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Preface

During the past 15 years, knowledge of the blood groups has
progressed with great rapidity, and blood grouping has become a
fundamental biological seience with applications in elinical and legal
medicine, anthropology, human genetics, evolution, tissue transplan-
tation, and veterinary medicine.

This rapid development followed the discovery of the Rh factor by
Landsteiner and Wiener and the subsequent demonstration of its
clinical importance in transfusion and in isoimmunization by preg-
nancy. When certain elinical problems could not be solved by the use
of the eclassical agglutination techniques, new methods of blood
grouping were devised which disclosed the existence of a second and
more important form of antibody, namely, the so-called blocking or
“univalent” antibody. These new and more sensitive techniques, the
conglutination test, the anti-globulin test, and the proteolytic enzyme
test became the means for recognizing instances of isoimmunization
to other blood factors, so that up to present time more than 30 blood
factors belonging to 9 different blood group systems have been dis-
covered. The purpose of this monograph iz to present in a unified
manner the facts known about the heredity of the human blood groups.

The data that the specialist in immunogenetics must master are
numerous and exceedingly complex, but fortunately the fundamental
concepts are relatively simple. The reader will find that once he has
mastered these few fundamental principles, he will have no difficulty
in understanding and learning the detailed facts. For example, in all
:ases heredity is by multiple allelic genes, not only in the A-B-0O
system, but also in the Rh-Hr and M-N-S systems, and even in the
:ase of the complex B blood groups of cattle and other blood group
systems in animals. Therefore, emphasis is placed on prineiples
throughout the text, and the analogies in the heredity of the various
blood groups systems are pointed out. Blood grouping is primarily a
subspecialty of immunology, so that for mastery of the field thorough
understanding of the nature of serological reactions in general is
essential. Therefore, at the very onset, the important distinetion
between a blood factor and agglutinogen is pointed out, and this
concept 1s applied to explain the serology, geneties, and nomencla-

viii



HEREDITY OF THE BLOOD GROUPS 1X

ture of the A-B-0O, Rh-Hr, M-N-S, and other blood group systems.
This basic concept arises from the serological observation that anti-
gens in general have multiple corresponding antibodies, so that there
18 no simple one-to-one correspondence between antigens and anti-
bodies. The emphasis placed on this principle is unique among mono-
graphs on the subject, and, in the opinion of the authors, serves to
resolve the contradictions and paradoxes which have inevitably arisen
from disregard of the principle.

As Darwin has stated, false theories do little harm, while false facts
may retard the progress of science. In fact, an incorrect theory may
prove helpful so long as it is used only as a blueprint or working
hypothesis to give a direction to investigative work. Therefore, a debt
of gratitude is due to British investigators, notably R. R. Race and
R. Sanger, whose observations and ideas have acted as a stimulus to
mvestigators in the field for the past 15 years. However, if an investi-
gator refuses to relinquish a theory refuted by readily available facts,
or if he allows his preconceived ideas to color his judgment in report-
ing observations, serious errors may result. This has indeed occurred
in the case of the Rh-Hr types, as exemplified by the erroneous reports
of discovery of anti-d, reports of non-specific rises in maternal Rh
antibody titers during pregnancy with Rh-negative fetuses, ete. The
literature of the blood groups has been swamped with reports by
poorly trained and inexperienced workers, unfamiliar with Land-
steiner’s and other basie work in the field. Such workers have the
confidence born of ignorance, and are insensitive to the possibility of
human error, so they fail to use the blind technique which is so
essential for accurate results, as when carrying out the delicate tests
for the Lewis blood types. Since the results which are most difficult
to explain are those which are not true, an attempt has been made to
include in this monograph only those reports which appear to be
reliable. For any errors of omission or commission, the authors assume
full responsibility, and they would appreciate having their attention
-alled to any such errors which may come to the attention of readers.

Readers interested in other aspects of blood grouping are referred
to the senior author’s “*Blood Groups and Transfusion,” the third and
last edition of which was published in 1943. That book covers the
earlier literature on all aspects of blood grouping and its applications,
but to do justice to the subject would now require a large volume or
volumes, in view of the great growth of the field during the past 15
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years. FFor more detailed information regarding the Rh-Hr types and
their applications, the reader may consult the “Rh-Hr Types,”
published in 1954, a collection of the more important contributions
of Wiener and his collaborators, together with a review of the litera-
ture. A simplified, compact but comprehensive account ean be found in
Wiener's “Rh-Hr Syllabus,” which has been published also in Ger-
man, [talian, Spanish, and Japanese.

The serological principles underlying blood group reactions were
first pointed out by Karl Landsteiner, the father of the field of 1n-
munohematology, who received the Nobel Prize in Medicine in 1930
for the discovery of the blood groups. The senior author was fortu-
nate to be closely associated with Karl Landsteiner from 1929 until
his death in 1943. During that period, he had the advantage of
Landstemer’s advice and help as mentor, collaborator, and personal
friend. In appreciation of Karl Landsteiner’s pathfinding contribu-
tions to the field, and as a token of personal gratitude, the authors
dedicate this book to his memory on this, the 90th anniversary of his
birth.

March 1958 A. 5. WIENER
I[. B. WEXLER



CHAPTER 1

Introduction

More data are available concerning blood group differences than
any other heritable characteristic of healthy human beings. The rea-
sons for this are manifold. The techniques of blood grouping have been
perfected during the past two decades to a point where the blood
groups of any individual can be readily and precisely determined.
Moreover, individual blood group differences have no selective value,
aside from the effect of isosensitization on the fetus in wufero, so that
polymorphism is the rule in almost all human populations. The blood
groups are determinable at birth and remain unchanged throughout
life, unaffected by age, diet, radiation or disease. Because of the
umplications of the blood groups in clinical medicine, for the selection
of donors for blood transfusion and for isoimmunization in pregnancy,
millions of blood grouping tests are performed every year. Furthermore,
because every transfusion and every pregnancy is a possible source of
1zosensitization, new blood group antibodies are constantly being
discovered and the heredity of the corresponding blood factors worked
out.!

Principles of Blood Group Serology

For blood grouping tests, blood is obtained, preferably from a vein,
and separated into its two gross components which are present in
approximately equal proportions, namely, the red blood cells and the
plasma in which the red blood cells are suspended within the circula-
tion. (Serum is the fluid which is expressed from clotted blood; that
is, plasma without the fibrinogen).

The red cell or erthroeyte has a lipoprotein envelope, which from its
serological behavior appears to have a regularly patterned mosaie
structure. Presumably certain chemical structures, named agglutino-
gens beeause of the nature of the serological tests used to demonstrate
their presence, are repeated about the surface of the erythrocyte. The
first discovered of these agglutinogens were the so-called A-B-O
substances, which determine the four classic blood groups deseribed
by Karl Landsteiner® at the turn of the century. Two other sets of

1



2] HEREDITY OF THE BLOOD GROUPS

agglutinogens are the M-N substances and the P-p substances, both
of which were discovered by Landsteiner and Levine®* about three
decades ago. Aside from the A-B-0O substances, the most important
are the Rh-Hr substances, discovered by Landsteiner and Wiener!
about two decades ago. The discovery of the Rh-Hr substances led
to new methods of blood typing, and as a result during the past two
decades the literature has been rich with reports of the discovery of
other blood group substances such a K-k (Kell), F-f (Duffy), and
J-j (Kidd). Figure 1 is a hypothetical diagram of the mosaic arrange-
ment of the blood group substances as they may be visualized on the
surface of the red blood cell.

To determine an individual’s blood group, a battery of diagnostic
reagents or antiserums, anti-A, anti-B, anti-M, anti-N, anti-Rh,, anti-
rh’, ete. are required. These reagents contain only antibodies specific
for the blood factor in gquestion, and no other antibodies. These anti-
serums can be obtained in a wvariety of ways. Anti-A and anti-B
oceur spontaneously in the serums of healthy adults whose red blood
cells lack the corresponding agglutinogen. Since the spontaneously
oceurring antibodies are generally weak, donors are injected with

Fia. 1—Diagrammatic Representation of the Distribution of Blood Group
Agglutinogen Loei on the Surface of the Erythrocvte. Legend: @ = A-B-0)
Haptens; X = M-N Haptens; ® = Rh-Hr Haptens; « = Haptens of other
specificities; human species-specific haptens.
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materials of animal origin which contain A and B-like substances, and
in that way antiserums of high titer and potency can be obtained.
Anti-M and anti-N serums are produced by immunizing rabbits.
Most of the other antiserums are obtained from mothers of ervthro-
blastotic babies, or from patients who have had hemolytic transfusion
reactions, or from deliberately immunized blood donors.® Recently, it
has been found® that certain seeds contain proteins which have blood
group spectficity, namely, anti-A, anti-A,, anti-B, anti-H, and anti-N,
but such reagents have not yet found wide usage. Most experts in the
field prepare their own antiserums, but satisfactory reagents are also
availlable commercially. It may be of interest to mention that, using
all available reagents, as many as thirty blood factors of different
specificities have been identified to date.

The blood factors detected by the use of the various antiserums are
not all independent of one another, but fall naturally into sets which
are known as blood group systems. Whether or not two blood factors
are independent of one another or are members of a common blood
group system can be determined from their distribution in the general
population, by using a 2 X 2 contingency table.* For example, in the

* In order to determine whether two traits, X and Y, are independent of
one another, a table is set up as follows:

Trait : X+ — Totals

B ' i | b a4+ b

Y- ¢ | o | c+ d
Eatalar .. hea a+c ! b + d | N

In this table, a, b, ¢ and d represent the frequencies of the four possible
combinations of the traits X and Y, and N = a 4 b 4+ ¢ + d, the total number
of individuals examined. If X and Y are independent, then the frequeney of
the Y trait among X+ individuals should be the same as its frequeney amongst
X — individuals, that is, E-T'_f = m, s0 that ad = be, or ad — be = 0.
In cases where ad — be is not equal to zero, whether the difference from zero
is statistically significant can be determined by deriving the value of chi

square with the aid of the following formula:
(ad — be)*N
(a + blla 4+ )b 4+ die + d)

2

X

The number of degrees of freedom is taken equal to one, when determining the
value of P from the table of chi square.”
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10 HEREDITY OF THE EBLOOD GROUPS

case of the four blood groups O, A, B, and AB, the relationship
O X AB = A X B does not hold, which proves that factors A and B
are not independent but belong to the same blood group system. The
thirty-odd known blood factors have been shown to belong to some
ten blood group systems, corresponding to the different chemical
substances or agglutinogens that go to make up the mosaie of the sur-
face of the red blood cell, namely, the A-B-O system, the M-N-S
system, the P-p system, the Rh-Hr system, ete. (cf. table 1). A situa-
tion similar to that occurring in man has been found to exist in regard
to the blood groups of cattle, fowl, dogs, mice, rats and other animals.

The tests themselves are simple, although considerable experience
is required to obtain reliable and reproducible results, since the reac-
tions are delicate and have numerous pitfalls, so that in unskilled
hands they may be misinterpreted. Different methods are used de-
pending on the reagent, but the general principle is to bring the red
blood cells into contact with the appropriate antiserum and allow
them to react. If the cells are agglutinated or clumped into large
massesr, generally visible to the naked eye, this is a positive reaction,
whereas if the cells remain evenly suspended as seen under the
microscope the reaction is negative (cf. fig. 2).

It is necessary to emphasize the difference between a blood factor
and an agglutinogen.® The agglutinogen is the substance itself while
the blood factors are the serological properties by which agglutinogens
are recognized. Thus, when a blood is said to have the blood factor A,
this by definition means merely that the blood cells are elumped by
anti-A serum. It does not necessarily mean that the blood ecells have
the agglutinogen A of human group A blood. As a matter of fact, there
are many agglutinogens other than that of the human blood group A
that react with particular anti-A serums, notably an agglutinogen of
sheep cells. Similarly, some of the blood factors B which characterize
the agglutinogen B of human blood are shared by agglutinogens of
the red cells of rabbits and other rodents.

The nature of the combination between antibody and agglutinogen
can perhaps be best visualized by comparing it to the fitting of a lock
by a key.*™ The antibody 1s a modified serum gamma globulin which
is indistinguishable by ordinary chemical means from the normal
gamma globulin. It 1s believed that a small portion of the surface of
the antibody molecule has been altered so as to make it an electro-
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Frc. 2.—Microscopic Appearance of Blood Grouping Tests Magnified 1:80.
A.: Negative Reaction (No agglutination.) B.: Positive Reaction (Showing
intense agglutination of the red blood cells.)

chemical counterpart of a part of the surface of the agglutinogen
molecule. In conformity with this concept it follows that not all anti-
bodies capable of combining with an agglutinogen would necessarily
have the identical configuration, any more than that all keys eapable
of opening a particular lock are identical. In fact, there is evidence
that antiserums in general actually contain a spectrum of antibodies
of related specificities, as can be demonstrated by absorption experi-
ments. For example, anti-M serums prepared by immunizing rabbits
by injection of human type M cells often eross react with blood cells
of anthropoid apes and lower primates.” By absorption experiments
such serum can be fractioned into five or more components, anti-M;,
-M.i, -M.;;, ete., each specific for a corresponding M factor. Thus, the
human agglutinogen M is characterized not by a single blood factor
but by a multiplicity of blood factors. In faect, the number of blood
factors which characterize an agglutinogen is theoretically unlimited,
the only practical limitation being the resourcefulness and energy of
the investigator in searching for and finding new antibodies. Despite
the fact that each agglutinogen has multiple blood factors, in many
mses a single reagent may suffice for identification. For example, the
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agglutinogens A and B can be identified by the corresponding serums
anti-A and anti-B, respectively. The complex agglutinogens of the
Rh-Hr systems on the other hand, can be identified only by the use
of a battery of antiserums.

Table 1 summarizes the history and present status of the human
blood groups.

Principles of Blood Group Genetics

A-B-0 Groups. The hereditary nature of the blood groups was
recognized shortly after Landsteiner’s discovery. The first family
studies were done by Epstein and Ottenberg! in 1908, while in 1910
von Dungern and Hirszfeld" suggested that the four A-B-O groups
are inherited by means of two independent pairs of allelic genes, Aa
and Bb. In 1924, Felix Bernstein,'* a mathematician, showed that
this theory is incorrect, since it would require that in the general
population the following relationship among the frequencies of the
blood groups should hold, O X AB = A X B. As has already been
shown, this relationship does not hold, which not only proves that
agelutinogens A and B belong to the same blood group system, but
also that their heredity is not dependent on genes located in different
chromosomes, Other workers suggested that the gene pairs Aa and Bb
might be linked within the same chromosome pair,”® but as Bern-
stein pointed out, such a situation would yield the same result at
equilibrium as independent assortment, although equilibrium is at-
tained more slowly in the ease of linkage.

According to Bernstein’s theory, there are three allelic genes which
have been variously designated as A, B, and O, or I"*, I", and [°,
respectively. (The base letter [ was selected because the A-B-0) blood
grouping tests depend upon isoagglutination.) Accordingly, corre-
sponding to the four blood groups there are six genotypes as follows:
group O, genotype I°I”; group A, genotypes I'1* and I"'I"; group
B, genotypes I"I" and I"I?; and group AB, genotype [*1”. Despite
Bernstein’s mathematical demonstration of inheritance of the A-B-O
blood groups by multiple allelic genes, the theory of linked genes
enjoved considerable vogue, until when no crossing over could be
demonstrated this theory was abandoned. In 1927, Furuhata
Japan proposed a theory of complete linkage, postulating the existence
of three completely linked gene pairs ab, Ab, and aB. Obviously, this
theory is identical with the theory of multiple alleles, because all that
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is necessary is to make the substitutions I* = Ab, I" = aBand I° =
ab, which shows that the difference between the two concepts is
merely a semantic one. Moreover, Furuhata's postulation fails to ac-
count for the absence of a linked gene pair AB. Therefore, Furuhata’s
theory is no longer mentioned in modern blood group literature. This
1= of interest because the concept of completely linked genes has re-
cently been resurrected to explain the heredity of the Rh-Hr blood
types and the M-N-S types.

Landsteiner and Levine™ showed that the subgroups of group A
and group AB are hereditary, and Thomsen, Friedenreich and
Worsaae'® modified Bernstein’s theory to include the subgroups by
postulating four allelic genes instead of three, namely, PRl S
and /2. To account for the rare agglutinogen A; still another allele
1" had to be invoked, and further extensions had to be made to
take care of more recent discoveries,

M-N types. At first the heredity of the M-N types appeared to be
simpler than the heredity of the A-B-0O blood groups. To account for
the existence of only three M-N types, Landsteiner and Levine'?
postulated heredity by a pair of allelic genes designated M and N, or
L' and LY, respectively. Thus, there are three genotypes correspond-
ing to the three phenotypes as follows: type M, genotype L"LY;
type N, genotype L LY; and type MN, genotype L"L". Sanger and
Race,'® showed that the blood factor S discovered by Walsh and
Montgomery' is related to the M-N system, and postulated heredity
by four completely linked gene pairs as follows, MS, Ms, NS, Ns.
Wiener prefers to consider this another example of multiple allelism,
and has designated the four allelic genes L5 L, I, and [, respectively.
The blood factor U discovered by Wiener, Unger and Gordon,® was
shown to be related to the M-N system by Greenwalt et al.,” since
those rare individuals whose blood cells lack the factor U also lack
the two factor S and s. Therefore, to allow for this rare type of blood
it is necessary to extend the allelic series to include at least 6 allelic
genes, L°, L', L', I, I, and [", respectively. To allow for still other
blood factors such as Henshaw and Hunter, corresponding exten-
sions must be made in the series of allelic genes, as shown by Shapiro.*

Rh-Hr Types The most complicated example of multiple al-
lelism in man is provided by the Rh-Hr system. When only the orig-
inal Rh, factor was known, Landsteiner and Wiener* showed that
its inheritance could be explained satisfactorily by postulating a single
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pair of allelic genes Bh and rh. With the discovery of the two related
factors rh’' and rh"”, Wiener® * found it necessary to postulate a
minimum of 6 allelic genes r, #’, ", R®, R', and R?, respectively. With
the aid of family studies and the use of anti-hr’ serum British investi-
gators” succeeded in demonstrating the rare gene R°, to which was
later added the still rarer gene r by Wiener.*

Wiener® showed that each of the Rh faectors has variants, the
most important of which are the variants of Rhg, and that these
rariations are hereditary, necessitating a further extension of the
allelic series. Moreover, discovery of still other Rh-Hr factors, rh™,
hr”, hr, hr¥, Rh*, Rh®, ete., disclosed an ever increasing complexity
of the Rh-Hr system, so that at the present time a minimum of 30
alleles must be postulated. Only in cattle has a situation been found
more complex than that of the Rh-Hr system. Here Stormont, Owen
and Irwin® have deseribed a blood group system with more than
100 alleles.

Probably, the other blood group systems in man similarly depend
upon multiple allelic genes for their hereditary transmission. For
example, the P blood types which were originally considered to be
inherited by a pair of alleles, PP and p, are now known to be more
complex, since Sanger® showed that the rare Tj*-negative type de
scribed by Levine®* depends on a corresponding rare allelic gene be
longing to the P system. Moreover, the recent observations of Allen®
show that the K-k system 1s also inherited by a complex series of
multiple alleles. The same probably applies to the other blood group
systems, as will be shown when these are discussed individually in
detail.

None of the blood group genes is known to be sex linked, and the
genes of each blood group system appears to be located on different
pairs of chromosomes, as 1z shown by their independent heredity.
Thus, each blood group system can be used as a marker for studies
in human linkage. Other applications of the hereditary nature of the
blood group systems are as a test for the zyegosity of twins** and
in medicolegal problems of disputed parentage.

Nomenclature

When devising symbols for the blood groups one must take into
account the distinetion between agglutinogens and blood factors, and
between genotypes and phenotypes. Therefore, the convention has
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been adopted of using regular type for symbols for agglutinogens
and phenotypes, bold-face type for symbols representing blood fac-
tors and their corresponding antibodies, while italics are used for the
symbols representing genes and genotypes. For example, blood group
A is characterized by the presence in the red cells of agglutinogen
A as evidenced by clumping of the red cells by anti-A but not by
anti-B serum, which shows the presence in the cells of blood factor
A, but not blood factor B. Moreover, agglutinogen A is inherited by
means of a corresponding allelic gene I, so that corresponding to
group A there are two theoretically possible genotypes, I'I" and
I*I°. The full implications of this terminology will become clearer
as each individual blood group system is diseussed.



CHAPTER II

The A-B-O Blood Groups and
Lewis Types

Landsteiner’s A-B-0O Groups

Serology. According to Landsteiner’s original theory, the four
blood groups are determined by two agglutinogens A and B on the
red blood ecells and two corresponding naturally oeccurring iso-ag-
glutinins in the serum, anti-A (alpha) and anti-B (beta) respectively.
Thus, the complete serological formula of the four blood groups is as
follows: OaB, AS, Ba, and ABe. According to Landsteiner’s law the
alpha and beta agglutinins are regularly present in the serum when
the corresponding agglutinogen 1= absent from the red cells, except
during the neonatal period, when the antibody producing mechanism
1s Immature.

Gene Frequency Analysis. Bernstein’s theory of the heredity of
the A-B-O blood groups has already been described. The accuracy of
the theory has been confirmed by family studies, and by statistical
studies on the distribution of the blood groups in the general popula-
tion. Bernstein’s method of gene frequency analysis 1s as follows.
Let p, g, and r represent the frequency of the three allelic genes [,
I" and 17, respectively, so that p + ¢ + r = 1, or 100 per cent.
Then the frequencies of the four phenotypes can be expressed as
follows:

Phenotypes Genotypes Frequencies
() : fofo ¥
A _ TAIA and I4]0 | p* + 2pr
B IBI8 and IB[O ' q* + 2qr

AB | JALH | 2pg

Thus, if O, A, B, and AB represent the frequencies of the four blood

groups in the general population, then * = O

16
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and r = VO (1)
Moreover, p* + 2pr = A

sothat p* +2pr +r2= (p+ )2 =0+ A

Therefore, p + r = V'O + A

HUthElth’\/’f}—]—ii—'\-f{-_jl (2)
Similarly, ¢ = VO + B — VO (3)
Since, p+ g+ r = 1

then VO +A+V0+B - V0 =1 @)

By substituting the frequencies of the blood groups A, B, and O of
any population in formula (4) above, the validity of the theory of
multiple alleles can be tested. Application of this test to large series
of populations has served to substantiate Bernstein’s theory. The test
is only valid with populations at genetic equilibrium, that is, when
there is random mating or panmixia. It can readily be shown that
after a single generation of random matings the population will reach
=uch equilibrium *

Actually, the formulae used by Bernstein himself in making this
test are slightly different from the ones given above. Since p + q +
r = 1, then the following =et of formulae may be derived from formu-
lae (1), (2), and (3) above,

r=0 (5)
p=1—+/0+B (6)
g=1—+0+2 (7)

In making the statistical test, Bernstein derived the values of
p, ¢, and r from the formulae (5) to (7), and then calculated the
deviation 2 of the sum from 100 per cent.

Thus,

D=1-(p@+q+r1) (8)

To test whether the value of the deviation D) is significant for a par-
ticular population, the standard error of D must be known. This
Bernstein showed to be as follows:

— | I?_{_I = _ i
¥ SN — p)d — 9) ®)
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where N represents the number of individuals in the sample of the
population being examined, and p and g are the calculated frequen-
cies of genes I* and I”, respectively.

For the purpose of testing the validity of the theory of multiple
alleles, the original report of L. and H. Hirszfeld,” who were the first
to demonstrate the differences in the distribution of the A-B-0 blood
groups in different ethnic groups, is ideal. The data of these authors
were collected during the first world war in the Balkans, six years
before Bernstein proposed his genetie theory. The observations of L.
and H. Hirszfeld and the results of Bernstein’s statistical test of the
theory of multiple alleles are given in table 2. It ean readily be seen
that results conform satisfactorily with the expectations under the
theory.

In general, the caleulated values of p, ¢ and r would not be ex-
pected to add up to 100 per cent exactly. The values of these genes
frequencies, as caleulated by either set of formulae, while consistent,
do not have the maximum efficiency in the statistical sense. The most
efficient =et of estimates can be obtained by the maximum likelihood
method, or more simply by the formulae suggested by Bernstein,* as
follows:

Il

g = r;(l b g}) (11)

D 1
f-f=(r+2)(1+2) (12)

where p, g, and r, are the first estimates of the gene frequencies ob-
tained with formulae (5) to (7), while p’, ¢" and r’ are the improved
estimates. These formulae are of particular value to anthropologists
who are interested in population studies on the A-B-O blood groups.
The sum of the values, p’, ¢/, and " will not equal 100 per cent

p=p|]l+ '!-—) (10)

) 0¥

L : -
exactly, but 1 — - Sinee D generally will be small, the difference

2" will be insignificant.

Family studies. For a satisfactory test of the theory of multiple
alleles by family studies, the fact that group A and group B indi-
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viduals may be homozygous or heterozygous must be taken into
account. If the distribution of the blood groups in the general popu-
lation is known, the proportion of homozygous and heterozygous
individuals can be estimated from the frequency of the genotypes
as follows:
Genotype I'I" = p?
and genotype I'[” = 2pr

Therefore,
: =l . P :
the proportion of homozygous individuals in group A = ———— (13)
prop ye group 2° + 2pr
similarly,
the proportion of homozygous individuals in group B = q'ﬁi er”; (14)

When making these caleulations, it is preferable to use the improved
estimates of the gene frequencies given by formulae (10) to (12).

[t 1= frequently possible to distinguish homozygous and heterozy-
gous individuals by studying the blood groups of parents and children.
For example, if a group A individual has a group O parent or child,
he must of necessity be of genotype ' 7°. When neither of the parents
and none of the children are group O this leaves open the question of
zygosity, except in certain special cases such as when both parents
are group AB.

Sometimes, it is possible to distinguish heterozygous from homozy-
gous individuals by serological means, since individuals homozygous
for a particular blood factor generally have red blood cells which are
clumped more strongly by the corresponding antiserums. This is
known as the gene dose effect. The gene dose effeet, however, is not
sufficiently pronounced to be dependable in the case of the A-B-O
groups, and, in addition, the existence of the subgroups of group A
interferes with the interpretation of the reactions. The possibility
that an anti-O reagent might be prepared which could detect the
presence of a product of gene I has frequently been discussed in the
literature. Such antibodies have indeed been found in the serum of
certain sensitized group AB persons,* * but they are extremely rare
and those encountered to date have been of too low titer and avidity
to yield reliable results.

If the gene frequencies p, ¢, and r for the general population are
known, the percentages of children of the various types for eveyr
possible mating can be caleulated. Sehiff** has derived general formu-
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lae for expressing these frequencies in terms of p, g and r, as shown in
table 3. From the qualitative point of view, it is evident that no child
will have blood containing the agglutinogen A or B unless that ag-
glutinogen is present in the blood of one or both parents. In addition,
a parent of group AB cannot have a group O child, and a group O
parent cannot have a child of group AB. Studies on thousands of
families by many independent workers have vielded data supporting
the expectations under the theory of multiple alleles, when allowance
1= made for technical errors and a certain incidence of illegitimacy.

The study of mother-child combinations can also yield useful data
for testing the genetic theory. There are 16 different theoretically
possible mother-child combinations, but of these two are excluded
under the theory of multiple alleles, namely, mother AB and child O,
and group O mother with an AB child. In such studies the problem
of illegitimaey does not enter, and it is significant that the results
show no deviation from the genetic theory. Formulae for the 14 pos-
sible mother-child eombinations in terms of p, ¢ and r are readily
derived as shown in table 4.

Subgroups of A

Gene Frequency Analysis. As already mentioned the two most
common subgroups of group A and group AB are readily ineluded in
the scheme by postulating two allelic genes, I** and J “2 in place of
I, where I"'' is dominant to I'*. Corresponding to the 6 possible
phenotypes there are 10 possible genotypes as follows: group O:
genotype I°I°; subgroup A,: genotypes I°'I*' I"'[** and I"'[°;
subgroup A:: genotypes I**I** and I'*I°; group B: genotypes I"I”
and I°I?: subgroup A,B: genotype I''I”; and subgroup A:B: geno-
type I**1”. If the frequencies of the 4 alleles I'', I**, I”, and I” are
represented by the symbols pi, p2, ¢ and r, respectively, then the
frequencies of the genes can be caleulated from the frequencies of the
6 phenotypes in the population, with the aid of the following formu-
lae, which are derived like the formulae for p, ¢ and r of equations

(1) to (3).

y '\/EH- 111 el 112— '\/ﬁ + JTI-Q {l:}}
1=vVo+B - V0 (17

r=+0 (18)
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TABLE 4
Frequencies oF MorHER-CHILD CoMBINATIONS IN TERMS OF p, g, AND
(After Schiff)*

Group of Children’s Groups
Mother — e -
0 | A | B | AB
O rd l pr* gr? | 0
A pr? | p(p? + 3pr + r2) par palp + r)
B l qr? pyr | qlg* + 3gr + r2) pglg + r)
ST L S pep +7) | pale + 1) palp + q)

* Behiff, Klin. Wock. 8: 303 (1927).

T As can be seen, if families with group O mothers are considered separately,
the percentages of children of groups O, A, and B are equal to the gene fre-
quencies, r, p, and g, respectively.

The values for py, p2, ¢ and r, obtained by formulae (15) to (18), while
conzistent, are not efficient, and generally their sum is not exactly
equal to 100 per cent. A corrected set of gene frequencies which
closely approximates the maximum likelihood estimates, can readily
be obtained by starting with the values of p’, ¢" and »* given by
formulae (10) to (12), and then taking

r ;”r R |
e e 19
P D1+ P 1)
! ;UF * Pe )
N B 20)
Pz ™M+ P { }

Serology. As has already been mentioned the agglutinogen A
oceurs in two prineipal forms, designated as A and As, respectively.
Anti-A serum, which is generally obtained from group B individuals,
contains a mixture of antibodies of closely related specificities. If such
a serum is absorbed with red cells of subgroup As, a reagent can be
obtained which clumps A; cells but not A; eells. This reagent, known
as anti-A; serum, can be used to subdivide group A individuals into
subgroups A; and As, and group AB individuals into subgroups A,B
and A:B, respectively.

There is evidence that the difference between A, and A; is quali-
tative, yet the serological reactions disclose certain striking quantita-
tive effects. Absorption of anti-A serum (from group B individuals),
for example, by a small amount of A, cells has almost the same effect
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as absorption by a larger amount of A: cells, In fact, when the anti-A,
reagent is prepared, if an excess of A cells is used for the absorption
the reactivity for A; cells may be destroyed. Thus, the difference be-
tween agglutinogens Ay and As is less sharp than between agglutino-
gens A and B. Another difficulty is that the presence of agglutinogen
B reduces the activity of the agglutinogen A and vice versa, if both
agglutinogens are present in the same red cell. This is particularly
noticeable in the case of blood of subgroup A.B, where the reactivity
of the A agglutinogen is so diminished that its presence may be over-
looked unless potent anti-A reagents are used. Accordingly, a common
error 1s to classify individuals of subgroup AsB incorrectly as group B.

Another difficulty in technique is ereated by the fact that in new-
born babies the red cells are less agglutinable by anti-A and anti-B
sera, and as a result red cells from newhborn infants of subgroup A,
may fail to react with anti-A, serum and be classified incorrectly as
subgroup A.. As may be anticipated, the difficulty in determining the
subgroups is considerably inereased when the baby belongs to group
AB. Not infrequently, therefore, it 18 necessary to wait until the
imfant is 6 to 12 months old before the subgroups can be reliably de-
termined. Still another difficulty results from the existence of blood
cells which give reactions intermediate between A, and A.; this inter-
mediate subgroup oceurs most frequently among Negroids. While
anti-A; lectins (reagents prepared from seeds) may give more striking
reactions than anti-A, reagents prepared from human group B serum,
their use does not obviate the difficulties encountered in subgrouping
group A and group AB blood, especially of newborn infants and
Negroids,

A useful reagent to have when ecarrying out subgrouping tests is
the so-called anti-() (As) or anti-H serum. This reagent reacts regu-
larly with red cells of group O and of subgroup A., and more weakly
with cellz of the other groups. Landsteiner and Levine® first suggested
the use of such reagents to confirm the results of the subgrouping tests.

Family Studies. The theory of inheritance of the subgroups of
A by means of the corresponding allelic genes I'' and I"* has been
verified by studies in families by many independent investigators.
The studies carried out by Wiener and his collaborators between the
vears 1930 and 1941 are summarized in table 5. According to the
theory, the following rules of heredity must hold.
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TABLE 5
SUMMARY oF PUBLISHED STUDIES oX THE HEREDITY 0F THE SUBGROUPS OF
GroUuP A axp Grour B
(After Wiener, Blood Groups and Transfusion, 3rd edition, 1943)

: P“h‘?“‘f‘.' Nu?fh” Number of Children in each Group
‘ombinations j_-'nm'lli'i'f-: () | My | As | B ! AB | A:B | Totals
As O 105 124 (43| 163 0 (1] i 2491
A: X A 13 13 (1) 206 [ U] ] 40
A: X B 43 21 il St i 29 (] 32 116
AsB X O 16 0 (0 a7 27 0 0 64
A.B X A, = ] ] i o 0 1 T
A:B X B 0 (1) 0 10 15 0 fi 32
Ay X O 387 4iM G5 (i) i (1) i 11649
A X A 168 79 a4 16 0 (1] (1) 4190
Ay X A 79 52 127 a4 i 0 i 233
A X B 120 o7 a0 o 58| =21 i 209
A X AB 16 (W] 14 ) 110 e 2 43
AB x 0O a5 W] 51 0 53 0 ] 108
AB X Ay 35 0 65 0 19 40 5 129
AR XA 3 0 18 0 3 (1) 10 o
AR XB 25 0 13 0 dZ | 16 0 3
AR X AB 2 [N [§] 0 2 8 0 16
Totals.........| 1,068 | 751 (1,484 | 429 | 249 | 158 63 | 3,134

Note: The rare parental combination, A\B X A:B and A:B X A:B were not
encountered in these studies.

1). Agglutinogen A; cannot occur in a child’s blood unless it is
present in one or both parents.

2). The combination of an A;B parent with an A: child, or an A:
parent with an A;B child eannot occur.

3). In the mating A; X O, if there are any children of group O
there cannot be any children of group A., and, conversely, if there are
any children of subgroup A, there cannot be any children of group O.
(There are other matings in which similar rules can be enuneciated,
depending upon the fact that an individual of subgroup A, must be-
long to one of the three genotypes, I'' 1", 111" or I'*]°))

4). In the matings A;B X AB and A;B X B, children of subgroup
A:B ecannot occur.

Among the 3,134 children of table 5, there were a number of ap-
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parent exceptions to the genetic theory. These, which are indicated
by parentheses, are present in a larger number than may reasonably
be attributed to illegitimacy alone. Probably an important cause for
these discrepancies is errors in classifying individuals, due to the
difficulties of subgrouping already pointed out.

Subgroups A; and A;B. The subgroup A; is a rare variant of group
A which is characterized by the very weak agglutinability of the cells,
even with potent anti-A serum.” Such blood is readily recognized
when tested with anti-A serum because the clumping though distinet
is incomplete, and the microscopie pattern is that of clumps of red
cells on a background of many free cells.”* Because of the low fre-
quency of this subgroup, the number of heredity studies have been
limited, but the data obtained support the theory* that the ag-
glutinogen A; is determined by a corresponding gene I'? “recessive”
to I** and 72, but “dominant”’ over 1°.

Other Subgroups. Fven rarer than bloods of subgroup Ay are
those variants of agglutinogen A which are =0 weakly reactive, that
clumping of the red cells oceurs only with anti-A serums of extremely
high titer and avidity, whether these serums are derived from group
B and group O human beings, or produced by immunizing rabbits or
other animals. Such bloods have been assigned the designations sub-
group Ay, Az, ete., and should not be confused with blood of group Ay
deseribed on page 27. One may anticipate that blood of the sub-
agroups Az;B or AyB will in most cases be mistaken for group B blood,
while in newborn babies blood of subgroups A; and Ay will be prac-
tically indistinguishable from group O blood. Tests for the blood
eroup substances in saliva (ef. page 30) will be of little or no help in
resolving such problems, because of the corresponding weak inhibi-
tion reactions which will be obtained. Fortunately, in view of the
extreme rarity of the agglutinogens A; and Ay, this problem hardly
ever arises in clinical work, and has not yet arisen in any medi-
colegal case.

Factor C

When group O individuals are injected with group A red cells, not
infrequently the titer of the serum is increased not only for group A
cells but also for group B cells. Similarly, injection of group B red
cells into group O individuals may raise the serum’s titer for group A
as well as for group B cells. Conversely, if group O serum is absorbed
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with group A cells its reactivity for group B cells may be markedly
diminished. Similarly, when group O serum is absorbed with group B
cells, a diminution in the reactivity against group A cells may oceur.
This indicates the presence in group O serum of an antibody which
reacts with both group A and group B cells. This antibody has been
designated as anti-C and the corresponding blood factor, which is
common to the two agglutinogens A and B, is known as blood factor
C.* Thus, in place of the simple scheme of the four blood groups, the
more complex one given in table 6 is necessary to account for these
observations. It may be remarked that reagents of specificity anti-C
«an also be obtained from animal serums and from seed extracts.

It is clear from table 6 that the factor C is another serological at-
tribute of the agglutinogens A and B. Tests for factor C are not needed
to wdentify the agglutinogens A and B, and need not be taken into
account in heredity studies or discussions of genetic theory. The
existence of factor C is mentioned here because of its theoretical sig-
nificance in relation to the difference between a blood factor and an
agglutinogen, and because of its practical importance in the patho-
genesis of ABO hemolytic disease.

A subgroup of group A has been deseribed®® which has been vari-
ously designated as A, or A,. The symbol A, was selected by Levine'®

TArLE G

SEroLoGICc HEarTioxns oF THE Forr A-B-O Broon Grovres

| Red Cells
Group e SN S Agelutinins in Serumf
Agglutinogens | Blood lactors
() —* —* | Anti-A, anti-B and anti-C
A A AandC | Anti-B
B B B and C | Anti-A
AB Aand B A BandC -

* For simplicity, agglutinogen () and blood factor H are omitted from this
table.

T The antibodies of each of the designated specificities are not homogene-
ous, but consist of a “speetrum’ of antibodies. Thus, in addition to anti-A
which acts almost equally on agglutinogens A, and A., group O and group B
serums contain anti-A,, which acts much more strongly on A, than on A..
Similarly, in addition to anti-C, group O serum may contain anti-Cy, reacting
more strongly with agglutinogen A than agglutinogen B, and anti-Cg, reacting
maore strongly with agglutinogen B than agglutinogen A*® Similarly, anti B
actually comprises a spectrum of antibodies, anti-B;, anti-B;;, ete.
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because while such cells generally give little or no reaction with
potent anti-A serum they are clumped by the great majority of group
O sera. A more appropriate symbol for this blood group may be C,
because the most prominent feature of the red cells is the presence of
blood factor C. Moreover, the sera of such individuals usually ag-
glutinate group A as well as group B cells, but the reactions with
group A cells are generally of low titer. While there is some sero-
logical evidence that the red cells may contain a very weakly reacting
A but no B factor, the almost regular reactions with group O serum
suggest that the most important attribute of these cells may be the
presence of the C factor.®* The report that group A saliva inhibits the
agglutination of Ay eells by group O serum, but not group B saliva,
suggests that the factor in such cells should perhaps be designated
(.. Heredity studies have been hampered by the very low frequency
of this blood type. The irregular expression of this blood type Ay in
the few families studied suggests the operation of a modifier rather
than a new allelie gene.

Serological Complexity of the A-B-0O Agglutinogens

Immunization of rabbits with human group A blood may stimulate
the production of antibodies which react not only with group A cells,
but which also lyse sheep cells. Similarly, the injection of sheep red
cells into rabbits may stimulate the production of high titer anti-A
agelutinins. This demonstrates the existence of a blood factor com-
mon to sheep red cells and human group A blood.® Becanse of the
similarity of behavior to Forssman antiserums, which also hemolyze
sheep cells, the factor has been designated F,. When human anti-A
serum is absorbed with sheep red cells in order to remove the F,
antibody, a fraction of antibody often remains which agglutinates
human group A cells but does not react with sheep cells. This shows
that there exist also blood factors peculiar to group A ecells which are
not shared with sheep red cells.

Similarly, the anti-B agglutinins of human group A serums are
not homogeneous, as can be shown by their cross reactions with blood
cells from lower amimals. Thus, almost all human anti-B serums
strongly ageglutinate blood from rabbits. Absorption of such serums
by rabbit red cells generally leaves behind a fraction which clumps
human B cells but not rabbit cells, though some human anti-B serums
exist which can be completely absorbed by rabbit cells as well as by
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TapLe 7
SOME 0F THE SEROLOGICAL PROPERTIES oF THE A-B-0) AGGLUTINOGENS

| Corresponding

Genes i Blood Factors

fﬂ | 0 | I

I I Ay ' A AELG G

{ . As A H, Fy, C

e = 11 BB, B, ... C

human group B cells.® If we designate the human anti-B agglutinins
which react exclusively with human B cells as anti-B;, and the ag-
elutinins which react with both rabbit and human B cells as anti-B;;,
then it is clear that human group B cells have at least two factors B;
and Bi;, while rabbit red cells have factor Bi; but not Bi. Similarly,
comparative studies carried out with blood of other mammals® such
as opposums and guimea pigs disclose additional complexities so that
in general human group A serum appears to contain a spectrum of
anti-B agelutining while agelutinogen B has corresponding multiple
blood factors B;, Bi;, By, . . . ete.

The agglutinogens A and B determined by the corresponding genes
[' and I” regularly possess all of the appropriate blood factors as
described above, which confirms the concept that these factors are
merely serological attributes of their single respective agglutinogen
(ef. table 7).

Group-Specific Substances in Body Fluids and
Secretions

Chemical studies have disclosed that the A-B-O blood group sub-
stances oceur in the body in two forms, one soluble in organie solvents
and the other as water soluble mucopolysaccharides. The former are
found in the red cells of all individuals of the appropriate blood group
and also in the body cells. The water soluble form does not occur in
all individuals. Among Caucasoids approximately 75 per cent of all
individuals (secretors) have the water soluble form in their bodies
whereas 25 per cent (non-secretors) lack it or have only insignificant
amounts,®: %

The water-soluble group specific mucopolysaccharides are heat
stable so that they can be extracted from tissues with boiling water.
They occur in highest concentration in secretory organs, such as the
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salivary glands, gastric and duodenal mucosa, the panereas, and the
seminal vesicles. In the living subject the secretor/non-secretor status
can be diagnosed most simply by testing the saliva, where the group
specific polysaccharides oceur in high concentration in the case of
secretors.

Technique. The saliva specimens are collected in wide mouth dry
tubes. Only small amounts are necessary for the test. Immediately
following the collection the tubes are placed in boiling water for ten
minutes to destroy the enzymes which saliva contains, since these may
destroy the blood group substanees. Coagulated mucus is removed by
centrifugation and the supernatant opalescent fluid is used for the
test. In infants and small children the saliva may be collected on
cotton swabs which are expressed into narrow tubes.®

The principle of the test is to determine the ability of the saliva to
inhibit group specific agglutination reactions. Thus, group A secretor
saliva prevents anti-A serum from clumping group A cells, but does
not prevent anti-B serum from clumping B eells, and similarly for
eroup B and group AB saliva from secretors (ef. table 8). On the
other hand, group O saliva and non-secretor saliva will not inhibit
anti-A and anti-B serums.

Schiff has shown that saliva from secretors of all groups inhibit the
agelutination of group O cells by so-called anti-O serums obtained
from animals. Such reagents, which are now commonly designated as
anti-H are more convemently obtained from seed extracts, such as of
Ulex europacus, and these reagents are very useful for determining
the secretor status of group O individuals, as well as individuals of
the other three blood groups (ef. table 8). By family studies, Schiff

TagrLe 8

[xuisrrioxs Tests voR THE PRESENCE oF A-B-O Grours 1x Saniva®

Anti-A Serum + Anti-B Serum + | Anti-H Serum -+

Saliva of :{jruup As Cellz + Saliva|/Group B Cells 4 Saliva | Group O Cells - Saliva

secretor group (O + -+ —

Secretor group A — -+ | -

Secretor group B ar = ' =

Secretor group AB — — —

Non-secretor, all + i -
gf‘“ll]::l!"-

* + = agglutination; — = no agglutination.
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and Sasaki® were able to show that the secretor status of an indi-
vidual 1s genetically determined, and depends on a pair of allelic
genes Se and se. Thus secretors may be homozygous, genotype SeSe,
or heterozygous, genotype Sese, while non-secretors are always
homozygous, genotype sese. In family studies the genes Se and se
segregate independently of the genes I, I, and I°, so that they may
be assumed to be located on a different pair of chromosomes. The
secretor type thus provided the first example in blood group genetics
of gene interaction.

Aside from the inhibition technique, the blood group substances
can be demonstrated in the saliva by precipitin techniques. Thus, if
a potent anti-A serum, prepared by immunizing rabbits, is layered
with group A or group AB secretor saliva, a white ring will appear
at the interface, but no such ring appears with non-secretor saliva or
saliva of group O or group B. This technique is not suitable for routine
use because of the difficulty of preparing the reagents. Moreover, so
far attempts to produce comparable anti-B reagents have been unsuc-
cessful. Of interest in this connection is the observation of Uyeyama, ™
who found that about 16 per cent of normal fowl serums contain
precipitins for non-secretor saliva but not for seeretor saliva. Uyeyama
designated the antibody in question as anti-T and asserted that it
detected a substance, T, present in saliva of non-secretors but not in
secretors. This finding conforms with the observation that saliva
from non-secretors is not devoid of mucopolysaccharides, and suggests
that the non-secretor status is due to some molecular alteration in
the blood group mucopolysaccharide which eliminates A-B-O ae-
tivity and substitutes T reactivity. Under this concept, H and T may
be ronsidered to be contrasting products of the genes Se and se,
respectively.

Lewis Blood Groups

In 1946, Mourant™ encountered a serum in a blood donor, which
agglutinated the blood cells of 24 of 96 random Englishmen of group O,
The reactions of this serum was stronger at low temperature than at
body temperature, the antibodies having properties of type-specific
cold agglutinins as deseribed by Landsteiner and Levine. The blood
factor detected by this serum was named Lewis after one of the
donors whose serum contained the antibody. In 1948, Andresen®
reported that in the course of a year he and Freiesleben had en-
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countered 8 examples of an antiserum which agglutinated the red
cells of 21 per cent of adult Danes. The blood factor detected by these
serums Andresen designated as L, which is fortunate since it proved
to be identical with the Lewis factor of Mourant. Shortly thereafter,
Andresen® reported the existence of a second type of serum which
gave reactions almost antithetieal to his original anti-L serum and
which he now called anti-L,; to distinguish it from the second serum
which he called anti-La. In this review, however, the symbols Le* and
Le® will be used for the two Lewis factors in conformity with the
recommendation of British workers.

The facts concerning the Lewis blood factors are not entirely elear.
Perhaps the main reason for this is that up to now it has been im-
possible to prepare reagents of satisfactory avidity and titer. The
reagents in general have the properties, as mentioned above, of cold
agelutinins of low titer, and generally have associated with them
non-specific cold agglutining that are difficult to remove even by
absorption. Nevertheless, certain interesting facts have emerged.

In 1948, Grubb®™ reported that practically all persons who have
the Le* factor on their red cells are non-secretors of the A-B-0 blood
group substances, while those lacking the Le* factor almost always
are secretors of the A-B-O blood substances. Tests on the saliva of
Le*-positive individuals, using the inhibition technique, have shown
that the saliva can neutralize anti-Le® serums, suggesting that the
Lewis substance takes the place of the A-B-0 substance in appropriate
instances. In this connection it 1s interesting to note that chemiecal
studies by Morgan et al.®* prove that the Lewis substance 15 a muco-
polysaccharide chemically indistinguishable by present methods
from the A-B-0 substances.

Family studies on heredity of the Le* factor show that the trans-
miszsion of Le* parallels that of the secretor/non-secretor trait. Thus
two Le(a4) parents, who would both be non-secretors of the A-B-0)
blood group substances, will have children all of whom are Le(a+)
and non-secretors of the A-B-0O substances. This expectation has been
fulfilled by family studies carried out by Race et al.,** and by Andresen
et al.,* and others, who in 17 such families found 44 children all of
whom were Le(a+). On the other hand, when both parents are
Le(a—), children who are Le(a+) as well as Le(a—) occur in a ratio
consistent with the hypothesis that factor Le®, in contrast to other
blood factors, behaves in inheritance like a Mendelian recessive,
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Studies on the heredity of the Le* factor are complicated by the
variable reactivity of the red cells at different ages. Andresen early
observed that as many as 80 per cent of infants less than 3 months
old had Le(a+) red cells. Among older babies the percentage of posi-
tive reactions was lower, but not until the end of the first year of life
did the frequency drop to the adult 20 per cent level. On the other
hand, Unger found that cord blood specimens are all Le(a—), and
according to Rosenfield and Ohno, the baby’s cells become agglutina-
ble only after the first few weeks of life. Grubb and Morgan observed,
moreover, that the more Le(a+) eells are washed with saline solution,
the less agglutinable by anti-Le* serum do they become. However,
Race and Sanger were unable to wash the Le* antigen off the red cells
and they suggest that such observations may depend on the antiserum
used.

Sneath and Sneath® reported that when Le(a+) persons were
transfused with Le(a—) blood, the donor’s red cells could not be
demonstrated in the recipient’s circulation by differential agglutina-
tion tests employing anti-Le* serum, although when antiserums which
detected other agglutinogens were used the donor’s eells could readily
be demonstrated. This diserepancy in the results of the differential
agglutination tests could be explained by postulating that the donor’s
Le(a—) cells adsorbed the Le* substance present in the serum of the
recipient and thus became Le(a-+). This suggests that in contrast
to other blood group substances, the Lewis substance is primarily
produced in the fissues and body fluids, and secondarily absorbed
onto the red cells. Additional evidence supporting this idea was ob-
tained by studies on a rare instance of mosaicism in a pair of fra-
ternal twins.® The blood vessels of these twins contained a mixture
of two kinds of red blood cells having the genetic blood groups of the
two twins respectively. The red cells of the twins reacted in differential
agglutination tests like blood obtained from individuals who have
had blood transfusions, namely, like a mixture of two types of blood.
However, the twins failed to exhibit mosaicism of their Lewis blood
types; one twin was a non-secretor of A-B-O group substance and had
red cells all Le(a+ ), while the other, a secretor, had cells all Le(a—),
even though their red cells exhibited mosaicism of other blood group
systems.

When red cells are tested with both sera anti-Le® and anti-Leb,
conflicting results are obtained. One cause of difficulty is that anti-Le"
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serums give many more positive reactions with cells of group O and
group A than with cells of group A; and B. When tests are confined
to blood cells of group O and As, Le® and Le" prove to be almost but
not completely antithetical. For example, among 238 group O indi-
viduals, Andresen found 46 Le(a+ b—), 178 Le(a— b+4), 14
Le(a— b—) and no Le(a+ b+ ). Other investigators have confirmed
these findings, and although a number of genetic theories have been
proposed none satisfactorily explains these findings.

In conclusion, the following hyvpothesis 1= offered in an attempt to
account for some of the puzzling observations regarding the relation-
ship between the Lewis blood types and the A-B-O blood group sub-
stances and secretor types. It 1s suggested, firstly, that the substance
Le* is identical with the substance T found in non-seeretor saliva by
Uyeyama, and that substance Le® is the same as or related to the
substance H of secretor saliva,® while both substances are believed
to be modifications of a single basic mucopolysaccharide. If this is so,
then individuals who are genetically non-secretors (genotype sese)
would be expected to have the substance T (or Le*) in their secretions
and body fluids while secretors (genotype SeSe and Sese) will have
substance H (or Le"), although heterozygotes may have small amounts
of Le* (or T) in addition. The group substances of secretors, in addi-
tion to factor H will have factors A or B, or both, or neither, depend-
ing on the A-B-O blood group. The genetically determined group
specific substance (mucopolysaccharide) present in the body fluid
15 absorbed onto the red cells, which thus may acquire the Le® (or T),
or Le" (or H) factor according to the secretor type, in addition to the
eroup properties originally present. According to this hypothesis, one
might anticipate that the red cells of group O individuals who are
secretors should react more strongly with anti-H serums than the
red cells of non-secretors. Indeed, some preliminary tests using ex-
tracts of Ulex europaeus as anti-H reagents appear to support this
expectation.

Theoretico-Statistical Considerations. As has already been
pointed out, the presence of Le® factor on the red cells is demonstrable
only in homozygous individuals, genotype Le*Le*, bearing in mind

* According to W. T. J. Morgan (personal communication, however, some

preparations of H substance have Le® activity, while other preparations do
not.
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TapLE 9
TIII-: Lewis Types*
Red Cell Phenotypes Corresponding Genotypes Four Salivary Types
Ohzerved ‘ Estimated
Designation | frequencies Designationst ! Er:ﬁ:,ﬂ'::_“] Dezignation frequencies
| {per cent) | | 1 5 {per cent)
e |
; fele i . 1. i 0,4
Le(a —b—) .01 \[ ! "
| Lenle 2o | | 28 0
Le(a +b—) 22.38 LerLer | at _i 3 S
Lieble 2he ] 2
=1 B [ BT gl | I L, 27 .4
Le(a —b) 71.61 {| LebLe® h? [
{| Le*Le® 2ab | Liab 44.2

*Modified after Wiener |[Lab. Digest (St. Louis) Vol. 18, No. 5, Nov., 1954].
i Gene Le® is believed to be identieal with gene Se; similarly, genes Le®
and le may both correspond to gene se.

that gene Le* and gene se for the ABH non-secretor trait may be
identical ® This may represent a gene dosage effect, since all the
available anti-Le* serums have been of very low titer and avidity.
(Similarly, weak anti-N serums fail to agglutinate type MN cells
while clumping type N cells distinetly.) In seeretors of the ABI
substanee, the group substances have proved to be present in saliva,
gastrie juice and other secretions in considerably higher concentrations
than on the red cells. If the same is true of the Le* substance, then
positive reactions by the inhibition test on saliva would be expected
in heterozygous as well as homozygous Le*-positive individuals. Thus,
bearing in mind that the Le® and H factors are closely related, and
that genes Le? and Se may be identical, the distribution of the Lewis
types as determined by tests on saliva would be expected to be differ-
ent from that obtained by testing red cells.

Let Lo, L., Ly, and L., represent the four Lewis types as deter-
mined by testing saliva, where 1., represents absence of both sub-
stances, L, represents presence of Le* and absence of Le®, ete. Also,
let a, b, and ¢ represent the frequencies of genes Le*, Leb, and le,
respectively, where Le* determines the presence of Le* substance,
Le® determines the presence of substance Le®, and le determines
neither. Then table 9 can be drawn up.¥

Table 9 also gives the distribution of the three Lewis red cell
phenotypes in England, as reported by Race and Sanger'™ in their
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book. From the frequencies of these three phenotypes the frequencies
of the three Lewis genes can be estimated as follows:

a = V/Le(a+ b—) = v/0.2238 = 47.3 per cent
c = ‘\/’I,e(zt—_ﬂ;] = IE(.I-Fh_—] - \/L_E{ﬂ_'Fh—] = 6.0

per cent,
And,b =1 — a — ¢ = 46.7 per cent

From these estimated gene frequencies the expected distribution
of the four salivary Lewis types can be ealeulated as follows:

Lo = ¢* = (.06)* = 0.36 per cent

L. = a*+ 2ac = (0473)* + 2(0.473)(.06) = 28.05 per cent
Li = b 4+ 2be = (0.467)* 4+ 2(0.467)(.06) = 27.4 per cent
Lah = 2ab = 2(0.473)(0.467) = 44.2 per cent

Unfortunately, very little data are available with which to test these
caleulations. Grubb and Morgan®™ have reported observations on the
correlation between the Le* phenotype of the red cells and the ABH
secretory type in a series of 122 individuals as follows:

Erythrocytes Le(a+)}, ABH non-secretor.._ ... .............. 57
Erythroeytes Le{(a—), ABH gecretor. . . .. .................. 163
Eryvthroeytes Le(a+4), ABH seceretor. . . . . . e b S R 0
Erythroeytes Le(a—), ABH non-seeretor. . . .. .............. 2

If we assume that the two non-secretors who were of red cell pheno-
type Le(a—) had no Lewis substance in their saliva, this would make
the frequency of the L type only 2 among 222 individuals or 0.9 per
cent which does not deviate significantly from the expected frequency
ot 0.4 per cent.

Quite different results have been reported by Ceppellini, who tested
the saliva of 518 mdividuals for the ABH and Le* substances. He
designated ABH secretors as 8 and nonsecretors as ns; similarly Le®
secretors were designated as L and non-secretors as nl. Ceppellini®
thus identified 4 salivary types with the following distribution among
518 individuals:

- 1) [ e e I g 11 or 2.13 per cent
ns L. e S 83 or 16.02 per cent
] P ciiewo. ol or 9.25 per cent

SR ... o4 or 72.25 per cent
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When these findings were arranged in a 2 X 2 contingeney table,
Ceppellini found x* = 0.036, which in his opinion strongly indicated
that the secretions of the Le* and ABH substances were genetically
independent of one another. If, as seems likely, the four types ns nl,
ns L, 8 nl, and 8 L, correspond to the salivary types Lg, L., Ls, and
L.i, respectively, this would mean that the heredity of Le* and LeP
depends on independent pairs of genes rather than corresponding
allelic genes. Thus, the conflict between Ceppellini’s findings and
views and the hypothesis favored by the authors is reminiscent of the
polemic between Hirszfeld and Bernstein regarding the heredity of the
four A-B-O groups. A serious objection to Ceppellini’s hypothesis® 1s
that 1t does not provide a satisfactory explanation for the reciproeal
relationship between the Le® blood type and the ABH secretor type.®
(On the other hand, since the frequency 72.25 per cent which he oh-
served for type S L or Ly, significantly exeeeds 50 per cent, this would
argue against the concept of Le* and Leb as allelie genes. However,
Ceppellini’s observations conflict with those of Grubb and Morgan,
and the explanation possibly lies in the difficulty of testing for Le®
substance is saliva. As already pointed out, the anti-Le* reagents
available are of low titer and avidity, so that inhibition tests with
such reagents do not give clear cut results. In fact, examination of
sample protocols given by Ceppellini shows no sharp division between
types L and nl so that not infrequently the diagnosis seems arbitrary.
Thus, the introduction of a slight bias when reading the reactions
would strongly influence the results obtained. Obviously, until better
reagents become available, judgment must be suspended.

A third hypothesis has been suggested by Grubb and Morgan. They
suggest that there are three pairs of allelomorphie genes, Se and se,
Ler and Le=, Le® and Le®, occupying contiguous loei. This hypothesis
differs from the one proposed here in the same way as Fisher's theory of
triply linked genes differs from Wiener’s theory of multiple alleles for
the Rh-Hr blood types. In the absence of evidence of erossing over,
the theory of separate gene loci degenerates into a theory of complete

* To account for the existence of only 3 Lewis blood types, Ceppellini in-
vokes the concept of gene interaction. The gene combination LS is postulated
to result in type Le(a— b<4), Ls in Le(a+ b—), while LS and Is both give Le
(a— b—). Ceppellini’s saliva results then give the following expected distribu-
tion of the Lewis blood types: 16.029% Le(a+ b—), 72.25% Le(a— b+), and
11.38% Le(a— b—).
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linkage, and since completely linked genes operate as a unit, the differ-
ence from the theory of multiple alleles becomes solely a matter of
semantics.

A-B-0 Blood Groups in Apes and Monkeys

In 1925, Landsteiner and Miller® showed that blood of chimpan-
zees, orangutans and gibbons have isoagglutinogens and isoagglutinins
indistinguishable from those which characterize the human blood
groups. To date more than 100 chimpanzees have been tested, of
whom approximately 90 per cent proved to belong to group A and the
remainder to group O. Group A chimpanzee blood resembles human
blood of subgroup A; more closely than subgroup A..™ Many fewer of
the other anthropoid apes have been tested; among 18 orangutans, 7
proved to be group A, 8 group B, and 3 group AB. Among 7 gibbons,
Landsteiner found 1 group A, 5 group B, and 1 group AB.

Wiener tested the blood of two dead gorillas and found anti-A in
the serums, but tests on the cells failed to reveal the presence of the
expected agglutinogen B, in conflict with Landsteiner’s law. Fxam-
ination of the salivary glands, however, showed them to contain blood
group substance B. In studies on various species of monkeys, Wiener,
(Candela and Goss™ ™ found that their red cells were not agglutinated
by anti-A or anti-B serums, but the serum of individual monkeys
differed in that some contained anti-A alone, some anti-B alone,
others showed both anti-A and anti-B, while the remainder showed
neither. Examination of the saliva and salivary glands explained
these observations since the expected blood group substances were
found to be invariably present. Thus, in gorillas and monkeys Land-
steiner’s law does hold, but the reciprocal relation is between the
isoagglutinins in the serum and the blood group substances in glandu-
lar tissue and secretions rather than on the red cells themselves.

Anomalies of the A-B-0 Blood Groups

Recently, Wiener and Gordon™ encountered two individuals having
anti-B and not anti-A agglutinins in their serums, but whose red cells
failed to react with anti-A serum. Examination of the saliva showed
the presence of the expected blood group substance A. Thus, these
two rare individuals gave blood group reactions resembling those of
lower monkeys, and for this reason this anomalous blood type has
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been designated A,.. Additional examples of this blood type have
been observed by Weiner et al.,” who postulated the existence of a
pair of allelic genes ¥ and y independent of the A-B-O genes, where
i 1s extremely rare. The extremely rare homozygotes of genotype yy
are postulated to be capable of producing blood group substances in
the secretions but not on the red blood cells. The counterpart of A,
namely, B, has recently been encountered in a father and 2 of his 4
children by Yokoyama et al.™

In 1951, Bhende et al.™ deseribed a very rare type of blood which
has been called “Bombay”. The red cells of individuals of this type
were not clumped by anti-A, anti-B, or anti-H and the serum contained
anti-H as well as anti-A and anti-B. The saliva of these persons was
devoid of A-B-O group specific substance. Levine et al.™™ have re-
ported a family in which three members had the “Bombay” blood type.
[F'rom the blood groups of the parents and children they were led to
postulate the existence of a rare modifying gene which in homozygous
individuals, genotype xx, prevents the blood group genes from pro-
ducing A-B-0 specific substances both on the red cells and n the
saliva. The red cells of all these individuals are Le(a4), which is
further evidence of the reciprocal relationship between Le and H.
Levine has assigned to blood of the Bombay type the symbol, Oy, to
indicate that the red cells react like group O cells, but lack the blood
factor H.

The recent developments demonstrate that the heredity of the
A-B-O blood groups is quite complex, and the suggestion made by
Haldane that the blood group substances are the direct products of
the blood group genes does not seem tenable in the light of these ob-
servations. Apparently, all or almost all humans are capable of pro-
ducing a basic blood group mucopolysaccharide, and the capacity to
produce this substance presumably depends upon the action of two
or more pairs of intermediate genes. The blood group genes [, ["
and [7 apparently convey the capacity to produce certain enzymes
which act on the basic mucopolysaccharide and give it its blood group
specificity. Still another pair of genes Se and se determine the capacity
to produce the polysaccharide in glandular tissue as well as in the
erythrocytes and body cells, and confer Le® (or H) and Le* (or T)
specificity on these substances. Individuals of the very rare genotype
yy apparently can produce group specific substances in the secretions






CHAPTER III
The M-N-S System

M-N Types

The three M-N types provide one of the simplest examples of
Mendelhian heredity in man.

Serology. To determine the M-N types of an individual, anti-M
and anti-N reagents from rabbit-immune antiserums are still used
today, as in the original investigations of Landsteiner and Levine. ™. ®
Oceasionally, human serums have been encountered containing
anti-M and anti-N agglutinins, but these are so rare that their use is
not practicable for routine blood typing. Similarly, adequate quanti-
ties of seeds yielding anti-N lectins have not been generally available
for this purpose so far, while anti-M has not been found in seeds.

The anti-M serums produced by immunizing rabbits with human
type M blood contain in addition to anti-M also anti-human species-
specific agglutinins. The serum must therefore be processed by ab-
sorbing it with type N cells, which removes the species-specific anti-
hodies but leaves behind the anti-M agglutinin, Anti-N serum is
processed similarly by absorbing it with type M cells. While there 1s
little difficulty in preparing potent anti-M reagents in this way, it
has not been possible to obtain high titer anti-N reagents. The reason
is that the type M blood cells used to absorb the species antibody can
also absorb some of the desired anti-N agglutining in faet, if an excess
of cells is used the reagent may be made devoid of activity or weakened
<o that only type N, but not type MN cells are agglutinated. (Also
anti-N agglutinins in human serums can be absorbed by type M cells.*)
The practical importance of this phenomenon is that there is danger
of obtaining false negative reactions if the anti-N reagents have been
averabsorbed. On the other hand, if the serum has been underab-
sorbed in an attempt to avoid the removal of the type specific ag-
glutinin, reagents may result which give false positive reactions. This
difficulty has been responsible for serious errors in the application
of the M-N types to anthropology and legal medicine, when the

* This is another of the numerous examples of the eross reactivity of blood
group antibodies, as discussed on page 11.

4
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tests were undertaken by workers who did not first qualify themselves
by becoming experienced in serologic techniques.

Anti-M and anti-N reagents yield only three pairs of reactions with
human red cells, namely, M+ N—, M+ N+, and M— N+, cor-
responding to the three types designated M, MN, and N, respectively.
Bloods lacking both agglutinogens have not been encountered i tests
on many millions of blood specimens.

Heredity. According to the theory of Landsteiner and Levine®
the agglutinogens M and N are transmitted by two corresponding
allelic genes L™ and L". This theory allows for only three possible
genotypes corresponding to the three known phenotypes, and at the
same time precludes the existence of type M — N—. There are six
matings theoretically possible and the distribution of the types to be
expected among the children of each mating is shown in table 10.
While most studies conform with the predictions, some workers have
reported an excess of type MN children in those families where both
parents are type MN, and this supposed excess of type MN children
has been eited as an example of selection in favor of the heterozygote,
In table 11, is shown the summary of the investigations carried out
by Wiener and his eollaborators during the years 1929-52 on 1,580
families with 3,379 children. Among the 800 children from the mating
MXN X MN, 405 belonged to group MN, a finding consistent with
simple random redistribution of the genes LY and L%, without the
need to invoke other mechanisms. The execess of type MN children
reported by other workers was therefore probably due to the use of
imcompletely absorbed antiserums, as already explained.

From the point of view of medicolegal application, the heredity

TarrLE 10
HerepiTty orF THE M-N TyrEs

Matings Children (per cent)

Phenoty pes Gienotyes M O(LMEMy | AN {_L-'“ £ N LN LNy :

M X M | LMLM x LMLM | 100 i 0

.'"I-I }{ x .L'“.L'“ }{ l‘l-.-"l""-|,-.|-""'I ” “Hj ”

N x N ININ % INEN ] 1] | 1000

M x MN LMIM » [MN 50 i 50 0

N % MN | LNLN % LMIN | 0 500 50
MN X MN LAMLN 5 ZMEa Gl ooh Ly 25
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TasLe 11
HeErEDITY STUpiEs oN THE M-N Typrs (1920-10952)*
(After Wiener, A. 8., DiDiego, N. and Sokol, 8.: Acta Genel. Med. el
Gemellol., 2: 391, 1953)

_Parental | N“:;hw s e Total
Combination | Faimilies = = | . |
— |- 1 | ot L L0 Ea i
M X M 153 ‘ Number 326 0 (1)t 327
Per cent . 09.7 0 0.3
M XN 179 | Number (1)1 ] 376 ;i
Poer cont 0.3 i) 0oy .7
W N 87 | Number () 10 | () 11016
Per cent 1 LMD 1 ()
MN » M 463 | Number 499 (1)t 473 973
| | Percent |51.3 + 1.13] 0.1  [48.6 =+ 1.1
MN ¥ N 351 | Number () | A82 411 796
Per cent 0.4 7 niE o s e
MN X MN | 377 | Number | 199 | 196 405 800
Per cent §2-I.T + (1.5 EE-I.."} =E TN i-ﬁU,H 4+ 1.1
Totals ....| 1,580 | 1,028 685 1,666 | 3,379

* Since that time many hundred additional families have been studied.

T These apparent exceptions to the laws of inheritance are probably due
to illegitimaey.

1 Figure following 4+ sign represents probable error.

of the M-N types may be summarized by the following two laws:
1) The agglutinogen M or N cannot appear in the blood of a child
unless it is present in the blood of one or both parents. 2) A type M
parent cannot have a type N child, and a type N parent cannot have
a type M child. The few exceptions to these rules in table 10 may
reasonably be attributed to illegitimacy, and in support of this inter-
pretation it may be pointed out that while there are families in which
the blood types of the supposed fathers conflict with the second law,
there are none in which this is true of the mother.

Gene Frequency Analysis. The frequency of the allelic genes
L™ and L" in the general population can be readily estimated from the
distribution of the three phenotypes.® Since there is only one pheno-
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type corresponding to each genotype, the gene frequencies can be
determined by direct count. If m represents the frequency of gene

LY, and n represents the frequency of gene L°,
e MN

Then, m = M + - ;- (21)

And, »n = N + E:' (22)

If V represents the size of the sample, then 21 is the number of

genes counted,
n ; i o
'herefore, om = o, = 1/,”, (23)

From the gene frequencies, the distribution of the three NM-N types
can be recaleulated as follows:

My = m?® 24)
No = nt (25)
MNy = 2mn (26)

As a rule, these recaleulated frequencies will not be identical with
the observed frequencies. Assuming random intermarriage, which
theoretically should bring the distribution of the M-N types to
equilibrium in a single generation, the genetic theory ean be tested by
caleulating the chi square value as follows

x_r pe (H- = "ﬂ}:,.* + “-’ — FJ:F)E + {'r: — ‘..”}3

il by Co

Here, a, b, and ¢ represent the observed frequencies of the types
M, MN, and N, respectively, in the population, and aqg, by, and ¢, the
theoretically expected values according to formulae (24) to (26). This
then reduces to the following formula:

e (0 — 4ac)’N
X = @a + )20 + 20°
where N is the number of individuals examined. This test has been

applied in a large number of population studies, and the results lend
further support to the genetic theory.

(27)



THE M-N-2 SYSTEM 45

The frequencies of the genes L" and L" ean also be caleulated by
the square root method as follows:

m' = V"T‘-._l' (28)

n' = VN (29)

These formulae for the gene frequencies, though consistent, are less

efficient than formulae (21) and( 22), the latter being identical with the
maximum likehood estimates.

The formulae (27) and (28) are the basis for a different test of the

genetie theory. Since theoretically, m’ + n' = 1 then VM + VN

should equal unity or 100 percent. In general, the sum ‘\/ﬂ—k VN

will not be exactly equal to unity, and the size of the deviation can be
used as a test of the genetic theory. If the deviation:

D=1 = (VM VR) (30)
Then, as Wiener®! has shown,

|
2/ ¥
where 17 represents the number of persons tested. Here again the

observations confirm the genetic theory.
If we represent the frequency of type MN by H,

Tpn

(31)

Then, d—” = r_E m(l —m) =1 — 2m
dm  dm
: dff 1
To find the maximum value of H, set = 0, so that m = 15.

Therefore, the maximum frequency that type MN can have under
this genetic theory is 50 per cent.

This important result applies to any heterozygote in a population
at equilibrium, so that, for example, the frequency of group AB can-
not exceed 50 per cent. As will be pointed out later, this law was
applied by Wiener to elucidate the heredity of the Rh-Hr blood types
(ef. page 63).

Mother-Child Combinations. As already pointed out, the
study of mother-child combinations supports the theory because of
the absence of the combinations M-mother/N-child or N-mother/
M-child. Further evidence supporting the theory has been obtained
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TABLE 12

FrEgUuENCIES oF Morner-CHILD COMBINATIONS

Children of Type
Mothers of Type

M MN ' N
— ¥
M m? it ' 0
MN rn ' I mn?
N [ it it

by gene frequency analysis, by applying the formulae of table 12 to
test the results of studies on the M-N types in mothers and children.

Agglutinogen N,. As in the A-B-O system, a number of rare
anomalies of the M-N types have been encountered. The most impor-
tant is the so-called agglutinogen N, first deseribed by Crome,** and
which, according to Friedenreich,** is due to a special corresponding
are allelic gene "2, This type of blood is characterized by its very
wenk reactivity with anti-N serums, so that with many anti-N
reagents clumping may fail to occur or may be so weak as to be
overlooked. This may lead to serious errors, as in medicolegal cases.
For example, if the putative father belongs to type MN: (genotype
LYLY) and the child to type N (genotype LYL"?), the former might
erroneously be reported as type M, with resulting false exelusion of
paternity.

Agglutinogens M and N in Monkeys and Apes. In tests on
human blood no differences are demonstrable among different anti-M
reagents or different anti-N reagents. For example, all anti-M serums,
regardless of source and method of preparation, regularly agglutinate
red cells of type M and of type MXN but not of type N. However,
when the eross reactions of these reagents are studied, using red cells
of anthropoid apes and monkeys, it is found that not all anti-M
serums give the same reactions, nor do all anti-N serums . %

In table 13, for example, are shown the differences in behavior of
six selected anti-M serums prepared from immune rabbit serums, in
tests on red cells from anthropoid apes and monkeys. In the table, the
antiserums have been arranged so that those with more ¢ross reactions
precede those with fewer cross reactions, and the blood specimens
have Leen arranged according to the position in the zobdlogical seale
of the primates from which they were obtained. Although the anti-M
serums with the highest titers gave the most cross reactions, the
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differences were not merely quantitative as was shown by absorption
experiments. For example, reagent M1 had a titer of 64 units for
human red cells and 16 units for rhesus red cells. Absorption by
human cells completely removed all the antibodies while absorption
by rhesus cells produced a reagent with a titer of 16 units for human M
cells but not reacting with rhesus cells. On the other hand, reagent M5
which likewise had a titer of 64 units for human M ecells and about 24

TarLe 13
M Facrors ix Buoon or Aees axp MosNkEys
(After Wiener, A. 8.: Blood Groups and Transfusion, 3rd ed., 1943)

Anti-M Testing Fluids
Source of Blood Specimens o el = * =l
Ms | wm | Mz M3is Mz | msz
Human M. . ...........| +++ | ++4+ | ++2 | ++£ | ++= [ +++
HRIOAT N . oo i 0 0 0 LR L 0
Chimpanzee .. ......... SEEEar || searan | arees SFar || Smarar +
|

Old World Monkeys

(Cercopithecidae)

Sphinx Baboon. ......| +4+ +4+ | +4+ ] ]

Dyl Baboon:.. ..o} == | 43| +4=%£ (+) (+) (+)

Chacna Baboon. . .. Spiemi | mp s e e e e 0 tr. 0

M. thesus:. ... i 4=+ | +4+4+ | +4+x£ | (+£) + 1]

Java Macaque........ +4++ | +4++4+ -+ 4 i ] ]

Sooty Mangabey FRs . Lanarne (6 e pe o ir. + &

Green Monkey . . .....| +4++ | +4++ ] 0 0 0
New World Monkeys

{(Platyrrhina)

White Spider Monkey.| 44+ () ) 0 0 0
Black Spider Monkey. .. = = 0 0 tr. 0

Woolly Monkey. . . . .. 0 0 (k) () 0 0
Brown Ringtail

(Capuchin Monkey) . . 0 0 0 0 0
Moss Monkey.. . . .. 0 0 f. 1. == 0
BEMar . e 0 0 0 1] 0 0
Average titer of testing

01 [P S G e 64 il 32 24 16 16

Of several species two individuals were tested, of brown ringtails 4, of

Macacus rhesus 45,

Reactions placed in parenthesis were found not to be removed by absorbing
the serum with type M blood eells.
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units for rhesus red cells was completely absorbed by either human
M cells or rhesus red cells.

Besides providing a striking example of biochemical evolution,
table 13 15 another example of the mosaic structure of red cell ag-
glutinogens. To explain the reactions, it is necessary to recognize that
not all anti-M agglutinins are identical in specificity and therefore,
by definition, there are more than one kind of M factor. If we desig-
nate as anti-M; the agglutinin which reacts with human red cells,
but not with blood from chimpanzees or monkeys, and as anti-M;
the agglutinin which detects a factor common to human M blood and
chimpanzee blood but absent from the blood of lower primates, ete.,
it follows that the human M agglutinogen has all of the blood factors
MMM .. L etes; chimpanzee blood, factors MM, . . ., ete. One
could anticipate that the injection of rhesus monkey blood into rabbits
would yield a reagent specific for human M cells and not reacting
with type N cells. Indeed, Landsteiner and Wiener* found it possible
to prepare satisfactory anti-M reagents in this way, and it is of his-
torical interest that these experiments led to the discovery of the
Rh (rhesus) factor.

By similar experiments it has been possible to demonstrate that the
agglutinogen N has a mosaic structure.® Due to difficulty in obtaining
potent reagents, as already explained, only two such factors have
been demonstrated so far, namely, N;, peculiar to human N cells
alone, and Ny, a factor shared by human N cells and chimpanzee red
cells.

Obviously, when a human being inherits an M or N agelutinogen,
this earries with it all of the serological factors that characterizes
the agglutinogen as shown below:

(iene Corresponding agglutinogen Bload factors
Ii"“ :llll ]'Ilp :“IH- n'lli.g -‘Iir 5
L'V ?"- ;\r” Nu-

Factors S, s and U

Factor 5. In 1947, Walsh and Montgomery® studied the serum of
a patient known to be sensitized to the Rh, factor, and found the
serum to contain an additional blood group antibody which gave
reactions different from any previously described. A sample of this
serum was studied by Sanger and Race™ who were able to show that
the blood factor detected by it was related to the agglutinogens M
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TagLE 14
DistrigvTion oF THE M-N-8 Tyres amona 394 Broop Doxors
Phenotype | Number Per Cent
o [8+ 8% I 22.3
% 'i:f‘— a7 0.4
. | =4 27 7.0
N .
| =— 44 12 .4
(84 10063 260
AMN . i
| 5— RB7 220
Totals = 221 A2
H—- 173 43.8

and N. This was done by making use of the 2 X 2 contingency table
as already explained on page 3.

When persons of type M, MN and N were subdivided according to
their reactions with the antiserum of Walsh and Montgomery, named
anti-S by Sanger and Race, 6 types of blood could be distinguished.
For example, in 394 tests done on professional donors in New York
City, the distribution shown in table 14 was found.®

On inspection it can be seen that the incidence of the S factor is
not the same in the three M-N types, since more than two-thirds of
type M individuals are S positive, while only about one third of type
N individuals are S positive. That this difference is not merely acei-
dental but statistically significant can be shown by a 2 X 2 con-
tingency table as follows:

M 4+ MN ! N

|
S+ 194 27 i 221
S— 124 40 | 173

Totals.......... 318 | 7t B

Applying the formula on page 3, x* = 16 for one degree of freedom,
and the likelihood of this occurring by chance alone is much less than
0.001.

To account for the findings, Sanger and Race mention two genetic
hypotheses. According to one, the six possible M-N-S groups are at-
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TasLE 15
Tue M-N-S PHENOTYPES AND GENOTYPES

Reactions with Serums Corresponding Genotypes

Phenoty pes

Anti-M | Anti-N | Anti-S Linked genes Multiple alleles
M5 + = | == M8/ M8 & M8/ Ms 1518 & ISL
M= It - ‘ - Ms/Ms LI
N.& | - + -+ NS/NS & NS/Ns 5[5 & 151
N o= e l
MN.S | + | + | + | MS/NS, MS/Ns L3S, LAl & Li8
: | Ms/NS
MN.s I R SR Ll

tributed to 4 allelic genes WS, Ms, NS, and Ns, where S is considered
to be a mutation in the M and N genes which renders the red cells
agglutinable by anti-S serum. According to the second hypothesis, S
is considered to be a separate gene, with an allele s and closely or
possible completely linked with the M-N genes. The six possible geno-
types, their reactions and corresponding genotypes according to each
of these hypotheses are shown in table 15. Though Race and Sanger
prefer the linked gene theory, the present authors regard the concept
of multiple alleles to be more consistent with the known genetic and
serological data.®

When factor S is considered alone, two types are distinguishable,
namely, S+ and S—, the former having the frequency of 56.1 per
cent and the latter 43.9 per cent in tests done on 394 blood donors in
New York City. Assuming heredity by a pair of genes S and s, so
that corresponding to phenotype S there are two genotypes SS and Ss,
and corresponding to phenotype s there is only one genotype ss, the
frequencies of genes S and s can be estimated as follows.

s = V0.439 = 0.663 or 66.3 per cent

so that § = 0.337 or 33.7 per cent.

Therefore, the estimated frequencies of the three genotypes are
S8 = 0.114, Ss = 0.447, and ss = 0.439,

At this stage of knowledge, it could be surmised that there might
exist a factor, s, corresponding to the gene s, and demonstrable in the
blood cells of individuals of genotypes Ss and ss. In fact, Levine
et al.* did find a serum in the mother of an erythroblastic infant which
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gave reactions corresponding to those expected for factor s. Subse-
quently, additional examples of this antisernm were encountered by
other workers. However, while a fair number of satisfactory anti-S
serums have been found to date, serum of the specificity of anti-s is
in very short supply and more or less of a serological curiosity. There-
fore, the number of studies carried out on factor s have been quite
small.

Nomenclature. The vast majority of studies on the M-N system
have been confined to the blood factors M and N alone, since these
have been known for the longest time and the reagents for their
recognition can be procured at will by immunizing rabbits. As men-
tioned previously, three tyvpes are distinguished with the aid of these
antiserums. When tests for factor S are also earried out, the number of
phenotypes in the system is inereased to six. When, in addition, anti-s
serum is used, nine phenotypes can be recognized. Sinee an inereasing
number of studies will be made in the future, using the various serums
at different stages, it is desirable to have an unambiguous nomen-
clature for each of the three stages, which at the same time will indi-
cate clearly not only the phenotypes but also the theoretically possible
genotypes. The nomenclature used by Wiener™ 15 shown in table 16.

TasLe 16
NoMENCLATURE oF THE M-N-S-5 Tyres
(After Wiener)

— s —

Three M-N Phenoty pes | Six AM-N-5 Phenotypes N;ﬁi]?iiﬁjf
| P e z Corresponding
Reaction Reaction | Reaction Genolypes
Desig- with serum besinati Iwith serum| S |with serum|
nation e g 1:51;;.“.1[:1:]1-._ esignation EEnE
Anti-M | Anti-N Anti-§ | Antis
M + - | MS + MSS | — ISLS
M.5s + 1AL
M.s — M.ss + LL
N - o N.5 i N.5B - [5i8
N.Ss = 151
]- N.s - N .58 -+ I
MN -+ + MN.S + MN.SS - LAls
MN .83 + L3l and LI#
MN .5 — MN .ss + Li
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Gene Frequeney Analysis.” * If the distribution of the M-N-S
phenotypes in the general population is known, the hypothetical gene
frequencies can be readily caleulated.

Stage 1. At this stage only tests for factors M and N have been done,
and three phenotypes distinguished. In this case, the gene frequencies,
m and n can be readily caleulated, as previously explained, by direct
count.

Stage 2. Here tests have been made for factor S as well as for M and N.
The following relations hold by identity:

L4+ L=m (32)
FP4l=n (33)

- = ¥ ,“ N -
where m and n are the frequencies of gene L™ and gene " respectively
[ef. formulae (21) and (22)].

Moreover, L + I = 8 (34)
and L + [ = s (35)

Sinee, corresponding to the phenotype N.s there iz only the single
genotype , then, assuming panmixia, it follows that

I = v/Ns (36)

where N.s represents the frequency of type N.s in the general
population.

Similarly, . = v/ M s (37)

These preliminary estimates must now be adjusted to make them
satisfy the identity L + [ = s This can be done by solving the si-
multaneous equations,

L—-1l=+Ms—VNgs (38)
and L + | = s (39)
where s = Vtype s = v/ Ms + Ns + MNs (40)

From these values of L and [, the values of 5 and ¢ ean be obtained
with the aid of identities (30) and (31).
Stage 3. Here tests have been carried out with all four antiserums, so
that 9 phenotypes are distinguishable (ef. table 16). The caleulations
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are the same as at stage 2, except that now the frequency of “gene”
s can be determined by direct count as follows,

Ss
§ = 88 T ';

Bt Lk,
— (M + Nes + MNas) + M+ NSs o+ MNSs

After the gene frequencies have been estimated from the distribu-
tion of the phenotypes in the population, the expected frequencies of
the phenotypes can be recaleulated with the aid of table 15 or table
16. Then, the chi square test can be applied as a test of the genetic
theory. This has been done by Fisher,”® using maximum likelihood
estimates of the gene frequencies, which differ only slightly from the
estimates obtamed with the simpler method (ef. Wiener®) deseribed
here. For example, in one such test, a chi square value of 1.74 was
obtained with 2 degrees of freedom, indicating a satisfactory agree-
ment with the genetie theory.

Family Investigations. When the factor S is considered by
itself, family investigations support the hypothesis of heredity as a
simple Mendelian dominant. For example, Race and Sanger® have
compiled 412 families with 941 children, and in 97 families where both
parents were type s, all 221 children were likewise type s,

In family studies, when the bloods of all the individuals are tested
for factors M, N and S simultaneously, the relationship between
them becomes apparent immediately. In family 1 of table 17, the
parents are type MN and type M, respectively, and, as expected,
about half of the children are type MN and half are type M. Also,
the parents are type S and type s, respectively, and the former is evi-
dently heterozygous, since three of the children are type S and four
are tvpe s. However, while the type M parent lacked the factor S the
situation is reversed in the children; that is, the type M children have
the factor S. The reason for this becomes apparent when the pheno-
type of each individual is converted into the appropriate genotype, in
conformity with the genetic theory. The same method of analysis 1s
readily applicable to other families in the table, and in published
studies on the subject.

Significantly when in a family factor S is associated with blood
factor M in a parent, it is similarly associated in his children and in
other members of his family. The same holds for factor S when it is
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TasLE 17

ILLUSTRATIVE FAMILIES DEMONSTRATING THE RELATIONSHIP BETWEEN
Facror 8 aANp THE THREE M-N Tyres

(After Race and Sanger: Blood Groups in Man, 2nd ed., p. 68)

Fa m:il}-l e : Children
N umber Zaking - - : -
e 2 3 1 5 liice [
1. | MN8 x Ms |MS3 |MNs | MN.s [ MN.s [ M8 |MN.s | M.S
LAl X LL AL | Ll Ll Li 1AL | Ll 1AL
250 Ns X MNS| MNs | N.B MN .= '
i i x Lis Ll 15[ Ll
3. | MNS X Ns | MNs [MNs | NS
| Lis x U Lt Ll LAl
4. MN.S X MNs | MN.B| Ns MN.s
180X Lt 1Al i Ll .

associated with the factor N. To date, no evidence of crossing over
between M /N and S/s has been found in family studies. This, in our
opinion, indieates that factors S and M are not properties of differ-
ent substances, but of one and the same agglutinogen, and thus sup-
ports the theory of multiple alleles in preference to that of linked
genes.

Factor U. Wiener, Unger and Gordon,®: * in 1954, encountered a
new antibody in the serum of a woman who had a fatal hemolytie
transfusion reaction. The factor it recognized was designated as U
beeause of its almost universal distribution, as follows:

Paositive Megative
T 1 e e ot el i et 0 s L iy 12
Caueagoids. ..........c0cun-. S e B 1,100 0

The investigators also studied a family in which the father and two
children lacked the factor while the mother and one child possessed
the factor. This and other results supported the hypothesis that the
blood factor is transmitted as a simple Mendelian dominant. It was
noticed that the twelve individuals who lacked the factor U were all
of type N or type MN, suggesting some relationship to the M-N types.
Subsequently, in studies carried out with a second anti-U serum,
Greenwalt et al.” confirmed these observations, and noted that all
individuals lacking factor U also lacked both factors S and s. In this
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TapLE 15
THE M-N-58-1] SERIER oF ALLELIC GENES

Approximate Frequency (Per Cent) | Corres-

Gene S | ];.;TTI:I“H Blood Factors Present®
Caucazoids i Megroidst .! tinogen |

LA 24.7 | B.7 | M= | M, S, and U (and It

' Rt 28.3 |“I . M.s M, s, and U (and M)t
P 40.2 :

L | Extremely rare f M.u M (and M)t

s 8.1 [ NS | NS andU

f . 38,0 L 4g 7 N.s N, s, and U

" | Extremely rare IJ i Na | N

* For simplicity in this chart the factors M;, My, M., . N;, Ni, ete.
are not listed (ef. page 46).

1 Based on the data of Miller, Rosenfield, and Vogel, (Amer. J. Phys.
Anthrop., 9: 115, 1951).

f Agelutinogen M reacts weakly with anti-N serum. This, by definition,
means that the agglutinogen M ha= an N-like factor, which mayv be designated
n.

way, the series of alleles in the M-N system was increased to six as
shown in table 18,

Other Complexities of the M-N-S System

In 1934, Landsteiner, Strutton and Chase®™ immunized rabbits with
blood of a Negroid (Mr. Hunter) and obtained an antiserum which
agelutinated the blood of 7.3 per cent of Negroids and of 0.5 per cent
of Whites. Wiener'® also tested this serum and noticed that all blood
giving distinet positive reactions were type N or type MN, suggesting
a relationship to the M-N system.

Chalmers, Ikin and Mourant,” in an attempt to repeat these
studies, obtained an antiserum, prepared by injecting the blood of a
Nigerian (Mr. Henshaw) into a rabbit. In tests with this antiserum
(anti-He), 38 among 1,390 West Africans, or 2.7 per cent, gave positive
reactions, while no positive reactions were obtained with the blood
cells of 1,500 Europeans. Comparative tests with the original anti-Hu
serum, some of which was still available, showed anti-Hu and anti-He
to be different. With fresh blood from the original donor (Mr. Hunter)
rabbits were immunized, and with the newly prepared antiserum
Chalmers et al., and Shapiro'™ carried these studies further. Family
studies showed that factors He and Hu are related to the properties



[ L]

Al HEREDITY OF THE BLOOD GROUPS

M and N in a manner similar to that of factors S, s, and U. For ex-
ample, when Hu or He were associated with M in the parents there
was a similar association in the children. This again indicates that
Hu and He do not represent attributes of separate substances, but
together with M, N, S, s, and U, as the case may be, are factors of
one and the same ageglutinogen. Because of these observations, the
series of allelic genes for this system was extended to 24 by Shapiro,
in order to account for the results of his studies in which the simul-
taneous heredity of M, N, S, s, U, Hu, and He was examined,

Additional complexities were added by the reports of two closely
related blood factors designated Gr and Mi®, which have been shown
to be similarly associated with the M-N-S system.!”: 192. 193 The most,
interesting of the recent developments is Allen’s finding' of a potent
serum for an extremely rare blood factor which he showed to be re-
lated to the M-N system. IHe reported a pedigree in which this blood
factor occurred in 7 members of the family. In this family he en-
countered two apparent contradietions to the heredity of the three
M-N types, namely, two brothers, both type N and each with a type
M child. The paradox could be explained by postulating a new ex-
tremely rare allele which produced an agglutinogen having the newly
discovered blood factor but lacking both the blood factors M and N.
If the allele is designated [, then the type N father’s genotype could
be I while the type M child’s genotype would be LI’



CHAPTER 1V
The P System

In 1927, when Landsteiner and Levine prepared the first anti-M
and anti-N rabbit immune serums, they also obtained an antiserum
which detected still another property of human blood, that was
designated by them as P. Subsequently they found the same anti-
body, anti-P, in the serums of occasional normal human beings, and
in animals (horse, pig, rabbits),'™ and it has since been found that
the same antibody can occasionally result from isoimmunization in
response to blood tranfusion.'® In 1936, Furuhata and Imamura!™
desceribed a blood factor which they designated as Q, detected with
the aid of absorbed pig serum. Japanese investigators have carried
out many studies on factor Q, but since comparative tests have shown
P and Q to be the same, the original symbol P will be used exelusively
in this diseussion. It ig of interest that among Japanese, the frequency
of the P (or ) factor 1s only approximately 30 per cent, in contrast
to the frequency of 79 per cent among Caucasoids, and 98 per cent
in Negroids,'™

Family studies have shown the factor P to be inherited as a simple
Mendelian dominant (ef. table 19).

Almost all anti-P reagents available up to now have had the prop-
erties of cold agglutinins. Moreover, such serums, whether from human
beings or animals, generally contain antibodies reactive for all human
red cells. Attempts to remove the non-specific antibodies by ab-
sorption tend to weaken the anti-P agglutinins as well. In addition,
positively reacting cells from different individuals do not react with
equal intensity, and all gradations from strong agglutination to weak
clumping may be observed. Thus, testing for the P factor presents
difficulties similar to those of subgrouping blood of groups A and
AB.

In a review on the origin of naturally oceurring hemagglutinins, Wiener108a
wrote: “Since anti-P cold agglutinins occur not infrequently in normal human
serum, . . . the present author hazards the prediction that future studies on
bacteria may reveal them to contain antigens related to agglutinogen P in
specificity.” In faet, among 132 cases of hydatid disease of whom about 25
might be expected to I negative, Cameron and Staveley!*? found 2 with strong

a7
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anti-P agglutinins. OF 25 evst fluids, 19 inhibited anti-P serum. In only 6 of the
25, where the scolices were absent or degenerated, did inhibition fail to oecur.
This confirms Wiener’'s theory of the heterogenetic origin of cold anti-P agglu-
tinins, the antigenie stimulus apparently being provided by the P-like sub-
stance present in echinococeus evst fluids containing scolices.

From the mecidence of the P factor in the population, the gene
frequencies are readily calculated. Thus, among Caucasoids,
p = (P—) = 4021 = 046 or 46 per cent, and P = 1 — p = 0.54
or 5t per cent. Similarly, among Negroids, p = +/0.02 = 0.14 or
14 per cent, and P = 0.86 or 86 per cent; while, among Chinese, p
= 4/(0.70) = 0.84 or 84 per cent, and P = 0.16 or 16 per cent.

Factor Tj*. In 1951, Levine et al.'™ encountered in the serum of a
woman an antibody which agglutinated the red cells of 3,000 con-
secutive random group O individuals, but did not react with the red
blood ecells of the donor herself or those of one of her three siblings.
The factor detected by this serum was named the Jay or Tj* factor
after the donor, Mrs. Jay. Since 1951, in eight additional investi-
gations carried out in South Afriea, Australia, Japan, the United
States, and other parts of the world, antiserums of identical specificity

TasrLe 19
HErEDITY 00F THE P AGGLUTINOGEN
(After Dahr and Zehner)

I Number of Children

Mating Number of Families
P+ | - | Totals
P4+ %X P+ | 244) 677 79 | 756
P+ % P— ! 134 256 179 165
P—= x P— ad (4) [ HE s
|
o A R 117 967 | 352 1319

TasLeE 20
The PP SEriEs orF ALLELICc GENES

Earies Corresponding Agglu- Blood Factors

tinogens
1
P! Py P, T;
P P, | T;»

i P None demonstrated to date
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were encountered. In a number of these studies the Tj*-negative
type was found in more than one member of the family. It is of in-
terest that many of the Tj-negative individuals had the Tj* anti-
body in their serums.

If one assumes that the Tj type is determined by a pair of allelie
genes 7" and T, then Tj(a—) individuals would all be of genotype
T#T*. The frequency of gene Ti* = 4/ Tj(a—), or lessthan 4/0.00033
= 0.018 or 1.8 per cent, while the frequency of gene T'j* is greater
than 0.982 or 98.2 per cent.

Sanger''? tested 15 Tj(a—) individuals from 9 families and found
that they all were also P negative, which suggested a relationship
between the Tj* factor and the P system. In fact she found that
when anti-Tj* serum was absorbed with P-negative blood until it no
longer reacted with the absorbing blood, an antibody fraction re-
mained in the serum that gave reactions corresponding to anti-P.
To account for these findings, Sanger has postulated the existence of
three allelic genes P!, P? and p at the P locus. The P' gene is postu-
lated to determine the agglutinogen found in the type previously
classified as P-positive; P? determines the agglutinogen of P-negative
blood, while p determines the agglutinogen of Tj(a—) blood. These
econcepts are summarized in table 20.



CHAPTER V
The Rh-Hr System

The Rh-Hr system is the most complicated, and, second to the
A-B-0 system, is the most important of the human blood systems,
by virtue of its clinical implications. The past fifteen years have
witnessed a phenomenal advance in the knowledge of blood group
serology and genetics, which was initiated by the discovery of the
Rh-Hr types.

The Rh, Factor

Of the Rh-Hr factors the factor Rhy holds a position of special
prominence. It is of both theoretical and historical interest that its
discovery came about in an indireet manner, with the use of an anti-
serum prepared in rabbits against rhesus monkey blood."" The
Rh, factor i1s the most common source of clinieal symptoms beeause,
as demonstrated by experimental immunization studies carried
out in human volunteers, 1t 1= the most antigenie of the Rh-Hr fae-
tors.''? It appears to represent o special strueture within the Rh-Hr
agelutinogen, since red cells ean be coated with Rhy blocking anti-
body without interfering with the reactions of the red cells with other
antibodies such as anti-rh’, anti-rh”, and anti-hr’. To indieate the
special position of the Rhy factor, therefore, the symbol of this factor
has been assigned a capital “R”, while all of the other Rh factors
have a small “r”. The subseript of the symbol “Rh,"” also sets it
apart from the other Rh-Hr factors.

In the first study on the heredity of the Rh-Hr types, tests could
be made only for the factor Rhy. In this investigation, carried out by
Landsteiner and Wiener' in 1941, the antiserums prepared in
ouinea-pigs against rhesus monkey blood as well as human anti-Rh,
serum were used.,

Among 48 persons tested with these serums, the following distri-
bution was found.

Mumbhber Per Cent
Rh positive. .. : LT o 379 84,6
Rh negative . .. L - TR el : it 15.4
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Under the hypothesis that the Rh, factor is inherited as a simple
Mendelian dominant, the gene frequencies are readily estimated as
follows:

rh = v/Rh negative = v/0.154 = 39.2 per cent

Rh = 1 — rh = 60.8 per cent

The expected frequencies of the three theoretically possible geno-
types can then be readily caleulated,

jﬂ[‘l'&lﬂ}']}l‘ RhRh = (0.608)* = 37.0 per cent

IRh positive
POS1T1VE \[Ei‘lll}t}’ll" Rhrh = 2(0.608 X 0.392) = 47.6 per cent

Rh negative; genotype rhrh = (0.392)* = 15.4 per cent

Family Studies. Landsteiner and Wiener tested 60 families with
2537 children for the Rh, factor, and in table 21 their findings are
summarized. When the distribution the Rh; factor is compared with
that expected under the genetie theory the findings prove to be in
satisfactory agreement.

Landsteiner and Wiener also showed that the Rh, factor 1s not sex
linked and excluded any relation with the A-B-O and M-N systems.

Serology. While in the original investigations, anti-rhesus immune
serum was used, 1t was subsequently found that antiserums of greater
avidity and higher titer are more readily obtained and in larger
amounts from mothers of eryvthroblastotic babies as well as from
deliberately immunized donors. Therefore, anti-rhesus serums are
no longer used, and remain only of theoretical and historieal 1m-

TarLe 21
Henreprrary Traxnssmission o THE RKh, Facror
(From Landsteiner and Wiener, 1941)

[ Number of Children

Mating (Number of Families |
' Rh+ |  Rh- Totals
Rh+ X Rh+ I s {50 7 158
Rh+ X Rh-— 12 fie At A 18
st 431 31

Rh— X Rh- 6 | 0

Totals. .. . S (il 188 | 19 . 237
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portance. It is interesting that the human anti-Rh, serum, even those
of maximum titer and avidity, give little or no reaction with red cells
of rhesus monkeys. This seemingly paradoxical observation s an-
other example of so-called non-reciprocal reactions, and is inexplicable
under the hypothesis of a striet one-to-one correspondence between
antigen and antibody.

[t was early observed,"™ in many Rh-negative patients with clinieal
manifestations of isosensitization, that Rh antibodies could not be
demonstrated by the classie agglutination method in saline media.
This led Wiener in 1941 to postulate that IRh antibodies in particular
(and all antibodies in general), exist in two molecular forms, one of
which was capable of combining with Rh-positive cells in saline media
but without clumping the cells. In 1944, when suitable human anti-
Rh agglutinating serum was more easily available, Wiener® devised
the blocking test to demonstrate the second form of antibody. Later
on, Race™ and Diamond" independently encountered the Rh,
blocking antibody when they tried unsuceessfully to produce a
polyvalent anti-Rh,’" serum by pooling anti-Rh, and anti-rh” serums.
The antibody which clumps cells in saline media i1s variously known
as “bivalent”, agglutinating, or “complete’” antibody, while the
antibody detected by the blocking test has been designated “uni-
aalent”, blocking, conglutinating, or “incomplete” antibody.

The original blocking test detected univalent Rh antibodies only
when present in high titer, and for this test a satisfactory agglutinating
anti-ILh serum is alzo needed. Fortunately, other more sensitive and
more practicable tests for univalent antibodies have been devised,
notably, the conglutination® and albumin tests," the anti-globulin
test, ™ and the use of test cells treated with proteolytic enzymes.'!
Since univalent antibodies are encountered far more frequently than
bivalent antibodies, these new tests resulting from the discovery of
the Rh factor, opened up the entire field of blood grouping, and may
be eredited with the phenomenal advances of the past 15 years.

Factor rh'

In 1941, Wiener'™ encountered a patient who had a hemolytic
transfusion reaction and whose serum contained an antibody which
reacted with 70 per cent of Caucasoid individuals, in contrast with
the original anti-Rh serum which agglutinated the red cells of 85
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per cent of such persons (cf. table 22). By the use of a 2 X 2 con-
tingency table, it was possible to show that the factor demonstrated
by this serum was independent of the A-B-O, M-N and P systems,
but related to the Rhy factor. The problem then arose as to the
nature of the relationship between the new blood factor, which is
to-day known as rh’, and the original Rh, factor.

It is instructive as well as of historieal interest to give the reasoning
as originally presented in the 1943 edition of Wiener’s book, Blood
Groups and Transfusion, making necessary changes to correspond
to modern terminology, in order to avoiud misunderstanding. The
quotation modified in this way reads as follows.*

“The reactions could be explained most simply by postulating the
existence of two agglutinogens Rhy and rh" corresponding to the
agglutinins anti-Rhy and anti-rh’. The four sorts of blood would
then have the compositions Rhyrh’, Rhg, rh’, and Rh negative, re-
spectively. This assumption would imply the existence, however, of
two corresponding genes R° and r’, which would have to be either
independent, linked or allelic. The first two possibilities are excluded
since the produect of the frequencies Rhyrh’ X Rh negative is much
greater than Rhy X rh'. Moreover the existence of allelic genes R°
and 7' in individuals whose blood reacts with both anti-Rhy and anti-
rh’ would necessitate that this class not exceed 50 per cent,t while
the actual frequency is 70 per cent. Accordingly, the observations
are best explained by assuming the existence of 3 qualitatively differ-
ent Rh agglutinogens instead of only 2, one type reacting with
anti-Rhy serum but not anti-rh’, a second reacting with anti-rh’
but not with anti-Rh,, and a third reacting with both sorts of anti-Rh
serums.”’

At this stage, the geneties of the Rh-Hr system could be summarized
as follows. Four allelic genes are postulated. Gene r gives rise to an
agglutinogen lacking both factors Rhy and rh’; gene »* corresponds
to an agglutinogen having only factor rh’; similarly gene R® controls
an agglutinogen having only factor Rhy, and finally gene R' deter-

* In the original quotation the anti-Rhg serum was designated anti-Rh,,
while anti-rh’ was designated as anti-Rh..

1 On page 45, when discussing this question, it was also pointed out that the
frequencies of type MN, and of group AB similarly could not exceed 50 per
cent in a population at equilibrium.
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TaBLE 22
RevaTionsHir aMoxG THE REacrions oF IirrErENT ANTI-Rh SERUMS

. | Reactions of Various Bloods
Originall Bro ﬁ"E:'l"":i._:;“' . among White Individuals
g PP rl:gllim ¥ resent | mate Fer ! : 4
Dezcribed by Diesignation | Cent
| | Positive | About | About | About | About
| 70 % | 15% | 2% 137,
T ittt | e ——— |
| | |
Type 1 | Landsteiner Anti-Rh, 85 Pos. |[Pos. [Neg. Neg.
(standard, and Wiener i
anti-Rh) | ;
g P | e T - | - .
I'vpe 2 Wiener and Anti-rh’ 2 | Pos. [Neg. |Pos. [Neg.
I Land- ' '
steiner

Tue Four PHENoTYPES DETERMINED BY Facrors Rhy Axp rh' AND THEIR
Tes TrHEORETICALLY PossiaLE GENOTYPES

Type 3 Levine, .-hni-Hh..’l BT | Pos. |Pos. |]’-::~.-:. Neg.
Burnham, ‘ '
Katzin and .
Vogel I

TasLE 23

Reaction with Serum

Phenoty pe Poszsible Genotypes
Anti-Rhao Anti-rh’
rh i - — | rr
rh’ — + r'r and r'r’
Rhy -+ — | K% and KR

Ry ! + -4 Rir, R'R°, R%' R'R!' and R'Y’
mines an agglutinogen characterized by both factors Rhy and rh’.
Then, corresponding to the four phenotypes there could theoretically
be 10 possible genotypes as shown in table 23.

Wiener and Landsteiner'™ studied the simultaneous heredity of
factors Rhy and rh’ in 47 families with 133 children. In this small
series, unfortunately, there appeared no instance of the rarest of the
four blood types, namely, type rh’. However, the results, as far as
they went, were in full accord with the genetic theory.

Eight Rh Types

Factor rh”. Early in 1943, Wiener'?? deseribed still another anti-
serum which agglutinated the red cells of only 30 per cent of the
white population. Statistical analysis proved that this factor was re-
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lated to the RRh-Hr system, and to indicate that it is now known as
rh”. Considering only the reactions of anti-rh’ and anti-rh’’ serums,
four types of blood are possible which could be designated as rh,
rh’, rh”, and rh'rh”, respectively.* The distribution of these four
types among 280 individuals proved to be as follows: type rh, 19.4
per cent; type rh’, 50.3 per cent; type rh”, 12.8 per cent; and type
rh'rh” 17.5 per cent. Since the produet rh’ X rh’ is considerably
greater than rh X rh'rh” it is elear that rh’ and rh” are not inde-
pendent. A tentative genetic theory was proposed by Wiener,'*
that the factors rh’ and rh” are transmitted by triple allelic genes
in a manner comparable to the heredity of the four A-B-O blood
groups. Based on this hypothesis, the gene frequencies were readily
estimated as follows. T

r = 4/rh = v/0.194 = 44.5 per cent
" = v/th + b’ — v/th = V0697 — 4/0.194 = 39 per cent
" = 2/rth + rh” — v/rh = v/0.322 — 4/0.194 = 12 per cent
So that, r + " + r"" = 95.5 per cent.

Thus, the agreement with the genetic theory was not entirely
satisfactory, since the sum of the estimated gene frequencies fell
short of 100 per cent, and the theoretical frequency of type rh'rh”,
which should equal 2 X " X r” or about 9.5 per cent, was con-
siderably less that the observed frequency. These discrepancies were
correctly attributed to difficulties in technique, due to the poor
quality of the antiserums available at that time. In addition, no
allowanee was made for additional genes giving rise to agglutinogens
with both factors rh’ and rh”. Such genes are now known to exist,
but their incidence in the population is so low that failure to take
them into account must have been only a minor contributing factor
to the deviation found in this early study.

The Eight Rh Phenotypes. When tests are made with all three
antiserums simultaneously, eight types of blood can be distinguished

* In the original paper, the four types were designated as Rh negative, Rh,
Rh., and Rh;Rh., respectively.

t The symbols for the genes as used here of necessity have a different meaning
from the same symbols when used in connection with the calculations that
include factor Rhy, as will be seen shortly.
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TasLeg 24
SeneEME oF e Fioanr Bh Tyees
(Wiener, A. 8., Dade County M. A. Bull., 1949)

Rh-Negative Types Eh-Pozitive Types

Reaction with serum Reaction with serum

SE o e
Drestination | Designation of
of types 3 = : types
Anti-rh® | Anti-rh” | Anti-Rho

Anti-rh’ | Anti-th® | Anti-Rha

vh = - | & oV | - | - +
rh’ + it [ (HEA T + 5 i
rh"” | 1 S 3 = =k -
i 5 i — | RiyRh; + i i

The tvpes are named after the Rh blood factors (and agglutinogens) present
in the red cells, Bh; being short for Rhorh” (or Rhe') and Rhbs short for Rhgrh”
(or Rhy''). Similarly, it is often convenient to use rh, in place of rh'rh” and
Rh; in place of RhiRh: (or Rhy'Rh,y"").

as shown in table 24, These eight phenotypes are easy to remember
if they are arranged in the form of a double scheme of four types
each, analogous to the four A-B-0O blood groups.

The distribution of the types is different in diverse ethnie groups,
and the results of few representative studies are shown in table 25.
As ecan be seen from the table, Caucasoids have the highest frequeney
of type rh, while this type is virtually absent in Mongoloids. The
most striking feature of negroid populations is the very high frequeney
of type Rhy.

Genetie Theory. To account for the existence of the eight pheno-
tyvpes, Wiener' found it necessary to postulate the existence of at
least six allelie genes as shown in table 26. Under this concept there
are 21 theoretically possible genotypes corresponding to the eight
possible phenotypes as shown in table 27,

Gene Frequeney Analysis. The theory of multiple alleles to
account for the eight Rh types has been tested by gene frequency
analysis and by family studies. With the aid of table 27, the following
formulae for the frequencies of the genes in terms of the frequencies
of Rh phenotypes can readily be derived.

R (31)
r = 4/th’ + th — v/rh (32)
" = A/th” + rh — v/rh (33)
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TaBLE 25
REPRESENTATIVE DlaTa ox THE Racian IMSTRIBUTION OF THE
Eicar Rh Types
Approximate Frequency (Per Cent) of the Blood Types
Ethnic Group . e = 3
rh rh* th®* |rh'rh*| Rhe Eh: Eh: RluRhsz
Cauecasoids (N.Y.C.)! I|3.."‘.~ (1.0 0.5 | .02 2.9 1 953.0 | 15.0 | 14.5
Negroids | ' |
M.Y.C:* | 7.5 |1.5 (U] Il} 45.0 | 25.0 | 15.5 L
Africad | 3.75 [0.75 | 0 ] 70.0 | 15.0 9.0 1.5
Puerto Ricans? 10.1 |1.7 0.5 |0 15.1 | 39.1 | 19.6 | 14.0
Chineses 1.5 |0 0 o 0.9 | 60.6 | 3.0 | 34.4
Japanese® 0.6 0 [0 |0 0 |[51.7| 8.3|39.4
Filipinos? i 0 4] 0 0 837.0| 2.0(11.0
Mexican Indians® 0 ] 41.2

(Modified after Wiener A. 8., Am. J.

L Wiener et al.; Unger et al.;

Levine

o
i

! Wiener et al.; Levine
* Hubinont et al.
t Torregrosa

v'Rhy + rh — \/1"]1-

0 0

| T s L

Clin. Path., 16z 477, 1946)

8 Wiener et al.

 Waller and Levine: Miller and

Taguch

7T Simmons and Graydon
" Wiener et al.

— +v/Rhy + rh’ + Rhy + th — A/rh’ + rh

== ‘\/Hhu + If'h + v,]'h

— v/Rh, + rh + V/1h

(Cauecasoids in table 25.

r

Jl-"

r
R

R

v/0.135 = 36.7 per cent
V/0.010 + 0.135
V0.005 + 0.135
V0025 + 0.135

— 4v/0.135
— V/0.135
— 4/0.135
V0530 + 0010 + 0.025 + 0135 — v/0010 + 0.135

+/Rhs + rh”” + Rhq + rh — v/rth’” + rh

1.4 per cent
0.7 per cent

3.3 per cent

— /0,025 + 0.135 + V/0.135 = 42.3 per cent

(34)

(35)

(36)

As an example the formulae will be applied to the figures given for
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TAERLE 26

BIX ALLELIC GENES AND THEIR CORRESPONDING AGGLUTINOGENS

Gene Apzlutinogen Blood Factorz Present
r rh None

r! rh’ rh’

i rh"’ rh'’

Ro Ith, ' Rh,

R! Kh, KRh; and rh’
R* IRhe Rh, and rh"’

TaBLE 27

Tae Six AvLeErE THEoRY oF IxHERITANCE OF THE RRh Tyres

Phenoty pes | Corresponding Genotypes
rh i Fr
rh’ r'r" and r'r
rh”’ r'r" and r''r
rh'rh’’ . i
R, ‘ RYRY and Ry
lth, KRR, R\s', R'r, R'RY, and R’
Rh. R:R:, R R, RERY, and Ry
IRhRRh. R\Rk:, R, and B2’

= '\./H,l:':n[] + 0005 4+ 0025 4+ 0.135 — ‘\f’/{l','l}[}-":l + 0.135
— 40025 + 0.135 + '\f’[]_li-'}:'} = 15.4 per cent

The sum of these estimated gene frequencies comes to 99.8 per
cent, which is a very satisfactory agreement with the genetic theory,
Actually, the sum of the gene frequencies should fall short of 100
per cent, because of the existence of additional alleles as will be ex-
plained later on. However, these additional genes are so rare that
they would have no noticeable effect on the caleulations. In the
early studies, seven of the eight theoretically possible phenotypes
were encountered, that is, all but the rare type rh'rh”. Why this
type was not found at first was easy to understand from the genetie
theory, since its expected frequency was only 2 X ' X ¢, or 2 X
0014 X 0.007 = 0.000196 or about 1 in 5,000. The subsequent
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TaprLe 28

G

AvTHoR's STUunpies (1043-1953) ox THE HERrEnITY oF THE Eicur Rh Tyees

! Murm- Number of Children
Mating nerof |

lies th | rh' rh™ rll’rll'i Rhao

rh % rh | 32| 53 | () 0 0 l ()
rh X rh’ 3 1 | O | |
rh X rh”’ B el b i bt ) ‘ 0
rh X rh'rh"’ 1 1| 0 0 1 i
rh X Rhy 31 15 1] 0 0| 33
rh X Rh, 5099 | 182 5 0 0 ‘ 40
rh X Rh. 126 | 72 0 0 i
rh % Rh;Rhe 152 3 1 i 0| O
rh’ X Rhq 3 0 9 0 ol 1
rh’ ¥ Rh, al 7 7 1] 0 5
rh’ X Rh. S R R o AT (T | )
rh’ ¥ RhRh. 10 0 0 () ol o
rh’’ X Rh, o e [ | (M i 0
rh”" X Rh. 3 ] 0 2 0] 0
rh’" » Rh;Rh: i ] 0| O 0
rh'rh’’ X Rhy ] 0 1 0 0

rh'rh’’ X Rh.
]{hl,l x ‘.th-
Rhy x Rhy 19 6 | | | 0] { 4

i
1
rh'rh™ X Iih, 2 0 0| 0 1) ]
1
1

Ehys X Rh. 1 1 0] 0 0 i
Rhy ¥ Rh,Rh. gileniladl ol SEod | o
Rh, X Rh; 155 i il S o[
Rh;, X Rh. 57 | 12 I () 5
Rh; % Rh;Rh. 7 0 T S T ] (S
Rh; X Rha 10 3 oD () 0
Rh: X Rh,Rh, | S [ g g

Rh,Rh. ¥ Rh;Rh. s ] IS R ni ol o

A 13 il.‘!-lﬁ arta | 29 11

.
1 | 103

of Type
— | i Totals
Fhy | Eh= Rl:i

0 oi| 0 B&:

0l (1 0| 4

] ] ( T

g RS0 | 2

] i | [ A%

[ 731 | (1) I 0 | 959
0 | 144 0 | 220
112 | 120 7 | 243
2 0 (11| jo 7

30 0 0| 49
0 3 3| 13

(i 4 riidl [

8 o | [

0 3 0 5

2 0 2 1

0 0 (0 3

| T ] 2 3
0| 1 1| 2
ol ol o 1
6| o| ol 27
0| 2 0 ! 7
| ] 1)
3 | 188 () 0 207
36| 13| 20| 98
4| 17 | 53 | 145

o 13| 0| 16

8 | il A [ [

[ 4| 8 | 18

1
1221 | 344 | 135 ;2219

The numbers in parenthesis represent contradietions to the genetic theory,

apparently due to illegitimacy.

The excess of families with Rh-negative parents is explained by the fact
that this material was largely compiled from families confronted with the

problem of Rh sensitization.
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discovery of type rh'rth” is one of the numerous faets which have been
unearthed, supporting the theory of multiple alleles.

Family Studies. Further evidence of the validity of the theory
of multiple alleles was obtained by family investigations.'=. '
In table 28, for example, are summarized the studies of Wiener and
his associates during the period 1943 to 1953 on the heredity of the
eight Rh types. Similar studies have been done by Race et al., and
additional data have been aceumulated more recently in investi-
egations not yet published. With only two exeeptions, which may be
asceribed to illegitimacy, the data obtained on the 2,119 children
shown in table 28 support the theory of multiple alleles.

Actually, a few other exceptions were encountered in certain
families, where one of the parents belonged to type rh'rh” or to type
RhyRhs. These apparent exceptions to the genetic theory could be
explained by postulating the existence of two additional alleles in
the series of allelic genes.' '*% Thus, under the theory of six allelie
genes matings with parents rh'rh” X rh would have to be of geno-
types r'r" X rr, so that half of the children would be expected to be
tyvpe rh’ and half to be type rh”. Actually, in some of these families
half of the children were type rh'rh” while half were type rh. By
postulating the existence of an additional allelie gene v, determining
a corresponding agelutinogen rhy, having the blood factors rh’ and
rh’ but lacking factor Rhy, it was possible to account for these
exceptional families. Similarly, it was necessary to postulate the
existence of a gene R determining a corresponding agglutinogen Rhy,
having all three factors Rhy, rh’, and rh”, in order to account for
anomalies in certain families with one or both parents of type Rh;Rh..
In table 29, are shown three families illustrating the transmission of
the rare genes v and R°.

Serology. For identifying the 8 Rh types, it is necessary to have
available antiserums of specificities anti-Rhy, anti-rh’, and anti-rh”,
respectively. Pure anti-rh” serum can be obtained from type Rh.
individuals sensitized against type Rh, blood, and, similarly, pure
anti-rh’ serum 1s obtained from tvpe Rh; individuals sensitized
against type Ith. blood. Unfortunately, such monovalent antiserums
are rare and the reagents available commercially are mostly derived
from type rh individuals sensitized to type Rh; or type Rh, blood,
respectively. Thus, the anti-rh’ reagents most commonly used are
really anti-Rhy serums to which anti-Rh, blocker has been added to
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TarLE 29

Faminies [LLUSTRATING THE TrRansMission oF THE RArRE (GExgEs B° axp v

Children

Mating -
1 2 3 4 ; 5

1. RhyRh: X rh rh | Rh;Rh. |

Rer X rr rr | R
2. rh'rh" X rh rh rh'rh"*

r¥r Xorr rr ey |
3. Rh;Rh: X rh rh | rh Rh;Rhs rh Rh;Rhs

fr X rr rr | rr Rr rr Rr

prevent the anti-Rh, agglutinin from giving rise to agglutination
under the conditions of the test. Similarly, most anti-rh” reagents
are anti-Rh; serums to which anti-Rhy blocker has been added.
If the directions for the tests are not followed scrupulously, or when
dealing with highly agglutinable red cells which are difficult to block,
such as cells from homozygous type Rh: or type Rhy individuals,
blocking may be incomplete or may fail and the clumping resulting
may be misinterpreted as indicative of the presence of the rh” and
rh’’ factor. Such errors have caused serious misunderstandings in
medicolegal cases of disputed paternity, and have also been re-
sponsible for inaccurate reports in anthropological investigations.

Hr Factors

Levine and Javert'® encountered an antibody in the serum of an
Rh-positive mother of an erythroblastotic baby which gave ap-
proximately 30 per cent positive reactions with Cauneasoid bloods.
Significantly, all Rh-negative bloods gave positive reactions with
this serum. Because of its apparently reciprocal relation to Rh,
they named the factor detected by this antiserum Hr. Independently,
Race and Taylor'® discovered an antiserum for a blood factor present
in 80 per cent of Caucasoid bloods. Wiener et al.**' pointed out that
factor Hr of Levine and Javert and the factor found by Race and
Taylor were in fact the same, the difference in percentage of positive
reactions being due to a gene dosage effect.

More detailed study showed that the so-called Hr factor was
related to factor rh’ in a manner similar to the relationship between
M and N, that is, individual bloods are either rh’ positive or Hr
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positive, or both, and no blood was both rh’ negative and Hr nega-
tive. To indiecate this, Wiener introduced the designation hr' for
the factor. It must be pointed out that the discovery of factor hr'
made necessary no change in the genetie theory, since hr’ merely
defines another blood factor of agglutinogens already known and
identifiable by their reactions with the three Rh antiserums alone.
The table of Rh allelie genes is therefore modified only by the addition
of factor hr' in the “blood factor” column for agglutinogens rh,
rh”’, Rhq, and Rh, (ef. tables 26 and 31). Thus, the number of possible
genotypes remains the same, but the number of possible phenotypes
is inecreased. The additional phenotypes distinguished by the hr'
antiserum have been designated as rh'rh for those type rh' bloods
which are positive for factor hr', while those type rh’ bloods which
are negative for factor hr' are designated as rh'rh’. Similarly, type
IRh; bloods are subdivided by their reactions with hr’ antiserum into
type Rhyrh for those bloods which react positively with hr’ antiserum,
and type RhiIth; for those bloods which do not react with hr' anti-
Serum.

Considering that factor rh’ has an incidence of approximately 70
per cent in the Caucasoid population, the expected frequency of the
reciprocally related factor hr’ can be caleulated with the aid of the
formula:

hr’ pos. = 1 — [1 — v/(rh"neg)}?
=l = [E=Fv O30
=1— (1 — 0.548)?
=1 — 0.204
= 0.796 or 79.6 per cent

This frequency, as can be seen, is very close to the value reported
by Race and Taylor. If the factors rh’ and hr’ are considered by
themselves, three phenotypes are distinguished, the expected fre-
quencies of which would be as follows:

type rh’ = hr' negative = 21 %

I
o9
=]
=3

type hr’ = rh’ negative

type rh’hr’ = the rest = 49%



THE Rh-Hr sysTEM 73

By using an over simplification, it is possible to account for the
existence of three such types. If we postulate a pair of alleles ;" and
h' (the bar is placed over the “collective’ gene r’ to distinguish it from
gene r’ of the series of eight Rh alleles), there are three genotyvpes
corresponding to the three phenotypes as follows:

Phenotype Genotypes Frequencies %
rh’ r'r’ 21
rh‘hr’ r'h’ 49
hr’ h'h’ 30

It will be noted that while the incidence of the hr' factor is 79 per
cent, among these 30 per cent are homozygous while 49 per cent are
heterozygous. It is now known that blood from individuals homozy-
gous for the hr' factor reacts much more avidly with anti-hr’ serum
than blood from heterozygous individuals. This 1s known as the gene
dose effect. It 1s probable that the original serum of Levine and
Javert was detecting only homozygous hr'-positive blood, which
accounts for their early observations.

Fisher,'** noticing the reciprocal relationship between factors rh'
and hr', postulated the existence of two additional Hr factors,
namely, hr” and Hr,, respectively, reciprocally related to factors
rh” and Rhg, respectively. As will be explained later, this prediction
was associated with the genetic theory of linkage, and a different
nomenclature for the Rh-Hr types. Shortly thereafter, Mourant'?
announced the discovery of an antiserum giving the reactions expected
of anti-hr”, and additional antiserums of this specificity were found
by Wiener and Peters'® and other workers. Several announcements
of the discovery of antiserums supposedly of specificity anti-Hr, were
also made, but these findings could not be confirmed. Even at the
present time anti-Hry serum is not available, although anti-hr” and
anti-hr” serums are routinely used in many laboratories specializing
in Rh-Hr typing.

In tahle 30 are given the expected incidence of factors hr' and hr”
as well as those expected of the hypothetical factor Hr among Whites,
Negroes, Mongoloids and Asiatic Indians, estimated from the inci-
dence of factors rh’, rh” and Rh in these populations, as caleulated
with the aid of the general formula,'®

(Hr+) = 1 — [1 — v/(Rh—)]? (37)
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TarLe 30
Revrationsuip BErwiEEN Rh axp Hr ANTISERUMS

Observed® Percentages of

Positive Beactions with Bh Expected Percentages of Positive

A i Reactions with Hr antiserums
Racial Group g
. £ | x | I{rll
| rh' | rh | Rhy hr he* | (Hypopthetical)
Whites IE 0t a0l 1 s e oy 63
Negroes 28 | 2T ! 0 097.7 097 .5 54
|
American Indians; 85 ‘ 40 99 | 43 86 0
Chinese and to to to to to to
Japanese L (G | 100 63 05 20
Asiatic Indians 85 18 | 93 63 | 99.1 45

*A. 8. Wiener, E. B. Sonn, and R. B. Belkin, Proc. Soc. Exp. Biol. and
Med., 54: 238 1943; A. 8. Wiener, J. P. Zepeda, E. B. Sonn, and H. R. Polivka,
J. Exp. Med., 81: 559, 1945.

Nomenclature., With the discovery of additional Rh-Hr factors,
the relationships among the various agglutinogens become increas-
ingly complicated, and this entails corresponding complexities in the
notations for the various Rh-Hr types. When choosing the symbols
for the Rh-Hr types, rational principles of notation were applied so
that the resulting nomenclature is not only aceurate and unambigu-
ous, but also serves to translate the serological facts into symbols
which can be easily manipulated both graphically and orally. Thus,
no attempt is made to include everything that is known about a given
agglutinogen in its symbol, since this would entail repeated changes
in the notation with the discovery of each new fact. Rather, the sym-
bols chosen are in the nature of easily inseribed and spoken
mnemonics, which aid the memory and at the same time stress only
those characteristics needed for the identification of the agglutinogen
or phenotype. For example, agglutinogen rh is defined and identified
by its negative reactions with antiserums Rhg, rh’, and rh”. With
the discovery of anti-hr” and anti-hr”, no change had to be made in
the symbol; instead, the definition of agglutinogen rh was merely ex-
panded to include its reactions with these two additional antiserums.
Thus, agglutinogen rh is now more fully defined as that agglutinogen
which gives negative reactions with antiserums Rhy, rh’, and rh”,
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TarLE 31
The Eicar “Stanpard’ Rh ALueEric GENES

Gene Corresponding Agglutinogen Blomd Factors Present
r ' rh hr' and hr"
r’ | rh’ rh’ and hr'’
gt ’ rh*’ rh’’ and hr'
re rhy rh’ and rh”’
R Rh, Rhy, hr', and hr"’
R! Eh; Rhy, rh’, and hr"”
2 Rhs Rhy, rh”’, and hr’
R ' Rhy Rh., rh’, and rh"’

and positive reactions with anti-hr’ and anti-hr”. As was anticipated,
additional characteristics of agglutinogen rh have been discovered,
notably, hr, and more recently, hr". It will be =een that the factor
hr is not essential for the identification of agglutinogen rh, and there-
fore need not be included in its symbol. On the other hand, since
factor hr* identifies a property of only cerfain rh agglutinogens, it
does require a distinetive symbol to indicate its presence.

In table 31 the situation resulting from the discovery of the addi-
tional two factors hr' and hr” is summarized for the 8 “standard”
allelic genes. When the three Rh antiserums and the two Hr anti-
serums are used simultaneously, instead of only 8 Rh types a scheme
of 18 Rh-Hr phenotypes results, as is shown in table 32. In order to
indicate the reactions of the Hr antiserums a new convention has to
be introduced, as has already been indicated. To facilitate the use of
this convention the names of two of the phenotypes are changed as
follows: instead of rh'rh” the symbol rh, is used, and instead of
Rh;Rh. the symbol Rhy is employed. In this way it i= possible to indi-
-ate not only the results of the tests but also which antiserums have
been used. Thus, when tests are made using only the three Rh anti-
serums, 2 single symbol is used to indicate the phenotype, while a
second symbol is added when tests have been carried out for the Hr
factors as well. Since all type Rh, bloods necessarily give positive re-
actions with anti-hr” serum,* this fact need not be indicated in the
phenotype symbol. On the other hand, to indicate the reaction with
anti-hr’ the symbol Rh,Rh; is used for type Rh; bloods which are
hr’ negative, while the symbol Rhyrh is used for type Rh; bloods

* Rare exceptions to this rule will be deseribed later.
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TasLE 32

NoMENCLATURE oF THE 18 Rh-Hr Broop Tyres axp 36 GENOTYPES

Eight Bh Pheno-
ty pes

rh

I

rh
i

rhy
{or th'rh’)

Rh,
]’“'Il

H]'I.;!

I“"Ix

(or RhyRh.) ‘

| Reactions with

Designation

| Corresponding genotypes

i Serum
R e
| i ‘ 4 rh
it | 4+ | rh'rh
S PR rh'rh
1L 41 rh’'rh
i S rh’'rh’’
| i ‘ L | rhyrh
- -t rh,rh’
__{_ e I‘il}-I'II”
| - = rhyrh,
[ + _|_ thl
4 & Rhirh
o ‘ 4 RhiRh;
e B Rharh
L — Rh:Rh.
_|_ + ]“'I;f,]{hu
- e RhzRh,
4 ‘ i | RhzIth.

RhzRRhy

Ir]"

| [
| v r
I rr

A
rr

e oand v

it

rer’’
Ir'-D'J-'!'l'
| RORY and ROy
| Ry, RIR® and R
RURY and Ry

74, B2RY and K"
2l and R

R'R2. Rir" R, Rfr R0
|  and R
i RERY, Ry, and R4y
I’eR:, ’5r", and Riv
| RKR* and Ry

which are hr’ positive. Thus, the first half of the phenotype symbol
represents the reactions obtained with the Rh antiserums, while the
second half of the symbol represents the reaction with the Hr anti-
serums. As shown below there is generally a choice of two symbols to
represent the Hr reactions:

rh or Rhy represents presence of both factors hr' and hr”

rh’ or Ith; represents absence of hr' and presence of hr”

rh” or Rh. represents presence of hr' and absence of hr”

rh, or Rhy represents absence of both factors hr' and hr”
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As shown in table 33 the symbol actually assigned to represent the
Hr reactions, in most, but not all cases makes the complete pheno-
type symbol correspond to the most frequent of the possible geno-
types. It must be stressed that the adoption of this convention does
not commit one to a specific genotype, since the symbol for pheno-
types and genotypes always remain distinetive and unambiguous.
Family Studies. Studies on the heredity of the Rh-Hr blood tyvpes
(136-142), support the hypothesis that hr’ is related to rh’, and hr”
15 related to rh”, as factor M is related to N. Many studies have
been carried out with anti-hr’ serum but only a few studies have
been made using anti-hr” serum, because the latter is less readily
available. The rules of heredity can be summarized as follows:
1. Factor hr’ or hr” cannot appear in the blood of a child unless it
1s present in one or both parents.

TABLE 33

BTaTIsTICAL ANALYSIE oF R, R. Race’s DATA oX THE DISTRIRUTION OF THE
Rh-Hr Tyres 18 LoxNpon

Rh-Hr Fhenotypes Number Per Cent
rh 170 15.84
rh'rh” ] i
rh'rh 10 0.93
rh''rh*’ }] i
rh’'rh 7 0.65
rhyrh |
rhyrh’ | 0 0
rhyrh"’|
rh,rh, |
Rhy 19 1
Rh,Rh, 1410 17.71
Rhrh 363 33.83
Rh.Rh. 29 2.70
Rhorh | 137 12.77
RhzRh. 4 0.37
RhzR hg} 0 0

RhzRhy

r = 39.80; ' = 1.15; r'" = 0.81; R®

0.44.

Virh'—=) + V/(hr'—) = 100.59 per cent; v/ (rh"—) + V/(hr'"—) =

100.11 per cent.

—

2.19; Rl

Thus, ZR = 100.24.

—

40.57; R* = 15.28; R*
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2. Parents who are rh’ negative cannot have hr'-negative children:
and hr'-negative parents cannot have rh'-negative children.

3. Similarly, rh”-negative parents cannot have hr”-negative chil-
dren, and hr”-negative parents eannot have rh”-negative children,

Only rare exceptions to these rules have been encountered, all pre-
sumably accounted for by illegitimacy. Significantly, when mother-
child combinations are studied, as in material from medicolegal cases
of disputed paternity, no contradictions to the second law are found.
(ne recent exception to this statement was encountered by Levine,®
and evidence has been obtained that this baby had been interchanged
with another at a foundling home.

Population Studies. Population studies in which Hr tests as well
as Rh tests have been carried out yield data from which gene fre-
quencies can be readily caleulated. Formulae for these gene frequen-
cies are derived, which complement those based on data for the
8 Rh types (ef. formula (31)-(36)). For example, phenotype Rh;Rh,
includes genotypes R'R' and R'r’, while phenotype rh'rh’ eorresponds
to genotype r'r’.

Therefore, B! 4+ * = v/RhRh; + rh'rh’
Similarly, B2 4+ " = v/Rh:Rh; + rh”rh”

Since phenotypes rh'rh’ and rh”rh” are both extremely rare, the
following approximations may be used.

R' = v/RhRh; — ' = v/RhyRh; — V/rh’ + rh + v/rh (38)
similarly, R? = 'v/]{hgl{hg — 4/th” + rh + v/rh (39)

The frequency of gene I° can be estimated from that of phenotype
RhzRh,, which includes genotypes °R', R*" and R'rv. If we disregard
the latter two genotypes, which are rare in comparison to the first,
it can be seen that the frequency of gene R° is derived by dividing
the frequency of phenotype Rh,Rh; by twice the frequency of gene
R', as given by the formula (38) above. As far as the frequency of
the gene r¥ is concerned, this is so low that a similar method of caleu-
lation cannot be used. However, the frequency of gene r¥ can be
estimated from the faet that in family studies, among Caucasoids,
approximately half the parents of phenotype rh'rh” prove to be
genotype rr” and about half are genotype rer,

The rarest genotype is r¥¥ corresponding to phenotype rh,rh,,
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with an estimated frequency of about 1 in 100 million among Cauea-
soids. MeGee et al.'™ have recently encountered such an individual
and, as might be expected, he was derived from a consanguineous
marriage.

When the gene frequencies are estimated with the aid of the formu-
lae, their sum is found to be close to 100 per cent, as expected.

In view of the reciproeal relationship between rh’ and hr', and
between rh” and hr” the following should hold.

v'rh' neg + V'hr' neg = 100 per cent (40)
and v/rh’”’ np;}, A V’hr”mg = 100 per cent (41)

In table 33, Race’s data on the distribution of the Rh-Hr types in
London have been subjected to statistical analysis, and it can be
seen that they satisfy the requirements of the genetic theory.

Serology. Anti-hr’ serums are generally obtained from type IRh,Rh,
individuals who have been sensitized by pregnaney or by transfusion,
and similarly, anti-hr” serums are obtained from type Rh.Rh, iso-
sensitized patients. Attempts to produce anti-hr’ and anti-hr”
serums in volunteer donors by deliberate injections of type rh blood
have only oceasionally been successful, which corresponds with the
clinical observation that ecases of hr' and hr” sensitization are far
less common than eases of Rhy sensitization. A tvpe Rh,Ith, mdi-
vidual sensitized to type Rhyrh (or type rh) blood will produce pure
anti-hr’, but if he is sensitized to type RhiIth: blood he may produce
the two antibodies anti-he’ and anti-rh”. (When an individual of the
rare type RhzRh; is isosensitized his serum will necessarily contain
only anti-hr’.)'s Polyvalent anti-hr’rh” serum is difficult to differ-
entiate from pure anti-hr’, unless the two antibodies in the former
have unequal titers or react by different methods of testing. With the
aid of blood of the rare type RhzRh;, however, the distinetion can
easily be made since such blood is hr’ negative but rh” positive.
Obviously failure to recognize the presence of anti-rh” in an anti-hr’
reagent can lead to the incorrect typing of type RhzRh; blood as
Rh,Rh,. Similarly, many anti-hr” reagents also contain anti-rh’,
and here blood of the rare type RhzRh. is valuable for eliminating
this possible source of error.

An important peculiarity of anti-hr’ and anti-hr” serums is that
they give a much more pronounced gene dosage effect than Rh anti-
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serums. As has already been pointed out, failure to take this into
account has given rise to errors in Rh-Hr typing.

Additional Rh-Hr Factors

Factor rh*. Callender and Race'® detected the antibody for this
blood factor in serum of a woman who had lupus erythematosis and
who had been immunized by numerous transfusions. She belonged to
type Rh;Rh; and became sensitized to factors hr’ and N, and to three
previously undescribed blood factors, of which rh™ was one. The
superseript “w’ was chosen because the name of the patient was
Willis. The incidence of the new factor is relatively low, only 3 to 7
per cent among Caueasolds. A striking feature of the factor 15 that

LR

all persons possessing the factor also possess the factor rh'. (Gener-
ally, however, blood having factor rh™ reacts more weakly with
anti-rh’ serum than blood lacking factor rh*.) The existence of this
factor therefore subdivides type Rh,, for example, into two types,
one with and the other without the rh* factor. These findings make
it necessary to increase the number of Ith allelic genes, since in place
of gene R' there must be substituted two genes B'™ and gene R!
“proper”’. Similarly, evidence has been obtained for the existence of
two kinds of »* gene, namely " and »" “proper”.'7 It is possible that
genes 27 and r*v alzo exist, but if they do, they must be extremely
rare. Family studies on the heredity of the rh* factor support the
genetic theory '8 14

Factor hr. Rosenfield et al.’®* ! encountered an antiserum whose
reactions at first seemed to correspond to those expected of anti-Hur,.
Family and population studies showed that the new serum, desig-
nated anti-f by the discoverers, but to which the designation anti-hr
has been azsigned by Wiener,"! reacted with blood cells from all indi-
viduals earrying genes r and R°, and did not react with blood from
persons lacking these genes.

In order to crystallize the relationships among the agglutinogens
determined by the blood factors deseribed up to this point, namely,
Rhy, rh’, rh™, rh”, hr', hr”, and hr, the Rh-Hr allelic genes and their
corresponding agglutinogens identifiable with the aid of antiserums
for these seven blood factors are summarized in table 34. As can be
seen, it is necessary to postulate a minimum of ten Rh allelic genes.
As has already been pointed out, the discovery of the hr factor re-
quires no extension of the series of allelic genes, since it merely defines
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TABLE 34
Tur Rh-Hr ArveLic GENES [DENTIFIABLE WITH AnTiIsERUMS FoR FacToRs
Rh,. rh’, rh*, rh'’, he', he'" and hr.

| Frequency among | Corresponding

Genes {MHUH]:‘}:]I:!‘:"; (per Agglutinogens | Blood Factors Present
r : o rh hr', hr'', hr

P i 0.6 rh’ rh’, hr"'

i ' 0. 005 rh'* rh’, rh*, hr"’

i 0.5 rh’’ rh"', hr'

v .01 rh¥ rh’, rh"’

il AT Rhe Rho, he', hre'', hr
! 41. Rh, Rh,, rh’, hr"'
et . Rhy Bh., rh’, rh*, hr''
e 15. Rh. Rh;, rh’’, hr’

R* . 0.2 Iih, Rhy, rh’, rh"

Omitted from the table are the genes » and B, both presumably very
rare, and of which only a single family with »* has been found to date.

an additional serological attribute which is shared by the two agglu-
tinogens rh and Rh,. These two agelutinogens could formerly be
identified without the aid of serum anti-hr. However, the antiserum
does help in distinguishing between individuals of genotypes »'r” and
rUr by serological means alone, because the former are hr negative
while the latter are hr positive. Similarly, in persons of type Rh;Rh.,
the use of this antiserum helps in making the distinction between
those who do and those who do not carry the gene i°, and this not
infrequently is of value in cases of disputed parentage.

The number of genotypes possible with n alleles can be shown to
be equal to lon(n + 1), so that the 10 Rh-Hr alleles give rise to 55
possible genotypes. When all of the seven antiserums that have been
deseribed thus far are available, as many as 28 phenotypes can be
distinguished corresponding to these 55 genotypes. For medicolegal
work the use of antiserums for factors Rhg, rh’, rh”, and hr' is
standard practice, while the less readily available antiserums anti-hr”,
anti-rh” and anti-hr are used only in a limited number of laboratories.
Table 35 is a systematized tabulation of the phenotypes which can
be identified according to the reagents used, together with their
corresponding genotypes.

Factor hrv. In 1956, DeNatale et al."® encountered an antiserum
for still another factor of the Rh-Hr system. This factor proved to
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have an incidence of approximately 40 per cent among Africans,
27 per cent in New York City Negroids, and only about 0.5 per cent
among Caucasoids. It was noted that all individuals possessing the
factor were also carriers of the genes r or R® or both, so that whenever
the new factor, named V', is present, factor hr was also present. Thus,
this factor bears the same relationship to factor hr that factor rh"
bears to factor rh’. For this reason it is proposed to call this factor
hr'. Evidently in Negroids there are at least two varieties of gene r
and gene R, namely, gene r* and gene r “proper”’, and gene £™ and
gene K “proper”, respectively. The use of anti-hr' serum increases
the number of phenotypes that ean be distinguished, and appropriate
names for these can readily be devised.

Complexities of the Rh, Factor and Associated

Factors

Old blood suspensions generally give weaker agglutination reac-
tions than fresh blood suspensions. ven when fresh blood exelusively
15 tested, variations in intensity of the reactions are encountered,
dependent on the individual’s blood type. For example, as already
pointed out, blood ecells from homozygous individuals not infre-
quently give more intense reactions than blood from heterozygous
individuals, the so-called gene dose effect. In addition, group A.B
cells react more weakly than A, cells with anti-A serums, and type
Rh; cells react more weakly than type rh’ cells with anti-rh’ serums.
This suggests that the A-B-O and Rh-Hr agelutinogens are each
formed from a separate substrate, and the presence of other structures
in the agglutinogen molecule may interfere with the agglutinability
of the cellz, e.g., the presence of factor Rhy in type Rhy; cells interferes
with the rh’/anti-rh” reaction, and the presence of rh* still further
reduces the agglutinability of the cells by anti-rh’. Aside from such
phenomena, agglutinability may be affected by minor variations in
the structure of the agglutinogen molecule itself causing correspond-
ing minor changes in the blood factors, such as in agglutinogens A,
Aq, and Ay, agglutinogens N and Ng, ete. Similar variations in the
Rh-Hr agglutinogens, especially those mvolving factor Rhy will now
be discussed.

In 1944, Wiener® showed that there were certain blood specimens
which gave weak but distinet reactions with certain of the Rh anti-
serums. These blood specimens appear to occupy a position inter-
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mediate between negatively-reacting bloods and those which gave
sharp positive reactions. Family studies indicated that this character-
istic is hereditary and because of this and their serological behavior
these types were designated as “‘intermediate” Rh types and the
genes called “intermediate” genes. Of the various intermediate Rh-
Hr variants the Rhy variants designated Mh, are the most important.
As will be seen, recent investigations confirm the impression that the
Rh, factors hold a special eentral position in the Rh-Hr system.

Factor Othy. The so-called factor thy actually comprises a group of
factors giving reactions of intermediate intensity with anti-Rh, sera,
and the symbol Rhy has been used for the entire group of variants.
Blood specimens which react typically with most anti-Rh, serums
but give slightly weaker reactions with a number are known as high-
egrade variants, while those on the other end of the scale reacting
consistently weakly with all anti-Rhy, serums are low-grade variants,
Most of the variants give similar reactions which are characterized
as follows. In saline media, they fail to react with anti-Rh, serums,
even with those containing potent anti-Rh, agglutinins. They fre-
quently, but not always, react with univalent Rh, antiserums by
the conglutination method. They almost always react with such
serums by the ficin technique, and characteristically react with such
serums by the anti-globulin technique, although the avidity and titer
of the reactions are generally lower than for typical Rhg-positive
bloods. Interestingly, the bloods of chimpanzees give reactions re-
sembling those of high grade Rh, variants.

In 1945, Wiener, Unger and Sonn'* pointed out that Rhy variants
are relatively rare among Caueasoids and oceuar more frequently
among Negroids. Moreover, it has been found that the factor Jth,
like the factor Rhy may oceur alone or together with rh’, rh”, or
both. To account for these findings, the existence of at least three
additional allelic genes has been postulated, namely, R° N, and N2,
corresponding to the agglutinogens 9thy, Mhy, and MNh, respectively.

Further studies revealed that certain bloods which previously had
been designated as type rh’ or type rh” were actually type Rh; or
Hhs, respectively. An extensive study on this question was carried out
by Rosenfield et al.®* on a series of white blood donors in New York
ﬂ:it-}-', The blood specimens were first tested with saline agglutinating
anti-Rh,, anti-rh’, and anti-rh” serums, and then all apparently
Rh,-negative bloods were tested for Rhy variants using the anti-
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globulin technique. It was found that of 161 seeming type rh'rh, as
many as 72 or 44.7 per cent were actually type 3Mhyrh; of 92 seeming
type rh”rh, as many as 19 or 20.7 per cent proved to be type Sharh;
while of 628 seeming type rh, only 3 or 0.5 per cent were actually
type Nhy. These results indicate that among Caucasoids, of the three
postulated additional rare alleles, R! is the most frequent, N* is next
in frequency, while i° is by far the rarest.

These findings argue against the idea that the existence of the Rhy
variants is due to one or more modifying genes, for unless such genes
were completely linked to the Rh-Hr genes, the distribution of the
Rh, variants would be expected to be largely independent of the
Rh-Hr types. A disturbing finding is the not infrequent oceurrence of
individuals of type Rh;Rh; whose blood cells give weak reactions with
anti-Rh, serums, resembling those of high grade variants. By family
studies Ceppelini®? has shown that these persons are always of geno-
type £, and that in other type Rh; individuals in the same family,
such as those of genotype R'r, the bloods give reactions of typieal
Rhy-positives. Ceppelini therefore believes that the »* gene in these
families has a special modifving aection, which is responsible for the
weak reactions obtained with Rhy antiserums with the red cells of
such individuals. Levine et al.®® have recently reported a large
pedigree confirming Ceppelini’s hypothesis, and similar observations
have been made by Wiener.

The practical elinical importance of the Rh, variants is that
transfusion of such blood to an Rhg-negative individual may give
rise to sensitization to the Rhy factor. As will be diseussed later on
in greater detail, a few Rhy-positive individuals have become sensi-
tized to a factor related to the Rh, factor.

Nomenclature. The difference between factors Rhy and ‘Why 1s
not on the same plane as the difference among Rhy, rh' and rh”,
although both are of a qualitative nature. Thus, although the reae-
tions of factor Rhy inelude all of the reactions of factor Wh, the reverse
15 not true, since RNh, shares only some of the reactions of Rhy. More-
over, the difference between Rhy and hg 15 not on the same plane
as that between rh’ and rh*, because while serum for rh™ does not
react with rh’, serum for Jth, always reacts with Rhy. Type rh indi-
viduals immunized with type Wh, blood produce antiserums which,
like ordinary anti-Rh, serums react more strongly with blood having
the Rh, factor than those containing the Mh, factor. Thus, in the
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case of factors Rhy and Mhg, the distinetions made are not those of
sharply differentiated blood factors, but among members of a graded
series of related factors. To indicate this it seems more appropriate
to change the type face of the capital R to Germanie capital 9% than
to coin a new symbol. As will be pointed out, there are also variants
of the Rh, factor which react more strongly with anti-Rh, serum
than does ordinary Rhy-positive blood. To indicate this the symbol
of these Rh, variants is changed by using a capital R with a bar
over it: R.

Variants of the factors rh’ and rh” also have been encountered,
and in the past the custom has been to enclose the prime sign and the
double-prime sign in parentheses to indicate such variants. Like
bloods with variants of factor Rhy, bloods with variants of factors
rh’ and rh” are rare.

Factor Rhy. In 1950 Race, Sanger and Selwyn®? found in the serum
of the mother of a baby who died of erythroblastosis fetalis an anti-
body which elumped 1,400 consecutive blood specimens, but failed to
clump her own eells. The mother’s red cells proved to be unique in
that they reacted with anti-Rhy serum but appeared to lack both
factors of the pairs rh'-hr’ and rh”-hr”. To account for this obser-
vation, these investigators postulated that a deletion had occurred
in the Rh “chromosomes”, and asserted that the genotype of the
mother was —D-/-D~ (cf. page 97).

The following interpretation appears more consistent with estab-
lished serological and genetical principles. As Race et al. noticed, in
addition to the peculiarities mentioned above, the red cells were
agelutinated in saline media with anti-Rh, blocking serum, which
failed to clump ordinary Rhg-positive cells under identical conditions.
Thus, this individual had an agglutinogen similar to agglutinogen
Rhy, but differing in its higher reactivity with anti-Rhy, serum.'® It
is this property which we consider the fundamental characteristic of
this agglutinogen, due to a modification in its chemical structure
which inereases the reactivity with anti-Rhy, serums, and simultane-
ously erowds out the site of reactivity with all anti-Hr serums. This
new type of antigen we therefore propose to designate “super”-Rh,
and assign the symbol “bar” Rhy (or Rhy) to its blood factor.
Corresponding to agglutinogen Rhy the existence of another allelie
gene R0 is postulated.

The existence of gene 2° can give rise to contradictions to the rule
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that an rh’-negative parent cannot have an hr’-negative child, and
an rh”-negative parent cannot have an hr”-negative child, and this
must be taken into account in the medicolegal applications of the
tests. For example, a mother whose genotype 1s R'R", and who is
therefore hr’ negative, could have a child who is rh’-negative. For-
tunately, the gene R° betrays its presence, even in its heterozygous
form, by the agglutination of the individual’s red cells with univalent
anti-Rh, serums in saline media, In praetice such cases will rarely
oceur because of the extreme rarity of gene R°, but the medicolegal
expert must be aware of this possibility if serious mistakes are to be
avolded.

The gene 2° and its corresponding agglutinogen Rhy will probably
prove to be the prototype of a whole series of such Rh-Hr genes and
corresponding agglutinogens. Thus, corresponding to the variants
9the, Nhy, Rhe, ete. one may anticipate the existence in addition to
Rh, of Rh;, and Rh,, the latter being characterized by their “super”
Rh, factors. In fact, Gunson and Donahue'™ have found an indi-
vidual of type Rh", who by family studies was shown to be homozy-
eous for a new allelic gene which may be designated as k. His red
cells lacked the four blood factors rh’, hr', rh” and he”.

The feature of both blood specimens, Rho and Rh™, which attracted
the attention of the discoverers was the simultaneous absence of both
factors of the pairs rh'-hr’ and/or rh”-hr”. According to the inter-
pretation proposed here, this is to be expected in any individual
homozygous for a “super”-R° gene. Such individuals are extremely
rare, and it is therefore not surprising that in both cases they were
the products of consanguineous marriages. To deteet the more com-
mon heterozygotes, advantage should be taken of what we regard as
the more fundamental characteristic of these agglutinogens, namely,
their high agglutinability with anti-Rh, serums. Ordinary Rh-Tr
typing would not detect these carriers of a super R" gene since the
other gene of the pair determining the genotype would provide re-
actions for each of the factor pairs rh’-hr’ and rh”-hr”.

Theoretical Serological Considerations. Up to the present it
has been impossible to demonstrate conclusively the existence of
anti-Hrg, although theoretically there seems to be no reason why a
factor bearing the same reciprocal relationship to factor Rh, that
factor hr’ has to factor rh’ and factor hr” has to factor rh” should
not exist. A possible explanation for this may be found in the following
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analysis, based on the known facts concerning factor Rhy, and its
variants Mhy and Rhy,

[t has already been pointed out how the presence of one structure
of factor in the Rh-Hr agglutinogen molecule may interfere with the
development of other Rh-Hr factors, as judged from the serological
reactions. Similarly, it might be anticipated that the more prominent
the structure responsible for the reactions which are obtained with
anti-Rh, serums, the less prominent would be the hypothetical Hrg
factors. On this basis, the following chart may be drawn up.

Hypothetical Hrg

Agelutinogens known Rha factors poi
I i ] S ) 1] cER e S SR S S none Hr,
T e T e o o, o I i e A e A e “ihy Ir,
Rhe, Bhy, BEhi™, Bhs,ete:. ... oo .. Rh, Hirg
Bhy, Bhy™. . .. .......... 2 b AR (i e, Rh, IO T

It will be seen that the variations of the hypothetical Hr, factors
are indicated by changing the type face of the eapital H in the symbol
in conformity with the symbols used for the various Rh, factors. As
is well known, Rh, antibodies are readily produeed by persons lacking
the Rh, factor. Until recently no case was known of Rh, antibodies
being produced by individuals possessing the Rhy factor. However,
instances of the production of anti-Rhy by persons having the rare
Jthy variants are now well documented, though such cases are quite
rare. It is postulated that the difficulty encountered in finding anti-
Hr; up until now has been due to the fact that 1t has been searched
for in individuals homozvgous for the ordinary Rh, factor, such as
persons of type RhyRhs. As shown by the chart, however, if the con-
cept proposed is correct, such persons have a variant of the Hry,
factor and therefore would not be apt to respond readily to injections
of Hry-positive blood. The only individuals who might be expected
to form this antibody readily would be those homozygous for a gene
determining an agglutinogen having the Rh, factor since only such
individuals would be truly Hry negative according to the hypothesis,
In fact, Buchanan and MelIntyre'® found in the serum of his subject
an antibody which agglutinated all bloods tested except his own. A
similar antibody was found by Gunson and Donahue in their R*R»
individual, and significantly the bloods of the B°R° person and the
ReR* person proved to be compatible. Thus, it is likely according
to this hypothesis that the antibodies in both instances were of the
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specificity anti-Hrg. Sinee the anti-Hry deseribed here reacts with the
blood of all persons except those homozygous for the rare super R°
gene, 1t 1s quite different from the anti-d postulated by Fisher and
the hypothetical anti-Hr, of table 30.

Factors Rh*, Rh®, Rh¢, .. .. Wiener and Geiger's® '™ studied a
case of erythroblastosis fetalis in which the mother was Rh, positive,
and yet her serum contained an antibody giving all of the reactions
expected of anti-Rhy except that it failed to elump her own cells. The
reactions of the mother’s cells indicated that they did not merely
contain an Rhy variant, as in the case reported by Argall et al.'®
Moreover, serum from Argall’s ease elumped the cells of Wiener and
Gieiger’s patient and conversely. Rosenfield et al.'® investigated
another case, similar to that of Wiener and Geiger, but again cross
matching of the blood specimens proved the antibodies involved to
be different. To explain these observations. Wiener suggested that
the blood of Rhy-positive individuals have associated with the Rh,
factor, a series of factors Rh*, Rh®, ete. In certain rare individuals,
one or more of the associated factors may be missing and such indi-
viduals can be sensitized to the missing blood factor. Sinee “normal”
Rhy-positive blood has all of the factors Rh4, Rh®, Rh®, ete., anti-
Rh* serum, for example, 1s indistinguishable from anti-Rhy; serum
except that it fails to agglutinate blood cells of rare individuals lack-
ing the factor RhA. If this hypothesis is correct, it would be expected
that ordimmary anti-Rhy serum could contain a mixture of the anti-
bodies anti-Rh#, anti-Rh®, anti-Rh€ . . . ete. Indeed it was found
that when anti-Rh; serum was absorbed with cells of type Rhi a
fraction of the antibodies remained which gave reactions correspond-
ing to anti-Rh.

To designate those rare Rh-positive bloods which lack one of the
associated factors Rh*, Rh®, ... an appropriate symbol indicating
which factor is absent is used. For example, a type Rh} individual,
like the mother of the erythroblastotic baby studied by Wiener and
Geiger, has factor Rhy and all its associated factors except RhA.
Studies'™ on a large series of Caucasoids showed that Rh-positive
bloods lacking factor Rh* are extremely rare, but among Negroids
as many as one out of 200 Rh-positive persons were found to lack
factor RhA. If, as seems reasonable, the atypical blood types deseribed
are prototypes of a series of blood types yet to be discovered, it be-
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comes necessary to postulate the existence of additional rare alleles
in the Rh-Hr series of allelic genes such as R%, R'= .. . R% R" .
ete. Fortunately, these genes, if they exist at all, are extremely rare,
so that these new discoveries will have little effect on routine Rh-Hr
typing.

Additional Complexities of the Rh-Hr Types

Just as the Rh, factor has its variants, so is there evidence of the
existence of rare variants of the other Rh-Hr factors. Suitable termi-
nology for designating variants of rh’ and rh” has already been indi-
cated, and similar symbols can be devised for the variants of the
other Rh-Hr factors. However, knowledge concerning these rare
variants is limited, and it is best not to let the symbols get ahead
of the facts, or changes in terminology may become necessary later
on and lead to confusion.

An antibody has been encountered for the rare blood factor, which
like rh", occurs only in association with rh’. This antibody ' may
be designated anti-rh* so that at least three sharply defined types of
Rh, agglutinogen exist, namely, Rh¥, Rhy*, and Rh; “proper”, the
latter being, of course, the most common. Moreover, a rare factor
has been discovered which occurs only in association with factor rh”.
This antibody'™ may be designated anti-rh™? to distinguish it from
the anti-rh™ serum for the factor associated with rh’.

A final complexity may be mentioned and that is capacity of Rhy-
negative individuals sensitized with Rhg-positive blood, lacking the
rh’ factor, to produce antibodies which react with type rh’ blood,
which lacks the factor Rhy. Waller et al."™ obtained one such serum
from an immunized donor which reacted with almost equal titer on
type Rh, and type rh' blood and could be absorbed completely with
either. Thus, factors rh’ and Rh, appear to have at least one factor
in common, and this has been designated rh® by Allen. By testing
anti-rh® serum against the red cells of individuals of type rh, Allen
encountered one rare blood which reacted with the serum, and this
was therefore designated as type rh®. Wiener has pointed out the
analogy between type rh® blood and group Aq blood, since the latter
in ordinary tests reacts like group O blood, but is agglutinated by
serum from most group O individuals which contain anti-C.

In conclusion, it is evident that in addition to the 10 “standard”
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Rh genes r, ¢, r'™, v”, rv, R°, R, R'*, R?, and R°, it is now necessary
to postulate additional rare alleles r¥, r%, R%™, R% R® . %R° R° R's,
R, . ..H= Rte, Rl RB® . .ete.

C-D-E Notations for the Rh-Hr Types

Historical Background. While in this review, Wiener’s Rh-Hr
nomenclature has been used exclusively, those who consult the litera-
ture will find that the majority of the articles use the Fisher-Race
C-D-I notations, either exclusively or in combination with the
Rh-Hr nomenclature. Therefore, it is necessary to explain the C-D-I
notations and the coneepts on which they are based.

Fisher’s hypothesis as presented by Race™ in 1946 is summarized
in table 3G. This table was explained by Race as follows:

“Iighteen months ago we reached this stage in agreement with,
but independently of Wiener. Wiener lacked the very great help of
St serum (Fd. Note: St serum 1s the anti-hr’ serum of Race and Taylor
deseribed on page 71). We brought our notation into line with
Wiener’s. In January 1944, Fisher examined table 37 and noticed
that when a gene was positive with St it was negative with rh’. He
supposed that the antigens disclosed by these two sera were due to
alleles, and these he called (7 and ¢. To the antibodies he gave corre-
sponding Greek letters, St becoming vy, and rh’, T'. He considered
that the antigen recognized by anti-IZh, which he ealled D had an
allele d, and the antiserum for which was yet to be found. The antigen
recognized by anti-rh” he called £ and the serum he called H. The
antiserum for the hypothetical allele ¢ was also to be found.

“In other words, there were three tightly linked loei on the ehromo-
some responsible for Rh, making eight possible combinations in a
chromosome (table 37).... Briefly, Mourant found 3, and the
anti-fir deseribed by Waller and Levine* has the reaction predicted
by Fisher for §."

Shortly after the original report'™ describing Fisher's hypothesis,
Cappell'™ suggested that instead of using Greek letters for the Rh-Hr
antibodies the designations anti-C', anti-f), anti-F, anti-e, anti-d, and
anti-e be used. Thiz modification has been adopted by Fisher and
Race.

Summarizing, Fisher postulated three pairs of contrasting genes,

*In a footnote, Race adds, ““This apparent agreement has since heen
claimed by Levine to be due to a typographical error in his own paper.”
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TarLE 36

Race's SumMmary oF Fisuer's HyrorHESIS

Antisera (renes I Antiseri
T T i SRR L SRRSO, JSPELS | PSR S L =
I'(Anti-i£h') ' C ore ~ (SH(Hr)
AlAnti-ihy) ‘ Dord 5| S G el
H(Anti-Bh'") . o ore uf e e o

)

TagLE 37
Fisngr's SyNTHess
(Modified after R. R. Race)

s H [Origimal | Anti-Eh’ . Anti-Hr !.-"Lnli Rln | Anti-KE" Not yet found
NBme ok serum. jyg, e | Anti-rh” | Anti-hr’ | Anti -Rhe Antirh” | Anti-Hro Anti-hr”

| Fisher : r I | A ] i

antibody present | eqnetl | amkie Antice | ommEn | s || anseo || omntie
e — | . = — 2o .
Genes | I
TS T i
0 | [ Pree X , .
T | e | | |
the = ! D ) (= i ) (=) {(—) &=
I’thy i ("De + - 4+ | = (=) |  (+)
Ith, # | CdE | + | = = 1= B | e
th' r | ('de 4 — - - (=) (+)
Rhe | Bt |cDE = +- g 5. i =y [ =)
ith, ne cfle - - -+ - [ (=) (-}
Rh" - cd 17 — + - + (+) (—)
rh r cile = T = = (+) ‘ ]

which determine corresponding pairs of agglutinogens, C-¢, D-d, and
E-e, respectively. The correspondence between these symbols and
those used by Wiener is shown in table 38. It will be seen that Fisher
treats as a gene or agglutinogen what Wiener considers a blood factor,
or only one of the multiple serological attributes of a given agglu-
tinogen. No eclear distinetion among gene, blood factor, and agglu-
tinogen is made in the Race-Fisher theory, and the three terms are
used interchangeably. According to Fisher, the three gene pairs C-¢,
D-e, and E-¢ are assumed to be closely linked within the same chro-
mosome. Thus, eight “chromosomes” are possible, corresponding to
Wiener’s eight “standard’ allelic genes, as shown in table 39.

As has already been pointed out, the concept of linked genes had
earlier been considered by Wiener and disproved and disearded (ef.

page 63).
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TasLe 38
CorrEsroNpENCE BETwEEN FispeEr's anvp WIENER'S BYMBOLS FOR
FLEMENTARY ANTIGENS

Fisher's Genes or Agglutinogens

89).

(1
.
]
el

e

Wicner's Blood Factors

rh’
he'
Rh,
{(Hry)*
rh'’

he''

TasLe 39

* Hypothetical. Wiener now uses this symbol in a dffferent sence (ef. page

Companrison oF THE Fisper-Race Linkep GExE Hyroruesis axp WIENER'S
MuurirrE ALLELE THEoRy

Fisher-Race

“Chromosomes

Fisher's “Short-
:}-’h!:;;urnl;; :t;.l-.m:;lnﬁt
il [e
{ile R
el I R
CdE , | Rr
cDe | R
('De R
cDE .
('K .
1

i

i

Corresponding antigens

L, and ¢
('
o, and K

. d, and ¢

O, and K

i

f

e

1"I

LD, and e

D, and e
, D, and F
b.oand &

-
fIl'
fII'F
||"\I'
R

I
h*

.!,i,;

(ienes

Wiener
E"nrr!:—
:"AE_I;I;‘IJIIIEF Blood factors
MOECTS
rh hr' and he”
rh’ rh' and hre"’
| rh" rh'" and he'
l rh, rh’ and rh”’

R hy |lih|.. hr' and hr"
[ Iih, KEh., rh' and hr"
IRha Rho, rh’" and hr’
Ithy ilih... rh’ and rh"

“or compactness, use is made by Fisher and Race of symbols which they

designate “‘shorthand’. As Race points out, these are based on Wiener's
original syvmbols. However, the same RRh “shorthand’’ syvmbols are used by
Fisher and Race for both genotypes and phenot vpes.

Actually, there were three predictions implicit in the Fisher hy-
pothesiz, namely, that antibodies of specificity anti-d and anti-e
would be found, and that erossing-over would be encountered among
the components of the tightly linked gene complexes. Of these three
predictions only one has been realized, namely, the discovery of
anti-e (anti-hr”), as has been desceribed elsewhere (ef. page 73). The
various claims regarding the discovery of anti-d (anti-Hr,) could not
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be confirmed, and as Race and Sanger state these may have been
examples of anti-f (anti-hr). In any event anti-d is not available. The
anti-Hry, serum deseribed on page 89, is quite different from the
anti-d serum conceived by Fisher.

Crossing Over. If crossing over could be shown to occur among the
postulated pairs of linked genes, as proposed by Fisher, this would be
important evidence in favor of his coneept. In actual practice, how-
ever, this has never been observed.* But, if the genes are assumed
to be closely linked, crossing over might occur too rarely to be de-
tected by family studies. Fisher'™: " suggested, in support of his
theory, that the rarity of crossing-over actually accounted for the low
incidence of the rarer genetic combinations in the population. For
example, in Caucasoids the less common “chromosomes” eDe (R"),
Cde (r'), edE (r"), and CDE (R°) were postulated to have arisen from
the more common “chromosomes™ ('De (R'), eDFE (R*), and ede (r)
by erossing over. For example, by rare crossing over, persons of geno-
type C'De/cde (R'r) could produce the gametes Cde (') and eDe (RY);
similarly, eDE/ede (R*) individuals could rarely produce gametes
cDe (R°) and edl ("), while persons of genotype R'R* could produce
gametes B® and R (ef. fig. 3). Since every time ', v” or & could
arise by crossing-over, R® would also be formed, the relationship
R = ¢ + " + R would be expected to hold. Moreover, “chromo-
some’ CdE (rv) could arise by crossing over mainly from the rare
genotypes Cde/cdE (r'r”) and CDE/ede (R°r) so that the frequency
of gene rv¥ could be expected to be extremely rare according to Fisher’s
hypothesis. In Mongololds, where “chromosome” ede (r) is virtually
absent, the original chromosomes were postulated to have been
('De (RY) and ¢DFE (R*), so that from individuals of genotype R'R?,
by rare crossing-over, gametes B° and R° could be expected to result
in equal numbers.

In the original studies of Race et al. on 2,000 Englishmen (ef.
table 40), the prediction seemed to be fulfilled, since the estimated
frequency of “chromosome” R° was 2.57, while the sum of the fre-
quencies of “chromosomes” ¢, r”, and K" was 1.24 4 0.73 4 0.22 =

* In 1950, Lawler,'™ in a study on the heredity of the Rh-Hr blood types
commented, “No example of crossing over has been found in families tested by
this Unit, nor do we know of any certain examples found elsewhere . . . . The
work done by Dr. Alexander Wiener's laboratory and this Unit has established
with eertainty the manner of inheritance of the allelomorphs of Rh . ., .”
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Fia. 3.—Fisher’s Cross-over Hypothesis.

2.19, which is in reasonable agreement with the prediction. In addi-
tion, the report by Wiener et al. on Mexican Indians (cf. table 40)
in which the frequency of the B° chromosome was 5.8 per cent and of
the i “chromosome” 3.3 per cent was also considered to be in
reasonable agreement with the expectations. Subsequently, the results
of additional anthropological investigations became available and a
number of these are summarized in table 40. As can be seen, the initial
safisfactory agreement with the hypothesis has not been maintained
in other populations, so that as Race and Sanger state in their book
in 1954, “it 1s possible to pick results strikingly in favour of the
erossing-over idea—and strikingly against it.”

Fisher and Race have carried the idea further by estimating the
distances between the hypothetical linked genes C-D-E, from the
ratio of the frequency of each rare gene to that of the genotype from
which it was postulated to have arisen. Based on the caleulations for
the British population, the genes were assumed to be arranged in the
order D-C-F, and the distances between the genes were caleulated to
be such that D-E = D-C 4 C-E. As shown in table 40, however,
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when the same calculations were applied to other populations the
relationship no longer held. One of the serious weaknesses of all these
saleulations is that no allowanee was made for agglutinogens charae-
terized by Rh, variants or variants of other Rh-Hr factors.

Additional evidence considered to be in support of the theory of
linked genes and of the arrangement D-C-F was the discovery of
blood specimens having factor Rhy (D) but lacking both members of
the pairs C-¢ (rh'’-hr’) and E-¢ (rh”-hr”). These bloods were desig-
nated as D- -/D-- to indicate that a deletion of the genes (-¢ and
f-e from the chromosome had occurred. The similar example of
(Grunson and Donahue (ef. page 88) in which the members of the pair
rh”-hr” (F-¢) were missing has been designated DC*— /DO — . Our
own explanation for this situation, namely, the existence of additional
alleles determining agglutinogens with super-Rh; factors which erowd
out the reactivity of other blood factors, s more in line with observa-
tions in other blood group systems such as the M-N-S types, where
rare blood specimens have been encountered which lack the blood
factors S-s as well as U. In this latter situation, postulating the
existence of an additional allele has proved a satisfactory solution to
the problem, without the need for hypothesizing the occurrence of a
deletion in a chromosome. Furthermore, in Drosophila, for example,
large deletions are lethal while small deletions are viable only in
heterozygous form. In general, deletions produce marked phenotypic
modifications; vet all individuals encountered to date who are ho-
mozygous for the supposed deletions - - and DC— have been en-
tirely normal.

The discovery of factor hr (f) made the six factor-six gene hypothe-
sis completely untenable. This factor, as previously explained, occurs
only in persons bearing the genes B° and/or r. The original explana-
tion, namely, that this factor was present when ¢ and e were present
on the same chromosome but was not found when they were present
together but on different chromosomes, the so-called position effect,
was later changed to the postulation that a fourth locus existed,
closely related to the C-D-E loci and occupied by a new gene pair
F-f with anti-F yet to be found. [It may be pointed out that the
postulated serum anti-F would be most difficult to recognize, since it
should give reactions corresponding to the polyvalent serum anti-
rh’4+rh” (anti-C+E)]. As a result, the symbols for the various
“chromosomes’ had to be changed, so that for gene r the correspond-
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ing “chromosome” becomes deef; 1’ = dCelF; v = deEF; R® = Deef,
etc.

To date, no position within the four sets of linked genes has been
assigned to the gene corresponding to the factor hr' or V discussed
on page 81, and, similarly, no provision has been made in the scheme
for factors Rh*, Rh®, RhC, .. ..

With the lack of evidence for crossing-over between the various
postulated gene pairs D-d, C-¢, E-¢, and F-f, Race has invoked the
concept of “complete” linkage. This latest alteration in the theory
makes quite meaningless the concept of linear arrangement, since,
operationally, the linked gene theory thus becomes identical with
Wiener’s theory of multiple alleles, making the substitutions edef =
r, CdeF = ¢, ete. The populations in which the relationship R" =
R+ " 4+ r” appears to hold so well strongly suggest that Fisher’s
suggestion that in Caucasoids the more common genes ', R? and r
may have been the “original’” genes may be correct. However, the
rarer genes r', r”, B, and r¥ probably arose, not by crossing-over, but
by mutation. If mutation oceurred in steps, as seems likely, this could
account for the “intermediate” genes corresponding to the various
Rh-Hr variants, which are not taken into account by Fisher's original
hypothesis. Similarly, in Mongoloids the “original™ genes appear to
have been ' and R*; in Negroids the original genes appear to have
been principally R° with some B! and R?, accounting for the relatively
high incidence of Rhy variants in such populations,

The C-D-E Notations. From the foregoing, it is clear that the
C-D-E notations differ fundamentally from the Rh-Hr nomencla-
ture.

1) Implicit in the C-D-E notations is the coneept that each Rh-Hr
agglutinogen has but a single blood factor with a single corresponding
antibody, making it unnecessary to make any distinetion between
blood factor and agglutinogen. For example, instead of the agglu-
tinogen Rhy, a set of four agglutinogens €', D, e, I is visualized. As
has been pointed out, however, a fundamental prineiple in immu-
nology 1s that antigens have multiple corresponding antibodies and
thus are characterized by multiple serological factors. This applied
not only to the agelutinogens of the human blood groups, but also
to the blood groups of cattle, fowl, mice, and even to the antigens of
bacteria and viruses, and soluble proteins. The Rh-Hr nomenclature
with its distinctive type faces for agglutinogen and blood factors
automatically allows for this fundamental serological reality,
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2) The C-D-E-F notations are based on the concept of inheritance
of the agglutinogens in uniform sets of three, or four, if the postulated
F-f pair is included. Actually, the number of serological factors which
characterize an agglutinogen is almost unlimited, because of the com-
plex character of the reacting sites, and thus varies from agglutinogen
to agglutinogen, as studies on the Rh-Hr agglutinogens have shown
(ef. table 34). In this respect, the Rh-Hr nomenclature is more nearly
realistie.

3) The Rh-Hr terminology takes into aceount the existence not
only of sharply differentiated blood factors, but also of graded series
of related blood factors, the latter being indicated by varving the
type face, as in the ease of the Rh, variants. The C-1-I notations
treats the two cases in the same manner. As a result, while the blood
factors (", C* have their corresponding specific antiserums anti-C',
anti-C*, certain variants of Rhy are indicated by the analogous symbol
D even though there is no corresponding anti-D* serum.

4) A logical sequel of the concept of a one-to-one correspondence
between antigen and antibody is the interpretation of certain serums
as containing “linked” antibodies.'™ For example, in the case of the
A-B-O system the anti-C antibody had to be designated anti-A+4B
even though the more reasonable interpretation of the reaction of such
antiserum is that it identifies an additional serological factor of the
red cells, namely, blood factor C. Similarly, in the Rh-Hr system
linked antibodies anti-C'4 ", had to be postulated to explain the re-
actions of anti-rh’ serum with bloods Rhy™ (DC¥el) as well as
Rh, (DCel").

3) The C-D-E notations pretend to indieate in the symbols all of
the reactions of the red cell, and are therefore presumed to be self-
explanatory. The Rh-Hr nomenclature makes no attempt to include
all the serological attributes of the agglutinogen in the symbols,
which instead are in the nature of simple mnemonics, as has already
heen explained. Of interest, are the contrasting effects on the symbols
of the discovery of anti-f (anti-hr) and anti-V (anti-hr¥) serums.
While the Rh-Hr symbol of gene r remained essentially unchanged,
the corresponding C-D-E symbol ede had to be expanded first to
cdef and then to edefv. Moreover, it has proved impossible to expand
the C-D-E notations to keep abreast of the newer discoveries, such
as Rh*, Rh®, Rh" ete. In fact, in some instances where the dis-
coveries have not followed the theoretical predictions, symbols for



102 HEREDITY OF THE BLOOD GROUPS

certain factors have been included in the notations even though the
factors have not vet been proved to exist, as in the case of d and F.'™

6) A serious difficulty with the C-D-E-F notations is the lack of
agreement in the use of these symbols by different workers. This is
particularly true of the symbols for the various phenotypes. For ex-
ample,'®® the phenotype Rhyrh has been variously designated as
CcDee; CDe/ede; (++4++-); (++—+4+); C+ ci DI E— e+;
DCe/—ce: DCeF/deef; C(A+ B+),D(A— B4+ ), E(A— B+4+),F(A+);
ete. ete.

7) Instead of reporting phenotypes many workers who use the
C-D-E symbols report “most likely genotypes”. In fact, the phrase
“most likely” 1s frequently omitted and “‘genotypes” are reported
based on serological tests alone. This procedure introduces significant
statistical errors, and in a number of instances has resulted in confu-
sion. As has already been pointed out, the Rh-Hr nomenclature has
distinctive symbols for phenotypes and genotypes, which auto-
matically avoid this pitfall.

The Committee on Medicolegal Problems of the American Mediecal
Association has prepared a report™ on the medicolegal application of
blood grouping tests in which one of the most important problems
discussed was that of Rh-Hr nomenclature. In the report, the recom-
mendation was made that “unless and until some other convention
‘an be agreed upon, the original Rh-Hr notations be retained as the
standard and sole nomenclature for the preparation of approved
medicolegal reports on Rh types.” In view of the facts which have
been presented here, it would appear that this recommendation should
now be extended to include the applications of the Rh-Hr blood types
in chnieal medieine and anthropology.

In coneclusion, it is necessary to reiterate that the essential differ-
ence between the two concepts is on a serological, and not a genetic
level. Blood grouping is a subspecialty of immunology, and while «a
knowledge of geneties is helpful, it is only of secondary importance
for mastery of the field. The linkage theory completely evades the
fundamental immunological concept of the difference between an
agglutinogen and its serological attributes, the blood factors, and
therein lie the pitfalls of the C-D-E notations. Thus, the issue at stake
is not merely a choice between two nomenclatures, but the accuracy
in reporting scientific observation,



CHAPTER VI
The Kell Blood Groups

In 1946, Coombs et al.’®* encountered an antibody in the serum of
the mother of an erythroblastotic baby which gave reactions un-
related to any previously deseribed blood group system. The patient’s
serum clumped the red blood cells of approximately 7 per cent of all
persons tested, The blood factor detected by this antibody was named
Kell after the patient. Wiener and Gordon'™ independently dis-
covered in the serum of a patient who had had a hemolytie transfu-
sion reaction an antibody which reacted with blood samples of 12.9
percent of individuals tested. The factor was named Si after the
patient, and in family studies was found to be inherited as a simple
Mendelian dominant, apparently independent of the A-B-O, M-N-S,
P, and Rh-Hr blood types. Comparison by Mourant™ of the two
antiserums anti-Si and anti-Kell showed them to be identical. For
the sake of uniformity, therefore, the symbol Si was discarded by
Wiener, and the symbol K is now used to designate the Kell or Si
factor.

Subsequently, other investigators found further examples of this
antibody, and the distribution of the K factor has been studied in
many populations. Among Caucasoids, the incidence has been found
to vary from a low of about 7 per cent to as high as 13 per cent. Among
Negroids, the incidence is considerably lower, while among Mongol-
oids the Kell factor has not been found.

The most extensive studies have been done among Caucasoids,
Of these, one of the largest series is that of Lewis, Chown et al.,'® who
observed among 2,872 Canadians 198 or 6.89 per cent positive re-
actors. If we assume that the Kell factor is transmitted as a simple
Mendelian dominant the gene frequencies for this series can be readily
estimated as follows:

k = v/Kell neg = +/0.931 = 0.965
and K = 1 — 0.965 = 0.035.

where K is the dominant gene and [ its allele.
The calculated frequencies of the three possible genotypes for this

103
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population then are

Gienotype KK = (0.035)2 = 0.001225 = u.mﬂmu

Genotype Kk = 2(0. (}35)(0.‘&]{35} = 0.6755 positives
= 6.75% 16.87 %
and
Genotype kk = (0.965)% = 0.9312 = 93.12%

Additional family studies were subsequently carried out, particu-
larly by British investigators, and Race and Sanger'™ have summa-
rized studies on 336 families with 743 children. Among 507 children
resulting from the mating K— X K —, none were observed who were
K positive.

Factor k (Cellano)

In 1949, Levine et al.’® found in the serum of a mother of a mildly
affected erythroblastotic baby an antibody, which when tested against
2,500 different blood samples elumped all but five. This high fre-
quency of positive reactors suggested that the factor it detected
might be k, determined by the allele of K, especially since all nega-
tive reactors were Kell positive (ef. table 41). The expected inei-
dence of negative reactions in New York and London was about 1 in
500, in eclose agreement with the frequencies obtained by Levine
et al. with their antiserum. Therefore, the antibody in question,
originally designated Cellano after the patient, is now ealled anti-k.
Additional evidence in favor of the theory was obtained by family
studies. A particularly striking example is the family described by
Levine ef al. (table 42). Similar families have been deseribed by
Shapiro™ and by Wiener.'s

The series of 2,872 Canadians deser I]}L‘II above was tested by Lewis
et al. for factor k as well as factor K. The distribution of the three
K-k types observed by them was: l}']li: KK, 0.24%; type Kk, 6.65 %;
and kk, 93.11 %. From these values the gene frequencies are readily
calculated by direct count, as follows:

gene K = KK 4 - I“k = 024 4 22 = 357%
oene & = kk + ];k = 92.99 4 - ngg = 06.43%

With these gene frequencies, the l.‘.‘i}m::tf*d distribution of the three
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TasLe 41

Tue K-8 Broon Tyres

Tests Done Only for Factor K Tests Done for Both Factors K and k
| E i rith Feactions with |
Phenotypes | mi::jitlﬂ“ it Phenotypes ; plgl ety
.-‘mii-]ii Anti-k
H k . _|_ H L
k (or K=) | = i i, + | LL
TarLE 42

Faminy Spowisne GEsETic RELATIONSHIP
BerwrEes Facrons K axp k
(After Levine el al.158)

Reactions with Serum
Blood of ! R Vo T Phenotype
Anti-K ' Anti-k

Mother = -+ Kk

Father + A Ik

Children 1. 4 + Kk
G i > KK
g — i kk
4. o 1 Kk
. + - KK
6. + - | KK
7. e Stk Kk
8. - % | kk

K-kis: type KK = 0.13 %; type Kk = 6.88 %; and type kk = 92.99 %.
Therefore, x> = 3.28, and .01 < P < .05. The large value of chi
square is due mainly to the excess of individuals of the rare type KK,
namely, 7 instead of the expected 3.5 among the 2,674 persons tested.
While this may well be aceidental, another possibility is that some
of the individuals classified as type KK were actually type Kk, but
had red cells reacting weakly with anti-k serum. The latter interpre-
tation seems to be supported by some recent observations of Allen
el al. now to be described.

Additional K-k Factors

Allen and Lewis™ encountered an antibody for a previously un-
known blood factor in the serum of an individual who, as far as was
known, had never been exposed to the antigen either through preg-
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nancy or transfusion. Subsequently, two more examples of serums of
identical specificity were found, again in donors who had not been
sensitized by either transfusion or pregnancy. The new factor was
named Penney after the first donor, and was assigned the symbol
Kp*. Among 2,363 individuals in the Boston area, 51 (2.16 per cent)
were found to have the antigen, an approximate “gene” frequency of
1 per cent.

The Penney factor was shown by Allen and Lewis to be related
to the K-k system by the following observations. (1) Among 73
Penney positive individuals, only 2 were type K, while the expected
incidence of K+ individuals was 9.8 per cent. (2) In certain families,
mothers who were apparently of type kk had children apparently of
type KK, while some mothers who were typed as KK had children
apparently of type kk.* In all such instances, the mothers and the
children proved to be Penney positive, so that it became necessary
to postulate the presence in these families of a third gene, allelic to
K and £, which determined the Penney antigen. That is, the mother
and child in these exceptional instances actually belonged to geno-
types KLY and LEY respectively, or vice versa.f (3) In matings in
which one parent had both factors K and Kp* and the other parent
lacked both these factors, no child had both factors or lacked both
factors; instead, half had factor K while half had factor Kp*. By
using an exceptionally potent anti-k serum, or by the use of the ab-
sorption techmique, it was subsequently found that the Penney
positive individuals also had the factor k, or a variant thereof, which
was being missed by the anti-k serum used up to that time.

In 1956, Fudenberg!'™ encountered an unusual antiserum in a man
who had received several transfusions. This serum agglutinated the
red blood cells of all but 1 of 2,363 unrelated persons. This single
negatively-reacting blood was Kell negative, and Penney positive,
and gave weak reaction with anti-k. The serum also failed to aggluti-
nate the red cells of one of the patient’s two brothers. Like the cases
of the negatively reacting blood found in the random series, this
blood also gave weak reactions with anti-k. Execeptionally strong
reactions were obtained, however, with both the patient’s blood cells
and those of his brother when tested with anti-Kp®* serum, as one

* In this study, only K+ individuals were tested with anti-k serum: all K—
persons were assumed to be type kk.

1 The new allelic gene is assigned the symbol k" instead of HP: for reasons
which will become apparent later.
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might expect if these individuals were of genotype EEY, and for this
reason the symbol Kpt was assigned to the new factor (also called
Rautenberg after the patient). Allen and Lewis suggest that with the
four antiserums anti-K, anti-k, anti-Kp®* and anti-Kpb, probably 10
genotypes and 9 phenotypes can be distinguished. (There 15 convine-
ing evidence, however, for only 3 alleles, K, &, and &%, which can
vield only 6 genotypes).

No final genetic interpretation is possible at the present fime
because of the limited facts available. It appears that the agglutinogen
K, determined by gene K has, in addition to factor K, factor Kpb.
The gene formerly designated & seems to include at least two varieties.
The more common, making up more than 98 per cent, for which the
designation gene & may still be retained, determines an agglutinogen
characterized not only by the factor k, but also factor Kpv. The
remainder, which may be assigned the symbol gene k¥, determines a
different rare agglutinogen having factor Kp*, and in this case the
factor k is poorly defined, judging from the weaker reactions with
anti-k serum. According to a report by Chown,"" there may be, in
addition, a fourth rare allele in this system, tentatively designated
K°, which determines an agglutinogen that has none of the blood
factors K, k, Kp® or Kp".

Serology

The factors K and k are far less antigenic than the Rh, factor,
judging from immunization experiments and clinical observa-
tions 5. 192,18 A g cause of hemolytic transfusion reactions and
erythroblastosis fetalis factor K ranks with factor hr’ in importance.
Unfortunately, however, the tests for the K-k factors are much more
delicate than the tests for the Rh-Hr factors, Anti-K and anti-k
are not reactive by the proteolytic enzyme technique; they may
react by the saline agglutination or conglutination techniques; but
the most satisfactory reactions are obtained with such reagents by
the anti-globulin method. The clumps in positive reactions are more
fragile than the agglutinates of Rh-Hr tests, apparently due to the
smaller number of reacting sites on the red cell envelope,'™ and this
makes the reactions reproducible with greater difficulty than other
serological tests. Reliable results, therefore, are possible only by
painstaking work carried out by experienced investigators, and these
tests have not been sufficiently perfected to be used routinely in
medicolegal cases of disputed parentage.



CHAPTER VII
The Lutheran Blood Groups

The first antiserum for a blood factor of the Lutheran system was
described in 1946 by Callender and Race.'® The antibody was
produced by a patient with lupus erythematosus, whose serum
contained a number of unusual antibodies as the result of a series of
blood transfusions. The factor was named Lutheran after the donor
whose blood sensitized the patient, and was assigned the symbol
Lu* while the corresponding antibody was designated anti-Lu®. A
number of additional antiserums of specificity anti-Lu* were later
encountered by other workers, but the reagent is still rare, so that
the number of investigations carried out with it is limited.

According to Greenwalt and Sasaki'™® the incidence of the Lu(a-+)
tyvpe in pooled studies of 2,539 Englishmen was ealeulated by Mourant
to be 6.93 per cent. If heredity by a pair of allelic genes Lu* and Lu®
15 postulated, the genotype frequencies caleulated from these data
are: Lwlae, 0.12%; LwLwr, 6.81 %; and LubLub, 93.07 %.

Family Studies. Callender and Race tested the bloods of relatives
of 17 Lu(a+) persons and the results indicated that the Lu® factor
was transmitted as a Mendelian dominant. Moreover, the Lu®
factor appeared to be inherited independently of the A-B-O, M-N,
Rh-Hr, P-p, and K-k systems.

Lawler' studied the heredity of the Lutheran groups in 47 families
with 97 children while Race, Sanger and Thompson'® tested 257
families with 594 children. The results conform with the genetic
theory; in particular, in 254 families where both parents lacked the
blood factor all of 601 children were likewise Lu(a—).

Mainwaring and Pickles' reported that their anti-Lu® serum
distinguished strongly and weakly reacting Lu(a+) cells, analogous
to the subgroups of A, and postulated three corresponding allelic
oenes,

Mohr et al.*™ tested many large Danish families for the Lewis and
Lutheran blood groups, and interpreted their results as evidence for
linkage between the genes Le and Lu. However, considering the
difficulties in carrying out the Lewis tests, as deseribed on page 32,
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it would seem premature to aceept these conclusions without confirma-
tion.

Distribution of Lu*. According to Mourant,” among Furopean
whites different investigators have reported the frequency of the
Lu(a+) type torange between 3 and 10 per cent. In a limited number
of studies earried out so far on natives of Asia and Australia the
Lu(a+) types have been observed in widely varying frequencies.
In Africa, frequencies varying from zero for Bushman to 17 per cent
for Nigerians have been reported.

Factor Lut. Cutbush and Chanarin®? found an antibody in the
serum of a woman who had three normal pregnancies but no trans-
fusions, which gave the reactions expected for anti-Lub. Recently,
Gireenwalt and Sasaki'*® described another example of such a serum
in 2 woman who was sensitized by a blood transfusion. To date, no
extended anthropological or genetie studies have been ecarried out
with serum of this specificity.

The Lutheran blood groups have not proved to be of any con-
siderable elinical importance up to now, and remain primarily of
academic interest.



CHAPTER VIII
The Dutfy Blood Groups

In 1950, Cutbush, Mollison, and Parkin,*” and van Loghem and
Hart** independently reported the discovery of a blood factor,
unrelated to the A-B-O, M-N-8, P-p, Rh-Hr and Kell blood types.
The antibody deseribed by Cutbush et al. was found in the serum of a
hemophiliac who had sustained a mild transfusion reaction after a
series of transfusions received over a period of twenty vears. The
blood factor was named Duffy after the patient. Other examples of
sensitization to the Duffy factor were encountered by other investi-
gators, and one of us (A. 8. W.) encountered such a serum with a
titer of more than 500 units in a woman who had a serious hemolytie
transfusion reaction caused by sensitization to the Duffy factor

Terminology. In order to avoid eonfusion with the C-D-E symbols
for the Rh-Hr types, instead of the letter D, the symbol Fy was
selected by Cutbush et al. to represent the Duffy factor. Wiener2s
has suggested shortening this symbol to F, and this latter terminology
will be used in the present discussion.

Serology. All the anti-F serums encountered up to the present time
have been usable only by the anti-globulin technique. Obviously,
therefore, when the red cells are already coated, as in eases of auto-
hemolytic anemia or in erythroblastosis fetalis, the Duffy tests can
not be carried out reliably. The clumps which characterize a positive
reaction may be large, but they are quite friable, even more so than
the clumps of the Kell tests. This Wiener®® aseribes to the smaller
number of antigenie sites on the red eell envelope, which he estimates
to be about one-tenth as numerous as the antigenie sites of the Rh-Hr
agglutinogens. Because of the delicate nature of the reactions, the
results are duplicated with difficulty, and it is only with painstaking
work that reliable results are possible.

Distribution. Among Caucasoids, the frequenecy of the F-positive
individuals ranges between 60 and 70 per cent; among Negroids, the
frequency is considerably lower, namely, between 10 and 25 per cent;
while in Mongoloids the incidence is highest, in some populations
approaching 100 per cent.
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One of the largest series of persons examined to date is that reported
by Ikin et al.,*” who tested 1,116 Englishmen and found 65.52 per
cent type F and 34.48 type f. From these values the gene frequencies
are readily caleulated as follows:

S = Vitypel = v/03448 = 58.72%
F =100 — f=41.28%

From these values, the frequencies of the three theoretically
possible genotypes can be readily ealeulated.

Genotype FF = (0.4128)® = 17.04%)
Genotype Ff = 2(0.4128)(0.5872) = 48.48% [

&

Genotype ff = (0.5872)* = 34.48%

type FF = 65.52%

Heredity. The few family studies carried out to date support the
hypothesis that the Duffy factor is transmitted as a simple Mendelian
dominant. In the combined studies by Cutbush and Mollison,**
and Race and Sanger®® there are 34 families in which both parents
were tyvpe [, and among the 78 children of these families none were
type F.

Factor f. Theoretically, if gene f gives rise to an agglutinogen f with
a corresponding blood factor f, the corresponding serum anti-f
should react with blood specimens of genotypes [ and Ff, but not
with those of genotype FF. In 1951, Ikin et al.*" detected an anti-
body, during a routine post-natal examination, which in tests on
blood specimens from 59 persons gave the reactions expected for anti-f.
['nfortunately, further studies were prevented because the serum
lost its activity. In more recent studies, R. Sanger, has found that
among Negroes blood lacking both factor F and f are not uncommon,
s0 that the situation is more complex than it seemed at first.



CHAPTER IX
The Kidd Blood Groups

This blood group system was first deseribed in 1951 by Allen,
Diamond and Niedziela,”" who found the new antibody in the
serum of the mother of an erythroblastotic baby. The blood factor
detected by the antibody was named Kidd after the patient. It was
found to be independent of the A-B-O, M-N-S, P-p, Rh-lr, Kell,
Duffy, and Lutheran systems.

Nomenelature. In order to avoid confusion with the symbol for the
Kell factor, the Kidd factor has been assigned the symbol JE by
Allen et al. Wiener™ has suggested shortening the symbol to ],
which is the symbol used in this discussion.

Distribution. According to a summary compiled by AMouran
among Caueasoids the incidence of factor J is approximately 75 per
cent. Among Negroids, the incidence has been found to be above 90
per cent, while among Mongoloids the frequeney has ranged from 50
to 100 per cent. The largest series is that of Rosenfield et al.,*"* who
found 76.72 per cent type J and 23.28 per cent type ] among New
York whites. From these figures the theoretical gene frequencies are
readily determined as follows.

J = Vitype j = V02328 = 48.25%
J = 100 — 48.25 = 51.75%

l i
k]

And from these estimated gene frequencies, the distribution of the
three theoretically possible genotypes can be caleulated.

|

Genotype JJ = (0.5175)2 26.78 %

5 i, 2 L TypeJ = 76.72%
Genotype Jj = 2(0.5175)(0.4825) = 49.94 ‘ﬁ} Lyped ALLC

s

Genotype jj = (0.4845) = 23.28%

Factor j. If the gene j gives rise to a corresponding agglutinogen j,
the blood factor j should be present in the blood cells of all individuals
of genotype .JJj and jj. According to Race and Sanger, at least three
antiserums have been encountered giving reactions expected for anti-j.

Serology. The anti-J serums deseribed in the literature, as well as
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CHAPTER X
Other Blood Group Systems

In addition to the blood factors which have been discussed, many
others have been reported. In this section we propose to deseribe
those additional blood factors which have not been shown to be
related to the A-B-0, Lewis, M-N-S, P, Rh-Hr, Kell, Duffy, or Kidd
systems. It 15 quite possible that some or even all of the factors
deseribed here may eventually prove to be related to one of the
already known blood group systems, and it is also possible that there
may be duplications, since complete comparative studies have not
heen practicable in view of the large number of blood factors involved.
The chief difficulty in studying the factors in question lies in their
distribution, sinece some are of almost universal occurrence while
others are extremely rare. However, an agglutinogen which is ex-
tremely rare in one ethnie group may prove to be quite common in
another population. For example, the Kell-positive blood type which
1= not uncommon among Caucasoids has vet to be demonstrated in
Mongoloids. An example of the reverse is the Diego blood type which
will now be deseribed.

Diego System. The Di antibody was first found by Levine et al.*'®
in the serum of the mother of an erythroblastotic baby, whose family
name Diego was adopted as the designation for the blood factor.
Fixamination of the family of the propositus showed the factor to be
imherited as a simple Mendelian dominant, but tests on 2,600 con-
secutive Caneasoid blood specimens failed to show the presence of
the Diego factor.? These studies were continued by Layrisse and
Arends®*™: 2% and by Lewis et al.®'® who tested blood from American
Indians, among whom the Diego factor was found to be common.
In different American Indian tribes the frequency of the Diego
factor has been found to range from 2 per cent to 45 per cent. Layrisse
and Arends*7 also found the factor to be common among Chinese
and Japanese, and in pure-blood Negroes, Eskimos and Polynesians,
Layrisse et al. have recorded the factor in three South American
Indian families and confirmed its inheritance as a simple Mendelian
dominant. Lewis et al.*!% have reported the inheritance of the Diego
factor in 50 Japanese families in Canada. In 40 of the families both
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parents were Diego negative, and in none of the 111 children did the
factor appear,

High Frequenecy Blood Factors. As examples of blood factors
with a high frequency in the general population may be mentioned
the factor U of the M-N-S system, factor H of the A-B-O system,
tactor hr” of the Rh-Hr system, Tj of the P system, and factors k
and Kp® of the Kell system. In addition to these, at least three other
high frequency blood factors are known, namely, Vel, I, and Yt
(¢f. table 1). Of these three factors, factor I has been studied most
intensively and is of the greatest interest,

Anti-I was found®® in the serum of a group A;B woman with ac-
quired hemolytic anemia, whose serum also contained cold auto-
agglutinins in high titer. When this patient had hemolytic reactions
following transfusions, her serum was also shown to contain an
isoantibody of high titer, anti-I, reactive at room temperature with
almost all other human bloods lmt not with the patient’s own cells.
No other member of the patient’s family was found to be I negative
(type 1). Among a series of 22,964 random donors only 5 proved to
be I negative, and of these 4 were Negroids. Among the positively-
reacting blood specimens marked differences in titer were obtained,
ranging from 25 to 5,000 units, thus indicating the existence of
variants of the I agglutinogen, namely, I,, I., I;,...i. Recently,
Shapiro®? has encountered a second example of anti-I in South
Afriea, although of lower titer. In this case both the propositus and
her child proved to be I negative,

TapLE 43
soMmMeE Low FreEguexey Broon Facrogrs

— ——

Random Series Family of

Nam};‘;{cﬂ}:}lm Observers [l ettt I = Pf"ii“m
R s [ | =
s i b |

Levay......... Callender and Race (1946) | 0 350 3 9
e e S Wiener (1942) | O ca. Hi 1 3
Jﬂhrhllw ...... | Gilbey (1947) | O 120) 2 | 2
Becker... . .....| Elbel and Prokop (1951) 0 272 3 4
Berrens........ Davidsohn et al. (1953) | ) 448 4 3
Cavaliere® . ....| Wiener and Brancato (1953) | 0 | 48 | 4 3

—_— e — - -

* F. H. Allen has rec onlh shown Ilmt this blood factor is pmlmhh identical
with the Wright factor (Wr?), deseribed at about the same time by Holman
(Lancet 2: 119, 1953).
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Low Frequency Blood Factors. As examples of the low frequency
factors may be mentioned Mi and Gr of the M-N-S system, rh*
and rh* of the Rh-Hr system, “super” Rhy of the Rh-Hr system,
and Kp* of the Kell system. In addition to these, a large number of
blood factors have been reported, generally detected with the serum
of mothers of erythroblastotic babies. Due to the low frequency of
these factors the genetic imvestigations have been limited to the
families of the propositi. The findings in each are compatible with
heredity as a simple Mendelhian domimant. The more fully deseribed
of these blood factors are listed n table 43.

As an example of a low frequency factor may be mentioned the
case report of Wiener and Braneato.*** A woman who had babies
with erythroblastosis caused by Rh, sensitization, then had an
ervthroblastotic baby who proved to be Rh, negative. Tests of the
maternal serum demonstrated that in addition to anti-Rh, there was
another antibody present, which was designated anti-Ca after the
patient. Among 7 Rhy-negative relatives the blood of 4 proved to
have the factor Ca, while 48 consecutive Rhy-negative donors were
all Ca negative. Another striking example is that of Davidsohn et al
who found a potent antibody for a blood factor present in 4 out of 7
members of their patient’s family, but absent from 448 consecutive
blood donors (ef. table 43).



CHAPTER XI

Medicolegal Applications

The clear-cut hereditary transmission of the human blood group
factors has led to their application for the solution of medicolegal
problems of disputed parentage. The types of cases in which the tests
have been applied are as follows:

1) A man accused of the paternity of a child born out of wedlock
denies the charge. This is the most common type of case with
which courts are confronted where blood grouping tests are used.

2) A man is accused of assault or rape, and tries to prove innocence
by showing that he is not the father of the child born to the
complainant.

3) A child is born in lawful wedlock, but the husband denies paternity.

4) Tt is suspected that two newborn infants have been interchanged
in 2 nursery in a hospital.

5) A woman may simulate pregnancy and childbirth, and may claim
that a certain child is hers to compel a man to marry her or to
obtain dower in a dead husband’s estate.

) An individual who wished to immigrate to the U.S.A. asserts that
his parents are American citizens living in the states, but it is
suspected that the claim is fraudulent.*?

A number of reports®*: 2. 2 regarding the medicolegal applica-
tions of blood grouping tests have been published by the Committee
on Medicolegal Problems of the American Medical Association, and
they should be consulted by those interested in this special problem.
The legal aspects of the subject are discussed in detail in the excellent
hook by 8. B. Schatkin.**

Blood tests ean be used only to exelude and not to prove paternity.
In eertain jurisdictions laws have been passed empowering the courts
to order blood grouping tests in cases where parentage is an issue.
Naturally, the chances of disproving paternity will depend upon how
complete an examination is carried out. However, the examination
should be restricted to only those blood tests which have been proved
to be reliable, and where an adequate number of heredity studies
have been carried out. Therefore, the Committee on Medicolegal
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Problems of the American Medical Association has recommended
that the routine tests for court cases be limited to the A and B factors
of the A-B-0O system, the M and N factors of the M-N system, and
the factors Rhy, rh’, rh”, and hr’ of the Rh-Hr system. In private
cases, or under special circumstances, qualified medicolegal experts
may find it desirable to carry out more complete examinations, which
will vary depending on the experience of the investigator and on the
reagents available to him,

For convenience of reference, simplified tables which show the
application of the A-B-O, M-N, and Rh-Hr tests for excluding pater-
nity have been prepared (ef. tables 44, 45, 46).

Chaneces of Excluding Paternity

If & man falsely accused of paternity is found to have a blood group
genetically incompatible with that of the child this establishes his

TArLE 44
Fxenvaion orF ParerxiTy BY THE A-B-0) Grouves®

Phenotype of Phenotype of Putative Father
the Putative | 27
RLe 0 | A B ' AB
0 AR AB: |° BAB A, AB 0, AB
A | B, AB B, AB | None ()
B | A, AB None : A, AB 0
AB 0O, AB - Q) () 0

k)

* Find the phenotypes of the putative father and mother at the top and side
columns of the tables and locate the box at whieh these interseet. In the box
are given the groups not possible in children of the mating; groups given in
bold face type represent children for whom maternity is excluded.

TaeLE 45
Excrusion orF Pareryity By THE M-N Trypes*

= R ] 1five T -
Phenotype of Putative Phenotype of Putatitive Father
Maother — — — -

A 7 ‘h_ : | MN
M MM N M, N ™
N | M, ™ M, MN M
MN ! N M None

* Find the phenotypes of the putative father and mother at the top and side
columns of the table, and loeate the box at whiech these intersect. In the box
are given the types not possible in children of the mating; types given in hold
face type represent children for whom maternity is excluded.
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innocence. If the blood groups satisfy the laws of heredity this does
not necessarily prove that he i1s the father, because of the hmited
number of types known and the possibility of coincidence. The chances
of exonerating a falsely accused man will vary, depending on the
distribution of the blood groups in the population, as well as on the
blood group of the accused man. For example, in certain tribes of
American Indians, where all of the members belong to group 0, the
A-B-O groups would be worthless for solving such problems.

Wiener®®®: **7 has derived general formulae for the chances of
excluding paternity by the A-B-O blood groups. These are given
helow, and those interested in their derivation should consult the
original papers.

Rlood group of falzely accused man Chance of excluding paternity
B L) 1 8 S R R R rt(p + q) + 2pg(l 4 r) (42)
G 0 e R glp 4+ r)* (43)
Group B.. . ... o e plg + r)® (44)
Group AB....... L r? (45)
Group undetermined. .. .. .. .. plg+ r)t 4 qlp 4+ r)?
+ pgré(p 4+ q) + 2pgr® (46)

In the above formulae p, ¢, and r represent the frequencies of
A i ¥ . e . -
genes [, 7, and [, respectively. The maximum chance of excluding
paternity 1s found to be approximately 20 per eent, and oecurs when
the gene frequencies are p = 0.2213, ¢ = 0.2213 and r = 0.5574.
Similarly, formulae have been derived for the chances of exeluding
paternity, using the M-N types, as follows,

Blood type of falsely accused man Chanee of excluding paternity
S B g oy ER e P S n(l — mn) (47 )
Type N e e m(l — mn) (48)
Type MN . . A e 0 (49)
Type undetermined mn(l — mn) (50)

In the above formulae, m and n represent the frequencies of genes
LY and L, respectively. Here the maximum chance of excluding
paternity is 18.75 per cent, and occurs when the gene frequencies
are m = 0.5 and n = 0.5.

When the formulae are applied to populations such as that en-
countered in New York City table 45 could be drawn up. In making
the caleulations, account must be taken of the independent inheritance
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of the A-B-O and M-N types. If P} is the chance of excluding pater-
nity by one blood group system and . is the chance of excluding
paternity by a second independent system, then the chances of
exclusion when both are tested for is given by the formula

Pl = PO — P (51)

This formula can be extended to include any number of blood group
systems. It is of interest that the combined chances of excluding
paternity by the combined use of the A-B-O and M-N tests in New
York City iz about 30 per cent, which is close to the theoretical
maximum of 35 per cent.

General formulae for the chances of exeluding paternity by the
means of the Rh-Hr types have not been derived. These would be
expected to be exceedingly complex. Wiener®*: *** has estimated
that the chances of excluding a falsely accused man of undetermined
Rh-Hr type is close to 25 per cent, when tests are done for the factors
Rhy, rh’, rh”, and hr’. Thus, when tests are done for the factors
mentioned of all of the three systems, the chances of excluding :
falsely aceused man is about 50 per cent. In practice the rate of
exclusion 1s considerably less than 50 per cent, since most of the
defendents in paternity proceedings will be the actual fathers. Mr.
S. B. Schatkin and Mr. Sol Cooperman of the Corporation Council’s
Office of New York City have observed over a period of many years
that approximately 17 or 18 men out of every 100 men who deny
paternity are actually excluded by the fests, indieating that approxi-
mately 35 per cent of such accusations are false. In problems of
disputed paternity involving married couples, as in divoree actions,
our experience has been that the exclusion rate is considerably higher.

In selected cases it may be felt desirable to carry out additional
tests, for example for the subgroups of A, secretor type, P, S, hr”,
Kell, Duffy and other factors for which the expert has reliable
antiserums available,

The formula for the chance of excluding paternity, using only a
single blood factor D, transmitted as a Mendelian dominant, is given
by the formulae below.

Blood type of falsely accused man Chance of exclusion
S e o T 0 (51)
e e T e e ir? (52)

Type undetermined........... drt (933)
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Here d represents the frequency of the dominant gene, and r the
frequency of the recessive gene. The maximum chance of exeluding
paternity is 0.08192 or about 8.2 per cent, and occurs when the gene
frequencies are d = 0.2 and r = 0.8, respectively. In practice, it
turns out that the distribution of most of the blood factors inherited
in this way is such that the chance of excluding paternity is less than
the maximal theoretical value. Moreover, because of the overlapping
among tests, and the occurrence of double, triple, or quadruple
exclusions, it becomes progressively more difficult to inerease the
chances of excluding paternity by the introduction of new blood tests.
For example, a blood factor with an 8 per eent chance of exclusion will
add only 4 per cent to the chances of execlusion, since one-half of the
innocent men will already have been exeluded by the A-B-O, M-N,
and /or Rh-Hr tests. It has been estimated that all of the new blood
tests combined add only about 12 to 15 per cent to the chances of
excluding parentage, and it is questionable whether it is practicable
or worth-while to carry out these difficult tests in such cases, since
the results may not prove acceptable to the courts.

Boyd® has calculated in detail the chances of excluding paternity
by the Rh-Hr tests in a Cauecasoid population. His results, including
the distribution of the Rh-Hr types, for the population to which his
figures apply are given in table 48, For example, a falsely accused
man of type rh has an almost 45 per cent chanee of being excluded
by tests for the Rh-Hr types. By combining the figures for tables 47
and 48, 1t 1s possible to caleulate the chances of excluding paternity
for a falsely accused man of any A-B-O group, M-N type, and Rh-Hr
type. As an example, the chances for a group AB, type M, type Rh;Rh;,
man would be 1 — (1 — 0.607)(1 — 0.4448) = 0.782 or 78.2 per cent.

TasLe 47
CHanciEs oF Proving NoxN-PATERNITY WITH THE
AcerLurinoceExs A, B, M axp N*
(From Wiener's Blood Groups and Transfusion.)

: | : :
Group ...... 0 : A | B | AB

=
: 4 L ST e . : o
e | A [l | | e N |MN| M N |Mw| M|~ |Mw| 2
e - i )E SR (TR =
Chaneces | 50.0| 54.6| 23.5| 39.6 45.1] 7.7| 44.1| 49.3/14.660.7 l'fr:i.4|3!l_9:"ll.ﬂ
(Per | : ' |
cent) !

* Based on the frequencies of the blood types in New York City.
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TasLE 48
CHancEs oF Excruping PaTErNITY BY THE Rh-Hr Tyres
(Modified from Bovd, Amer. J. Human Genet., 72 229, 1955)

Phenotype of Accused Man*® Frequen f?;irnci-;!mr.ungﬂidg | Cha m'vll;:I:fr E::tl?ﬂﬂn
rh 14.36 44.95
rh’rh 0.62 18,45
rh'rh’ 0.01 51.62
rh” 1.31 36.28
rh'rh” 0.03 9.73
Rh, 2.41 .14
Rh,rh 35.77 10. 66
Rh,Rh, 19.73 44 .45
Rh. | 12. 66 33.55
Rhb,Rh. | 12.99 0
RhzRh, ! 0.11 41.75

Unknown I : 25.0

= —

* Not included in the table is the rare phenotype rh,rh’.

Disputed Maternity

The blood tests may also be used to refute false claims of maternity.
For example, maternity would be excluded if any of the following
blood type combinations is encountered.

1) Mother group AB—child group O
Mother group O——child group AB
2) Mother type M-—child type N
Mother type N—-child type M
3) Mother type rth'rh’, rh,rh’, Rh,Rh,, or RhzRh;—child type
rh, rh”, Rhy , or Rh..
Mother type rh, rh”, Rhy, or Rhy—child type rh'rh’, rh,rh’,
Rh11{h| , DT I‘th;Hl’h .

The chances of excluding maternity are readily calculated as
follows: For the A-B-O blood groups = 2(0)(AB) = 2(0.40)(0.05) or
approximately 4 per cent. For the M-N types = 2(M)(N) = 2(0.30)
(0.20) or approximately 12 per cent. For the Rh-Hr types =
2(rh’th’ + RiyRh; + RhzRh,)(th + th” + Rhy + Rh,) = 2(0.20)
(0.30) or approximately 12 per cent. For all three systems combined =
1 — (1 — 0.04)(1 — 0.12)(1 — 0.12) = 0.258 or approximately 26
per cent.

Situations not infrequently arise where a man falsely accused of
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paternity wishes to have blood tests performed on himself and the
child, but the mother of the child is not available for one reason or
another. In such cases, the same principles apply as in cases of dis-
puted maternity; that is, the chances of execluding paternity are
approximately 26 per eent, or about half of the chances when all
three of the parties are available.

More Complex Problems

At times, o married man correctly suspeects that he is not the father
of more than one of his wife's children. In such cases, the blood tests
may exclude paternity for one or more of the children. Obviously,
the chances that paternity will be excluded for at least one of the
children will be greater than 50 per cent. Such evidence may be and
has been used as grounds for divoree. If monovular twins are involved,
the chanees are not increased, because such twins are invariably of
identical blood groups.

In immigration cases, both of the putative parents may be excluded
in cases of fraudulent applieations. The chances that the falsity of
the claim will be disclosed by excluding at least one of the parents
will necessarily be considerably greater than 50 per cent.

An unusual but interesting problem sometimes arises, when it is
suspected that two newborn babies have been interchanged in a
hospital. In such eases the blood tests are of considerable aid, because
with two sets of parents and two children available the chances of
aobtaming conclusive results are very high. For example, the chances
of solving a problem of interchange of babies for a single blood factor
has been shown by Wiener®! to be as follows:

Ve = 2D R? (54)

where 1, is the chances of solving the problem, D is the frequency
of the blood factor in population, and R is the frequency of persons
lncking the factor. The maximun chance for a single blood factor
15 as high as 29.03 per cent, and oceurs when the frequency of pheno-
type D is equal to 0.33 and R equals 0.67.

Wiener has estimated the chances of detecting interchange of
infants by the A-B-0 groups to be approximately 40 per cent, and by
the M-N types alzo approximately 40 per cent, so that the eombined
chaneces for the two blood group systems would be approximately 64
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per cent. If, in addition, the Rh-Hr tests are done, about 90 per cent
of these problems ean be solved.

Circumstantial Evidence of Paternity

As has already been pointed out, the blood tests cannot be used
to prove paternity, only to exelude it, because of the possibility of
coincidence of the blood types of a falsely accused man and the actual
father. There are rare circumstances, however, when both the accused
man and the child have a blood factor of very low incidence in the
population, or both have a rare combination of blood factors. Such
evidence, while of little testimonial value, may help to convinee the
aceused man of his paternity, so that he may then be willing to accept
the child as his own. As examples may be mentioned the oceurrence
in both the putative father and the child of the rare types rh' or rh”.
Other infrequent types sometimes encountered in both the putative
father and child are Rhi and K.

On the other hand, the chances of excluding paternity in cases where
a false aceusation has been made may be enhanced by the use of such
factors as hr and rh*. For example, a man of type Ith;Rh. cannot
have a child of type rh or Rh, unless he is the carrier of the genes r
or B (genotypes R, R'R" or R%¥). If tests on his red ecells with
anti-hr serum give a negative reaction, then he cannot be a carrier
of either of these genes and paternity is exeluded. Moreover, since
factor rh™ 1s always associated with factor rh” in the same agglutino-
cen, an individual of type Rhirh ecannot have a child of type Rh,Rh, ,
nor can an individual of type RhyRhy have a child of type Rhyrh.

It should be mentioned that the existence of “super” Rh genes
constitute a pitfall in the application of the Rh-Hr types in disputed
paternity eases. For example, a putative father belonging to type
Rh;Rh; while the child belongs to type RRhy, or the reverse, is not
excluded if the man and child are both carriers of gene R°. Fortunately
gene 2 betrays its presence by the high agglutinability of the red
cells by anti-Rhy serums, as has already been explained (ef. page 87).

Case Reports

The application of blood grouping tests in actual practice is best
illustrated by citing a few cases (ef. Wiener,®® Alvarez,** Unger®"
Sussman and Schatkin 2 Witebsky and Wyelegala®?),

("ase 1. This case, which was tried before the Court of Special Sessions in
New York City, is unusual because a man was accused of the paternity of six
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children born out of wedlock. When he denied the charge, blood grouping
tests were carried out, upon order of the court, on the defendant and on the
complainant and her six children, with the results shown in table 49. As ean
be seen, the complainant belongs to group O, three of her children to subgroup
Ay , and three to subgroup As . The defendant belongs to subgroup A, | corres
ponding to which there are three possible genotypes, according to the genetic
theory. If we assume that the defendant is of genotype I"'I™*, half his children
with a group O mother would be expected to be subgroup A; and half subgroup
A. , as actually oceurred in this case.

As far as the M-N types are concerned, the complainant is type N and the
defendant type M, and all six children are type MN, as would necessarily re-
sult, assuming the defendant to be their father. Moreover, the complainant is
type Rlyrh, and the defendant type RhyRh; , three of the children type Rh;-
Rhy , and three of type Rhyrh, again in agreement with the theoretic expecta-
tions.

The excellent fit of the blood group findings of the six children with the ge-
netic expectations strongly suggests that the defendant actually is their
father, as charged. While blood tests that fail to exelude paternity are incon-
clusive because of the possibility of coineidence, the results here are so striking
that they helped convinee the defendant of his paternity, so that he contributed
willingly to the children’s support, in conformity with the decision of the court.

The use here of tests for the subgroups of A is inconsistent with the
opinion already ecited that these tests are not sufficiently reliable
for routine use in medicolegal cases. However, subgrouping tests are
so easy to perform and the results so informative that the senior
author carries them out regularly. At times, the findings are illumi-
nating, as in the present case. When tests for the subgroups of A
indicate an exclusion of paternity but all other tests are inconclusive,
the safest practice 1s to omit the subgrouping results from the official
report, and to present them instead in a covering letter, explaining in
detail the limitations of the test, for the guidance of the court,

Case 2. A man accused of the paternity of a child denied the charge. As
shown in table 50, the blood tests indeed showed that he was not the father of
the child. In faet, the results in this case were unusual in that the tests pro-
vided triple proof of nonpaternity.

Case 3. Four voung Chinese adults came to the United States elaiming de-
rivative American citizenship. Upon the request of the Bureau of Immigration,
blood grouping tests were carried out on these four individuals and their sup-
posed parents. Since, as shown in table 51, the supposed mother belongs to
group AyB, the first and fourth applicants, both of whom belong to group 0O,
cannot be her children. Moreover, since the two supposed parents are to types
RhyRhe and Rhyrh, respectively, the second and third children who belong to
tvpes RhyRhy and RhzRhb,; | respectively, cannot both be children of the couple,
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Thus, the claims of derivative citizenship of at least three of the four appli-
cants were proved to be fraudulent.

Nomenclature

The current controversy regarding Rh-Hr nomenclature has already
been discussed in detail (ef. page 100). This important question has
been the subject of study by a special Subcommittee on Blood Group-
ing Tests, of the Committee on Medicolegal Problems of the American
Medical Association. As is pointed out in their report,” “The sub-
mission to jurists by different experts of medicolegal reports with
conflicting symbolisms cannot help but confuse them and shake their
confidence in the blood tests. Moreover, reports in two different
symbolisms require translation from one into the other when com-
parisons are to be made; there is always danger of error in the process.
Therefore, the adoption of one uniform nomeneclature for medicolegal
reports is most desirable.”

From a study of the available evidence, the committee coneluded,
in part, as follows: “Although corresponding to the two systems of
designating the Rh-Hr types there are two conflicting genetic theories,
the erux of the problem is actually on a serologic level. It 1s most
important to distinguish clearly between agglutinogens and their
serologic attributes, the blood factors . . .. The C-D-I notations for
the Rh-Hr types make no allowance for the difference between a
blood factor and an agglutinogen and incorporate the taeit, incorrect
assumption that every agglutinogen has but a single corresponding
antibody. This has led to a number of paradoxes . . . . Indeed much
of the evidence that has accumulated regarding the serology and
genetics of the Rh-Hr types refutes the interpretation implicit in the
(-D-E notations. On the other hand, the original Rh-Hr nomenclature
presents the data objectively, without committing the user to a
preconceived interpretation . . .. The committee, therefore, recom-
mends that the C-D-IX notations for the Rh-Hr types be discarded
and that, in approved medicolegal reports, unless and until some other
convention is agreed upon the original Rh-Hr nomenclature be
retained as the sole nomenclature for this blood group system."”

Recently, the recommendation that the Rh-Hr nomenclature be
used exclusively for medicolegal reports has been approved by the
Section on Immunology of the American Academy of Forensie
Sciences, The time has now come to extend this recommendation to
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the applications of the Rh-Hr types in elinical medicine and anthro-
pology. Confusion will remain until editors of scientific journals
require that all articles dealing with the Rh-Hr types conform with
this recommendation, as has been done in the case of the analogous
recommendation made in a report* published in 1937, regarding
the nomenclature of the A-B-0O blood groups.

Qualifications of Experts

The field of immunohematology has grown in scope and complexity,
and there are relatively few workers who have devoted the time and
effort required to become expert in the field. As a guide for lawyers
and courts desiring to use blood tests as an aid in cases of disputed
parentage, the Law Department of the American Medieal Association
has available a list of qualified blood group specialists. A similar panel
of qualified workers is used by the Court of Special Sessions in New
York City, from which lawyers may select an expert to carry out blood
tests in cases of disputed paternity. However, failure of many jurisdie-
tions to exert equal care in the selection of experts to carry out blood
grouping examinations has been responsible for a number of unfortu-
nate mistakes, and this is a problem which still requires a satisfactory
solution.

In blood transfusion practice, it is considered a priori evidence of
negligence if a patient of group O is given group A blood, and if the
patient dies, the physician, hospital and/or blood bank may be
subjected to costly lawsuits. Similarly, a mistake in blood grouping

TasLeE 50
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in a medicolegal case of disputed paternity erroneously excluding
paternity or maternity could conceivable lead to a lawsuit for mal-
practice or for damages for defamation of character. An error in
medicolegal cases is even less defensible than in clinical cases, because
the claim that the tests had to be done under the pressure of an
emergency cannot be used. The medicolegal expert has plenty of time
in which to earry out the tests, as many times as desired and with as
many controls as necessary. When in doubt, he can draw new samples
and repeat the tests, and if he wishes he can send the blood samples
to an independent expert for confirmation. Unfortunately, however,
the least experienced workers, whose reports are most in need of
verification, are generally the least sensitive to the possibility that
their findings may be in error.

A fully qualified expert in blood grouping is not merely a eareful
technician, but an individual thoroughly versed in the fundamentals
of blood group serology and genetics. Such an individual prefers
accuracy to simplicity, and has no difficulty in using the recommended
Rh-Hr nomenclature, which merely translates the results obtained
into symbols. Such a worker has no difficulty in preparing a clear
self-explanatory report, when presenting his evidence to a lay bench
and jury. Wiener® maintains, therefore, that with certain outstanding
exceptions, those who find it necessary to resort to the incorrect
C-D-E notations for the sake of “simplicity”” do not understand the
subject thoroughly, and he suggests that this may be used as one of
the criteria by which to judge the qualifications of an expert.



CHAPTER XII

Anthropological Studies on the
Blood Types

Until recently, the use of blood grouping tests in racial studies
attracted relatively little attention among physical anthropologists.
Thus, most journals and text books on physical anthropology con-
centrate a good deal of attention on skeletal measurements and
external physical characteristies, but devote little space to blood
grouping. This has been due principally to the himited value of the
findings until the Rh-Hr blood types were discovered. For example,
when tests for the A-B-0 groups alone are carried out, closely related
ethnic groups may exhibit significant differences in distribution
while totally unrelated peoples may have similar distributions. The
situation was improved somewhat by the introduction of the sub-
groups of A, and the M-N types, but the greatest advances resulted
from the discovery of the Rh-Hr types.

At first the studies were restricted to the Rh, factor alone, beeause
the only serums available for the earlier studies were the animal anti-
rhesus serums, or human serums of specificity anti-Rh, . It was
soon observed that while the Rh, factor is present among approxi-
mately 85 per cent of Caucasoids, it oceurs more frequently among
Negroids, and among practically 100 per cent of Mongoloids,*®
The results were quite striking, and became more so when the tests
were extended to melude the rh' and rh” factors. For example,
Negroids were characterized by a high frequency of type Rhy, a
type of blood which oceurs infrequently among Caueasoids and
Mongoloids.*™ The introduetion of tests for the factors he' and hre”
did not alter the situation to any great degree, because, as has already
been pointed out, the reactions given by anti-Hr serums can largely
be predicted in advanee from the reactions of the anti-Rh serums.
The principal value of Hr serums in anthropological investigations
is as an aid in recognizing individuals carrying the rare gene R, In
this way it was possible to demonstrate that gene R, which is rare
among Caucasoids, and has not been demonstrated to date among
Negroids, oceurs in as many as 3 to 6 per cent of Mongoloids,*®

132
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Based on the newer findings concerning the distribution of the
blood group factors, especially Rh-Hr, Wiener has proposed a semi-
quahitative elassification of human races as follows:

[. Caucasoid group—highest frequency of gene r; gene 1'* present

as well as gene 1 gene LY slightly more frequent than gene LY
IT. Negroid group—highest frequency of gene B" and Rh, variants;
gene ['* present as well as gene /', also frequent A interme-
diates; gene L" slightly more frequent than gene L"
ITI. Mongoloid group — highest frequency of the rare gene R; genes r
and /** absent or rare.
a. Asiatic subdivision—genes LY and L% almost equal in
frequency.
b. Pacific subdivision (including Australian aborigines and
Ainu)—low frequency of gene LY and high frequency of
gene L,
¢. American subdivision (including Amerindians and Eskimos)
high frequency of gene LY

Before the use of blood tests was introduced, anthropologists
classified races on the basis of their external physical characteristices
or skeletal measurements. This led to a number of manifest contradie-
tions and paradoxes. One reason for this is that the external physical
characteristics are subject to conscious selection while conscious
selection would hardly play a role for the blood groups. Moreover,
whereas physical characteristics such as skin color, texture of the
hair, height, and shape of the nose have considerable adaptive value,
the possession or lack of any particular blood factor has no speeial
advantage, except in relation to isosensitization in pregnancy. Based
on their physical characteristies Australian aborigines were con-
sidered to be intermediate between Negroids and Caueasoids, while
Papuans were placed in the Negroid group. Studies on the Rh-Ir
types, on the other hand, clearly demonstrated that these peoples
helong to the Mongoloid group, a conclusion which is more reasonable
judging from geographical and historical considerations.

Study of the distribution of the blood group factors, especially the
Rh-Hr types, is of great value in analyzing the results of crosses
between different ethnie groups. For example, the distribution of the
Rh types among Puerto Ricans (ef. table 25) clearly indicates that
this ethnie group arose from a cross between Negroids and Caucasoids,
However, one should be cautious before drawing conclusions from

and low frequency of gene L",
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the results of blood tests alone. For example, in the case of Puerto
Ricans the presence of shovel-shaped incisors indicates that Mongo-
loids, that is, American Indians, also participated in the cross from
which the Puerto Ricans originated, as had been pointed out by
Washburn.

That the A-B-O groups and Rh-Hr types are not entirely without
selective value has been demonstrated by the discovery of their role
in isosensitization by pregnancy. For example, Rh-negative mothers
(genotype rhrh) who have become sensitized to the Rhg factor will
have a certain number of Rh-positive babies (genotype Rhrh) who
are stillborn or die during the neonatal period from erythroblastosis.
As Wiener®® pointed out, if we assume that we are dealing with a
population of constant size containing x Rh genes and y rh genes,
then the initial distribution of the genes would be as follows:

T i

Rh=—2 .andrh = —2—

T+ y T4y

If the number of fetuses and newborn that die from erythroblastosis

during one generation is ¢, then the distribution of the genes during
the second generation would be:

;Ef__ﬁ -
x4+ y— 2"

=t

Rh = i

wmd rh =
If to begin with the number of Rh genes is equal to the number of rh
genes, this process would have no effect on the relative distribution
of the genes. If, on the other hand, the incidence of the two genes is
initially unequal, the less frequent gene would be affected to a greater
extent than the more common gene, so that eventually, other things
being equal, over a period of thousands of generations, the incidence
of the less common gene would be substantially reduced or it might
be practically eliminated.

This process could explain the virtual absence of the Rhy-negative
type among Mongoloids, but it then becomes difficult to account
for the relatively high frequency of gene rh among Caucasoids.
Wiener®® and Haldane*® independently pointed out that if one
assumed the existence of a population in the past, and possibly still
existing at the present time, consisting largely of Rh-negative persons,
a hybrid population could result with a serological composition re-
sembling that of Caucasoids. This hypothesis has received support
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from the findings in Basques by Etcheverry,* and confirmed by
Mourant. Among these people, who differ from other Europeans in
their 1solated habitat, unique language and social customs, the
frequency of gene rh is extraordinarily high, namely, about 60 per cent.
It had been previously shown by the Hirszfelds** that the incidence
of gene I" decreases from east to west in Furasia. According to
Candela gene [ was introduced at the time of the Mongolian
mvasion, the degree of crossing between European and Mongoloids
being indicated by the frequency of gene I”. Here again the Basques
are unique in that the frequency of gene [ is the lowest in Europe.
For these reasons it seems probably that the Basques represent most
closely the original European stock which must have had a very high
frequency of gene rh as well as a very low frequency of gene I”.

Analysis of Mixed Populations

A number of methods have been suggested for analyzing blood
group frequencies of mixed populations. The principle of the ealeula-
tions is the same as for computing the results of mixing solutions of
different concentrations. Here we shall deseribe a simple method
which has been used by Mourant.?* This method has the advantage
that it ean be applied to many blood factors at the same time, and
thus give a comprehensive view.

Let p represent the frequency of the gene for a given blood factor in
a population A; and let ¢ represent the frequency of the same gene
in a population B. Then, suppose a new population C if formed with
x individuals from population A, and y individuals from population
B. If r represents the frequency of the gene in the mixed population,
this is obviously the weighted mean of p and ¢, and 1s readily caleulated
by the following formula:

e DE o 0 (55)
x -+ Y

The value of r can also be derived geometrically. The frequency p
for population A is erected on one vertical line, and the frequency g
for population B on another vertical line. The interval between the
two vertical lines, A and B, is divided in inverse proportion to x and
y, and a new vertical line, C, erected. A straight line is then drawn
connecting the points p and g, and the point at which it intersects line
C represents the frequency of the gene in the mixed population.



136 HEREDITY OF THE BLOOD GROUPS

Conversely, if it is known that a eertain mixed population, C, resulted
from a eross between two other populations, A and B, the proportion
of individuals from populations A and B which entered the cross can
be determined if the frequencies of the gene for any agglutinogen is
known for all three populations. One first marks the frequency p for
population A on one vertical line, and the frequency ¢ for population
B on a second vertical line, and a straight line is drawn between these
two points. A second line is then drawn parallel with the horizontal
axis at distance r from it. At the point of intersection of the two points
a third line is erected, and this represents the composition of the
population C.

An example of the practical application of the method is given in
figure 4, from the study of Chalmers et al.*® In constructing this
diagram the frequencies of gene r were used as the basis. A straight
line was drawn conneecting the points representing the frequencies
of gene r in Basques on the one hand, and Siamese on the other.
Then the horizontal lines were drawn representing the frequencies
of gene r in England, Latvia and India, and through pomts of mter-
section obtaimmed, vertical lines were then erected for these three
populations. On the five vertical lines points representing the fre-
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quencies of genes R, B2, R*, I”, and L" were marked and the corres-
ponding points on the five lines connected producing the results shown
in the figure. If the populations in England, Latvia and India had
been produced as a result of crossing between Basques and Siamese
one would expect the lines representing each of the gene frequencies
to be straight. As a matter of fact, the lines are not all straight which
is to be expected since the populations in question are not merely
such simple mixtures.

The purpose of this chapter has been to present the broad principles
involved in the application of blood groups in anthropology. No
attempt has been made to tabulate the numerous studies that have
been reported. Readers who have occasion to consult the original
sources should bear in mind that some of the data in the literature
<uffer from errors in blood typing, and this possibility should always
be borne in mind especially when the findings appear to be bizarre
or unique. The first compendium of the literature was prepared by
Boyd®® and included principally the earlier studies on the A-B-0
groups. In Wiener’s book*'7 a less complete compilation was given,
but this source also lists findings on the subgroups of A and the
M-N types. The most comprehensive and most valuable source 1= the
recent book by Mourant,*® which includes the voluminous data
especially on the Rh-Hr blood types, and also on other blood group
systems, including P, Kell, Duffy, Kidd, and Lutheran. (ne of the
most important investigators in this field is R. T. Simmons, =%
whose numerous valuable contributions should be studied and used
as models by those interested in the subject.
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