mutwtion rate in the germ cell is suffi-

~ .30 ~~o--. ~ 
ciently high to lead, in the absence of to a distribution 

(~~~~ ~ ~ 
~which is not too far from the equilibrium~ ~d let us further assume ;0 I 

these genes mutate in the bone marrow cells of each individual at the 

s arne rate as in the o;ern1 cells. V:Je then ob t ain the following: 

(1) The mutation rate in the germ cells must be about one in 

~~he~ 
a million)or the rate pe r year must be about one in thirty million . 

( 2) 
11 

There are in man about 3 x 10 cells in the bone marrow 

which produce red blood c el ls at the rate of about one per day. Each 

of these red cells lives for about 106 days. According to our assump-

tion, within one year there wi 11 be produced one in thirty million; i.e. 

II If 
104 mutant bone marrow cells of the wrong antigenic type which \'.i 11 

produce one mutant red cell per day, each of Which~ 11 live 100 days. 

t--__,<--t '--t.--( 

Thus ~~e,X'~{ the g enotype (00), for instance, we theft. have 



. . 
3. 

and ~ the ty~ (OB) present in his 

blood. Similarly , the genotype ( OA) or (AA) will have 10
6 

red cells 

of the mtigenic type (OB) and ( BA)~ ~--

®fxKmNXX If we inject 106 sheep red cells into a rabbit, the 

rabbit responds by producing an appreciable amount of antibody against 

sheep red cells. Similarly we may expect that 10
6 

red cells of the 

anti genic t ype (OA) or (OB ) may produce an @reciable titre of mtibody 

against antigen A and a g ainst antigen B in an individual of the g eno-

/7-.rh~ ~/~~~ ~ 
type ( 00)-~ ~w we may exp ec 1(to find l' 11--:lM~~~ ~~--
~~C:t .tv~~ .f,;~ , c ~ 

/}~for the antigen A ~)l'GI' the ao+ig~B in 
t>Y-

when the genotype does not contain the ill lelic g enes 

course, we would not expect any ru ti body to be produced in response 

to antigen if the individual was exposed to this antigen in substan-

tial guantity during his embryonic development, and theref~ e no 

natural iso-agglutinines can b e expected for an antigen which is 

elaborated by a gene that is contained in the genotype . 

I. 
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This is, of c ourse, what is actually found and tfi.ese naturally 

occurring an ti bodies are called natural iso-agglutinines. The titre of 

the naturally occu rring anti-A and m ti-B iso-agg lutinines is not very 

high an d it can be increased by iso- imnunization ; i . e . by inj ecting the 

red cells o f the anti gen type A or B. In larg e animals , such as the 

c h impanzee, the gorilla, the cow , and the horse , we f ind naturally oc-

curring iso-agglutinines for ce r tain b lood ant i gens, and in addit i on 

a lso iso-immune agg l u tinine s for c ertain othe r b lood antigens in wh ich 

there are no natural ly occurr ing is o - agglut inines present. In the 

l atter c a se, one mi ght postulate t ha t the mutation rat e to the wrong 

ant i gen is too Xl ow to nroduce an appreciable number of r ed b lood c e lls 

o f t he wr ong an tigenic type . 

The ni.lmber of mutan t red c ells will be low not only \Jhen the 

mutation rate is l ow but also when the size of t he animal is s mall, and 

i ndeed vve find that n one of the small animals i:x has natural l y occurring 

is c.-agg lu tinines a gaL1s t the blood antigens, but t ::-1a t i mmune is o-agglu-

tinines can be read ily produced by injecting blood of t he wrong antig e n ic 

type in '!lonkeys , chickens , rabbits , rats , and mice. 
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I ~~j,n~Somat~c Mutations -. 

jC··h~/; ~tp_.---y'}! ·/ '' c..-{_ ,~!;-''.r~,,. .. ,,/~C-o ~ /~'I-"' -..~ ./( t ' 

l · ~ )' ,.,~ ¥ 1 )' )f/1. t /.j~~ ,..,_... . f. {. l' rM.-4 <I 

It is a g enefa lly accepted view that new antigens arise in 

animals through mutations during evolution. We shal~<=:vely assume 

r?:-~ ~--rt4Y:J 
that the genes which c ontrol antigenic specificity~nJergo mutations 

not onl~n the ~r·~--~~~u~~o ~=~..7 
same rate ~- undergo mutations in the somatic cells of each individual~ 

\ _______ ,/ . ~ ....... "/- ;--L..-e. ~ -... -._ . .) 
-f· 'J'he·ref'ar~, !4et1- .. ._,'( aSk "ii"oiv-·aach mutations would manifest 

themselves . 

In man there is by three genes, 

·tt!l r •n t~· ~ · ""' I· ........ ""''~" .. 

A, B , and 0 wh:teh are mutually 
' . exclusive because they occupy the same 

locu,s t; P!1 the ch romosome; i.e. they are allelic g enes. 

?'t~,, ../ / 

' ,,./~~ "'_J It .f. 
d_...f,. 't ; ~ t-"' f' •• ·' J.tl·:f'; 

{/ 
Since ~ carries 

' < v v ~/!-::) f~ /' 

U~l-'~e-&~-&f~!!&se.me-;~re-<e-'l''&'·~th-e ~ &e·x chromo s orne ~r twa homologue 5J' the geno-

tr~ / 
type of each~ ''"can be written as AA, AB , BB , AO, BO, or 00. The gene~ 

j 

A~~ each 'o~mpound ~tl:"l!l\"!l.lc-~t-;,., of ;;::fferent 

an ti ge~1~ec ific i ty • -/ffi ereas . for_ _the -flUI'-pos.es... o.f th;Ls .. -d -is·e ·trsS'i61'1 w~ ma.y --

J 

a"'s-s-uma- that the _gene- 00 -does not g ive · rise to an ·antig.en_/1. 

de shall now assume that the genes A, B, and 0 can mutate 

L .. '/. :r e d 

/'"'' . " 

into one another, and we shall further assume t ha t the mutatio;;_ rate'yis 
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just high enough to produce, in the absence of any selection, in thirty 

million years a stationary mutation equilibrium in which all three ,. 
/ 

/' / .. 

genes a ~ e present in appreciab le ~-Bt.s ,.: And finally we shall assume 

that these genes mutate in the bone marrow cells of each individual 

at the same rate at which they mutate in the germ cells. We then ob-

tain the followmng picture! 

The mutation rate in the germ cells must be about one in a 

million per generation or one in thirty million per year. 

t 

I ( 

2, There are in man about 3 x 1071 cells in the bone marrow 

' I 
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. ( ' .. 

/ ,r· ' 

I 
/\ ~ 

t ! 

<' • ' ~ "1 '· 

,/ 
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prod uce a mutant t ype red cell AO, and another 104 bone marrow cells 

will produce a mut ant re d c e ll of the type BO. Since a red c ell lives 

a bout 100 days, we ought to h ave 106 red cells of the type AO and 106 

re d c ells o f the type BO among a to tal o f 3 x 1013 cells of the type 00 . 

This is pr esuma b l y en ou gh to e voke t h e production of a gglutinines a gainst 

a n tig ens A a nd B in the 00 g enotype . At least one s hould think this is 

6 
enough on t h e basis of the experience t h at 10 s h eep red c ~ lls injected 

into a rabbit pro duces a potent a gglutinating mtibody . 
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Assuming that in these smaller animals the allelic blood 

group genes mutate into one another with the same frequency which we 

have assumed for man fo r the A B 0 g roup because the nwnber of bone 

marrow cells is much smaller than in man, the mutant red cells may be 

produced in a number which is too low to evoke an antibody response . 

Something like this might be the explanation of why natural iso-antibodies 

can be found only in the larger animals such as 

and not in the s mala animals like 

which are nevertheless ~ite capable of forming immune iso-antibodies 

a g ainst the blood antigens of their own species . 
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( 2) By injecting typ e a£ blood 1Jir into an ind ividual who does not carry 

~rres:R.ondi&g gene ( isoirmnunization), one can greatly increase 
r ~.- • • It 'd'~· , 

the titre of the circulating anti~i:-bOO--i.es, and the s:mme holds true 
l l t. • t y t~ / 

( ,rr I 

~ the antigen B . The production of such iso-immune antibodies would 

be expected even if the mutation rate of the genes A, B, and 0 into each 

as ~--.--

other were/very low as zero, but in t ha t case t-~ vould be no natural 

I > ,l . , , .J -. / 'r I 

iso-antibodies. Such a situation seems to hold in a number of small~--

animals, such as 

in which iso-immune ant i bodies can be produced with g ood efficiency but 
-' 

&!-·- v ~ 
ther e are no corresp onding natural~ antibodies . In another blood 

group in man, where there are t wo allelic genes M and> N1 there are no 

nautral iso-antibodies, ru d only in rare individuals is it possible to 

evoke the appearance of immune iso-antibodies against M and perhaps never 

against N. This MUst be contrasted with the fact that both the antigens 

N and M are g ood antigens for the rabbit which produces antibodies against 

either. This leads us to assume that alleles M and N mutate into each 

o t her with fairly high frequency in the somatic cells, and that no anti-

~'~ .. 
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~odieK are formed in the adult because the wrong antig en was present 

during embryonic development at such a high titre as to make it sub -

sequently difficult or impossible to form immune iso-antibodies a gainst 

these antibodies. It should be possible to decide by an experiment 

whether thi s interpretation is correct. Thi s expe riment would run 

as follows: 

/!IV 
we immunize a rabbit with type of blood and absorb out 

/ ~. 'J -/ i 

the wrong undesired antibodies vuth ~type blood. If we add this 

anti-it/ N antibod y to t M N type of blood in the presence of complement 

but 
most of the cells should lyse ±~ a certain number of mutant cells which 

/'- "' ,( 

ar e of the type( M M r 11 remain unlysed. I f these are centrifug ed down 

and viewe d under t he mic roscope, ~there ought to b e present a reasonable 
t,.... 'r · ( 
.J • 

number, -M!!d mos~ ·of them should be 1 ~ if we add anti- M M rabbit 

serum to the c ell s uspe ns ion. I 



r 
A third blood group in man is represented by the two 

allelic genes Rh and rh. Again there are no natural iso-antibodies . 

Rh is a good antigen in the rabbit while rh seems to be no antigenic . 

However, only a fraction of the hu::nm individuals who are of the type 

rh rh can be immunized by injecting them with Rh Rh type of blood. 

Most Rh negative individuals do not respond to the production of 

anti-Rh iso-agglutinine when injected with Rh Rh or Rh rh type of 

blood. It ma y a ga in be assumed that this situation is brought about 

~'( 
by a too high mutation rate of the 11lmxlix rh gene to Rh ~ that tber .. e~~ -·~ 

~efore most indiviuals have lost during their embryonic development 

the ability to produce anti-Rh iso-agglutine after birth. 



gen&0~~ ~ype OB or BB carries natural antibodies against the antigen A. 

~~tJ 7: 
Quite similarly among chimpanzees and gorillas an individual carries 

natural antibodies against the antigen which is not represented by the 

corresponding allelic gene in the general type of the individual. If 

this view is adopted, then one is forced to explain the fact that chim-

panzees possess only two of the tr1ree blodd types, and gorillas possess 

only two of the t h ree blood types by assuming that fairly late in evolu-

tion some mutation occurred in an individual chimpanzee which has a 

blood type and that this chimpanzee happened to mate with another 

chimpanzee of the type (This could be checked through the 

distribution of the two blood groups anong chimpmzees that can be 

found today.) Or else we may assume that the genes B are originally 

present in a fairly small isolated chimpanzee population and got lost 

through genetic drift. ..,., 

L--~ ~--· ~--

- ___ .. 

Since we have two blood groups A in man, A1 and A21 

we may refine our analysis by analyzing the following facts : 

who 
1. General types xn~oc produce antigen A

2 
can be 

stimulated to produce antibodies against A1 , but the reverse is only 

rarely possible, indicating that A1 md A2 have m antigenic structure 
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in common but that A1 p ossesses an anti genic structure which A2 

does not possess. 

2) Ind ividuals of general type BB produce natural 

antibodies both against A1 and A2 • 

3) V/hile practically all the individuals of the 

general type BB produce natural antibodies against A1 , only one-

quarter of the individuals of the general type A
2

B produce natural 

antibody against A1 , and of the i ~dividuals of the general type 

A2A2 only a few per cent produce natural m tibody against A
1

• 

On the basis of the views here presented, one would 

say that mutations from A2 to A1 are rare compared to mutations from 

B to A1 • On this basis we would then say that the ~B type of 

individual (with half as many B alleles as the BB type of individual) 

produces half as much A
1 

antigen than the BB type individual, and 

that therefore fewer of such individuals have an appreciable quantity 

of natural antibody against A1 • 

/ 

t I i • .; ( 
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