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Preface

DurinG the past 15 jears, hnowledge of the blood groups has
progressed with great rapidity, and blood grouping has become a
fundamental biological science with appheations in chnieal and legal
medieine, anthropology, human genetics, evolution, ti-ue transplin
tation, and vetennary medicine

Thi~ rapid development followed the diccoiery of the Rh factor by
Land-temer and Wiener and the sub-equent demonstration of its
climeal mportance 1n transfusion and i oimmunization by preg
naney When certam clnteal problems could not be <olved by the use
of the classical agglutination techmiques, new methods of blood
groupmng were devised which di~closed the exi~tence of a second and
more important form of antibody, namels, the <o-called bloching or

unnalent” antibody The-e new and more sensitive techmaques, the
conglutmnition test the antr globulin tet, and the proteolsvtic enzyme
test beeame the means for recognuzing mstance~ of oimmuuization
1o other blood factors <o that up to present time more than 30 blood
factors belonging to 9 different blood group sv<tems have been dis
covered The purpese of this monograph 1» to pre-ent n a umfied
manner the facts hnown about the heredsty of the human blood group~

The data that the <pecialist 1n immunogenetics must master are
numerous and exceedingly complex, but fortunately the fundamental
concepts are relatineln «umple The reader will find that once he has
mastered thee few fundimental principles, he will have no difficults
1n understanding and learning the detaded facte For exunple, m all
cases heredity 13 by multiple allehie gene~, not only 1 the A BO
«y<tem, but al~o i the Rh Hr and VI-N-S sv~tems, and even 1n the
case of the complex B blood groups of cattle and other blood group
systemns n amtmals  Therefore, emphasis 15 placed on princples
throughott the text, and the analogies 1 the heredity of the vanous
blood groups «y«tems are pomted out Blood grouping 1 primanly 1
subepecialty of immunologs, »o that for mastery of the field thorough
understanding of the nature of <erological reactrons in geperal I+
e<sential Therefore, at the ver on et, the important ditinction
between a blood fartor and agglutimogen 1< pomted out, and this
concept 1~ applied to explam the serology, genetie~, and nomencla

vin



MLREDITY OF THE BLOOD GROUPs x

ture of the A B O, Rh Hr, M N'S, and other blood group systems
This basie concept arises from the serological observation that anta
gens 1n general have multiple corresponding antibodies <o that there
18 no simple one to one correspondence between antigens and anti
bodies The emphasts placed on this principle 13 unique among mono-
graphs on the subject, and, 1n the opimon of the authors, serves to
resolve the contradictions and paradoxes which hate mevitably arsen
from disregard of the prmciple

As Darwin has stated false theones do httle harm, while false facts
may retard the progress of science In fact, an mncorrect theory may
prove helpful <o long as 1t 15 used only as a blueprnt or worhing
hypothesis to give a direction to 1 estigative work Therefore a debt
of gratitude 15 due to British imvestigators, notably R R Race and
R Sanger, whose observations and 1deas have acted s a stimulus to
imvestigators 1n the field for the past 15 years Howeser if an mvest
gator refuses to relinquich a theory refuted by readily avatlable facts
or 1f he allows s preconcen ed 1deas to color his yudgment 1n report
ing obseryvations, <erious errors may result This has indeed occurred
n the case of the Rh Hr types, as exemplified by the erroneous reports
of di covery of ant1d, reports of non specific nses 1 maternal Rh
antihody titers during pregnancy with Rh negative fetuses ete The
literature of the blood groups has been swamped with reports by
poorly tramed and mexperienced workers, unfamiltar with [and
stemer’s and other basic work 1 the field Such workers have the
confidence born of 1gnorance, and are insensitive to the possibility of
human error, so they fail to u~c the blind techmque which 1< <o
essentia] for aceurate results, as when earrying out the delieate tests
for the Lew1s blood types Since the recults which are most difficult
to explun are those which are not true, an attempt hs been made to
mnelude 1n this monograph only those reports which appear to be
rehable For any errors of omusston or commission the authors assume
full responsibility, and they would appreciite having their ittention
called to any such errors which may come to the attention of readers

Reders mterested m other aspects of blood grouping are referred
to the semor author’s  Blood Group< ind Transfusion,’ the third and
1xst edition of which was published m 1913 That book covers the
enrlier hterature on ! 2 peets of blood groupiig and 1ts applications,
but to do justice to the subject would now require  large yolume or
volumes, 1n view of the great gronth of the field during the past 15



X PREFACE

vears For more detuled information regarding the Rh-Hr ty pes and
therr applications, the reader may consult the “Rh-Hr Tjypes,”
published 1n 1951 a collection of the more mportant contributions
of Wiener and hi~ collihorators, together with a revien of the Iiteru
ture A simplified, compact but comprehensi e account can be found n
Wiener’s ‘Rh Hr Syllabus,” which has been publihed also m Ger
man Italan, Spanish, and Japanese

The serological principles underlying blood group reactions were
first pointed out by Karl Landstemer, the father of the field of un
munohematology, who recenned the Nobel Prize in Medieine in 1930
for the dicovery of the blood groups The <entor author was fortu
nite to be closely assoerrted with harl Landstemer from 1929 until
hiv death m 1943 During that period, he had the adsantage of
Landstemner’s advice and help as mentor, colliborator, and per~oml
friend In appreciation of Rarl Landstemer’s pithfinding contribu
tions to the field, and a~ 2 tohen of per-onal gratitude, the authors
dedicate this book to his memory on th, the 90th annnersary of hi
birth

March 1958 A S Wirar
I B WeALFr



CHAPTER 1
Introduction

More data are avaiable concerning blood group differences than
any other hentable chamctentic of healthy human being~ The rea
sons for this are fold The tech of blood ping have been
perfected during the past two decades to a pont where the blood
groups of any mdividual ean be readily and prect ely determined
Aoreover, mdrvidual blood group differences has e no <electnve value
asude from the effeet of 1cosensitization on the fetus i utero <o that
polymorphism 15 the rule 1n alme~t all human population~ The blood
groups are determimable at birth and reman unchanged throughout
life, unaffected by age, diet, raduation or drea~e Because of the
mmphications of the blood groups m clineal medicine for the <election
of donors for blood t i and for Ion 1n pregnancy
milhions of blood grouping te~ts are performedevery year I urthermore
beeause every transfusion and every pregnancy 1~ a possible source of
1~o~ensitization, new blood group antibodies are con-tantly bemg
di~covered and the heredity of the corresponding blood factors worhed
out!

Principles of Blood Group Serology

For blood grouping te-ts, blood s obtained, preferably from a vemn
and separated mto 1ts two gross components which are present
approvimately equal proportions, namely the red blood cells and the
plasma i which the red blood cells are suspended within the cirenla
tion (Serum 1s the fluid which 15 expre~sed from clotted blood that
1%, plasma without the fibrinogen)

The red cell or erthrocy te ha= a lipoprotern envelope which from its
«erological behavior appears to have a regularly patterned mosare
structure Presumably certan chemical struetures named agglutino-
gens beeause of the nature of the <erological tests used to demon trate
their presence, are repeated about the surface of the ervthroevte The
first discovered of thewe agglutinogens were the co-called A BO
«ubstances which determine the four clissic bload group= desenbed
in harl Land temer? at the turn of the centurs Two other set~ of

1
P
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2 HEREDITY OF THE BLOOD GROUPS

agglutmogens are the M N substances and the P p substances both
of which were discovered by Landstemer and Levine® about three
decades ago Aside from the A B O 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 durmng the past two
decades the literature has been rich with reports of the discovery of
other blood group substances such I h (kell), F f (Duffy) and
J 1 (hudd) Figure 1 1s a hypothetical diagram of the mosaic arrange
ment of the blood group substances as they may be visuahized on the
surface of the red blood cell

To determine an indnvidual s blood group, a battery of dragnostic
reagents or antiserums ant1 A, ant1 B, ant1 M, ant1 N, ant:1 Rh,, ant1
rh’, ete are required These reagents contam only antibodies speeific
for the blood factor in question and no other antibodies These ant1
serums can be obtamned mn a variety of ways Antr A and ant1 B
oceur <pontancously in the serums of healthy adults whose red blood
cells lack the corresponding agglutinogen Since the spontancously
oceurring antibedics are generally weak, donors are njected with

Fic 1—Disgrammatic Repre<entation of the Distribution of Blaod Group
Agglutinogen Loes on the Surface of tle I rythrocste Legenl @ = ABO
Haptens, X = M\ Haptens @ = Rh Hr Haptens = = Ifaptens of otf er
specificities. human species speetfic hapteas
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matenals of anumal ongin which contain A and B hike substances and
in that way antiserums of ligh titer and potency can be obtained
Ant1 M and ant1 N serums are produced by immumzing rabbit<
Most of the other antiserums are obtamed from mothers of erythro-
blastotic babnes, or from patients who ha e had hemolytic tran-fuston
reactions, or from deliberately immunized blood donors * Recently 1t
has been found® that certam seeds contain protems which have blood
group specificity, namely, ant1 A ant1 A, ant1 B, ants H, and ant1 N
but such reagents have not yet found wide ucage Most experts m the
field prepare thewr own antiserums, but satisfactory reagents are also
avarlable commereially It may be of mterest to mention that using
all available reagents as many as thirty blood factors of different
specificaties have been identified to date

The blood factors detected by the use of the various ant1 erums are
not all independent of one another, but fall naturally mnto sets which
are hnown as bleod group sy~tems 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 i the general
population, by v mg 2 2 X 2 contingency table * For example n the

* In order to determine whether two traits \ and ¥ are independent of
one another a table 19 set up as follows

Trat X+ [ - Totals

Y+ a b a+ b

- ¢ d c+d
Totals e+ I b4+ d A

In this table a & c and @ represent the frequencies of the four posaible
combinations of the truts N and} andV — a4+ b+ c+d the total number
of individuals examined If \ and 1 ore independent then the frequency of
the Y trait among \+ mndividuals should be the same as1ts frequency amongst

\— individuals that 1s 80 that od = be orad — be = 0

a b
atec byd
In cqces where ad — be 1s not equal to zero whether the difference from zero
13 statistieally ssgmificant can be determined Iy denving the value of chi
cquare with the mid of the following formula
PRI .- Sk S
T o+ o Fane ¥ @

The number of degrees of freedom 1 taken equal to one when determining the
value of P from the table of chisquare T

d
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10 HEREDITY OF THE BLOOD GROUP»

case of the four tlood group O Y B and AB the relationship
0 X 1B = 1 X Bdoes not hold which proves that factors A and B
are not independent but belong to the same blood group ssstem The
thirty -odd known blood factors have been shown to belong to <ome
ten tlood group sw~tems corre ponding to the dufferent chemical
substance or agglutinogen that go to make up the mo~aie of the sur
fice of the red blood cell namely the A BO « tem the M \-S
svstem the P p sistem the Rh Hr «v tem ete (cf table 1} A «itua
tien <wnular to that occurnng 1 man has been found to exwt in regard
to the blood groups of cattle fowl dogs mice rats and other ammals

The tets themselves are smple although con 1derable experience
15 required to obtam reliable and reproducible result  since the reac
tion are dehcate and have numerou mitfall <o that m un hilled
hand they may be muinterpreted Dufferent methods are u ed de-
pending on the reagent but the general principle 1 to bring the red
blood cells nto contact with the appropriate anti erum and allow
them to react If the cell are agglutmated or clumped nto lirge
ma <es generallh visble to the naked eve this1 a poutne reaction
whereas 1f the cells remaun evenlv su pended a- scen under the
micro cope the reaction L negatne {cf fig 2)

It 1 necesary to empha 1ze the difference between 4 blood factor
and an agglutmogen ® The agglutinogen 1 the <ub tance 1t elf while
the blood fictors are the <erological properties by which agglutinogen
are recogmized Thus when 2 blood L said to have the tlood factor A
tha ty defimtion means merehs that the blood cells are clumped by
ant: \ cerum It does not necessanily mean that the blood cell have
the agglutinogen \ of human group A tlood isa matter of fact there
are many agglutimogens other than that of the human blood group 4
that react with particular ant1 A <erum  notabls an agglutinogen of
sheep cell Smularly  ome of the blood factor~ B which chareterize
the agglutinogen B of human blood are <hared by agglutinogens of
the red cell of rabbits and other rodent

Tl e nature of the combmation between antibody and agslutmogen
can perhap be best v1 ualized by companng 1t to the fittmng of a lock
by 1 hey * The antibods 1 a modifed serum gimma globul n which
) mdrtingw hable by ordinany chemieal mean from the normal
gamma globulin It L beliesed that a <mall portion of the urfice of
the antibodv molecule ha. been altered <o v to make 1t an electro-
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A Negstive Reaction (No agglutnaton) B Pos L ve React on (Show ag
intense agglut nat on of the red blood cells )

chemical counterpart of a part of the surface of the agglutinogen
molecule In conformity with this concept 1t follo s that not all ant1
bodies capable of combining + 1th an agglutinogen ould necessanly
tave tl e :dentienl configurat on any more than that all heys capable
of opemung - particilar lock are identical In fact there 15 evidence
that ant: erums 1n general actually contamn = spectrum of antibod es
of related specificrt e as can be demonstrated by ab orption expen:

ments For example anti M erums prepared by immunizing rabbits
by njection of human type VM cells often cros react with blood cells
of anthropoid apes and lo ver primates® By ab orption experiments
such serum can be frictioned nto five or more eomponents ant1 M

M M ete eich speeific for « correspond ng, M factor Thu the
Fuman agglutmogen M 15 charactenzed not by 4 ngle blood factor
but by a multipl eity of blood factors In fact the number of blood
factor 1 huch chiracterize an agglutinogen 15 theoretieally unlmite !

the only prict eal I mutation bewng the re ourcefult < and energy of
the 1 vestigator i ~carct ing for and finding ne s ar tihod es De pite
the f ct that each agglutino,en ka multiple blood f1 tors in many

e1e A <ngle regent may suffice for ident feation Tor example the
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agglutnogens % and B can be identified by the corresponding serums
ant1 A and ant1 B, respectively The complex agglutmogens of the
Rb Hr systems on the other hand, can be wdentified only by the use
of a battery of anterums

Table 1 summarizes the listory and present status of the human
blood group~

Principles of Blood Group Genetics

A-B-0 Groups. The hereditary nature of the blood groups was
recognized shortly after Landstemer’s dicovery The first family
studies were done by Epstemn and Ottenberg!® in 1908, while m 1910
von Dungern and Hirezfeld” suggested that the four A B O groups
are mherited by means of two independent pairs of allehc genes, 4a
and Bb In 1924, Feln Bernstemn,” a mathematician, <howed that
this theory 1s mcorrect, smee 1t would require that i the general
population the following relationship among the frequencies of the
blood groups <hould hold, 0 X AB = A X B As has already been
shown, this relation<hip does not hold, which not only proves that
agglutmogens A and B belong to the <ame blood group system, but
alo that their heredity 1 not dependent on genes located 1n different
chromo~omes Other worhers suggested that the gene purs 4a and Bb
might be linhed within the same chromoseme paw,® but as Bern
stem pomted out, such a situation would yield the same result at
equiltbrium as independent assortment, although equilibrium 1~ 1t
tamed more slowly 1n the case of hnkage

According to Bernstemn’s theory, there are three allehic gcnes which
have been varioudy designated as 4, B, aud 0, or I*, I°, and I°,
re~pectriely (The base letter I was selected because the A BO blood
grouping te~ts depend upon wsoagglutinition ) \ccordmngly, corre
sponding to the four blood groups there are <ix genotypes as follows
group O, genotype I°I°, group A, genotypes I'I* and I*I°, group
B, genotypes I°I" and I°1°, and group AB, genotype 7'1° De-pite
Bernstemn’s mathematieal demonstration of mheritance of the A B O
bleod groups by multiple allelic genes, the theory of Linhed genes
enjorved consderible vogue, until when no crosung over could be
demonstrated tm~ theory was gbandoned In 1997, Furohata!
Japin proposed a theory of complete hinkage, postulating the existence
of three completely limhed gene patrs ab, Ab, and B Obvioushy, this
theory 1= identical with the theory of multiple alleles, becau~e all thit
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13 necesary 1s to make the substitutions I* = Ab, I* = aBand I° =
ab, which shows that the difference between the two concepts 1s
merely a semantic one Voreoser, Furuhata’s postulition fails to ac
count for the abeence of a linked gene par AB Therefore, Furuhata’s
theory 1s no longer mentioned m modern blood group hterature This
13 of interest because the concept of completely inked genes< has re
cently been resurrected to explain the heredity of the Rh Hr blood
types and the M N 8 types

Landstemer and Levine' showed that the subgroups of group A
and group AB are hereditary, and Thomsen Friedenreich and
Worsane's modified Bernstemn’s theory to include the subgroups by
postulating four 1llelic genes mstead of three namely, I', It I”
and I? To aecount for the rare agglutinogen A; still another allele
I had to be imvoked and further extenstons had to be made to
take care of more recent discoveries

M-N types. \t first the heredity of the M N types appeared to be
sumpler than the heredity of the A B O blood group~ To"account for
the existence of only three M N types, Landstemer and Lesine!?
postulated heredity by a pair of allelic genes demignated ¥ and ¥, or

M and L*, respectevely Thuy, there are three genotypes correspond
mg to the three phenotypes as follows type \I, genotype LL*
type N, genotype L'L", and type MN, genotype L*L* Sanger and
Race,!® <howed that the blood factor S di~covered by Walsh and
Montgomery ? 13 related to the \I-N system, and potulated heredity
by four completely linked gene purs as follows, 1S, Vs, NS, Vs
Wiener prefers to constder thie another example of multiple allelism,
and has designated the four allelic genes L%, L, I°, and I, respectun ¢ly ™
The blood factor U discovered by Wiener, Unger and Gordon, was
<hown to be related to the M.X system hy Greenwalt et al ,** since
tho-e rre mdutduals whoe blood cells lack the factor U alo Jack
the two factor S and s Therefore, to allow for this rare ty pe of blood
1t 15 neeessary to extend the allelic senes to melude at least 6 allelie
genes, L°, L', L*, &%, ', and I", respectively To allow for <till other
blood factors such as Ienshaw and Hunter, corresponding exten
<tons must be made m the <enes of allehe genes, as shown by Shapiro ®

Rh-Hr Types The most complicated example of multiple al
leltsm 1n man 15 provided by the Rh Hr system When only the ong
mal Rhy factor was known, Land-temer md W mner 4 \ho\\cd that
its nhentanee could be expluneds  * - : -
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parr of allelic genes Rh and rh With the diccovery of the two related
factors rh and rh  Wiener® " found 1t necessary to postulate a
munmum of 6 allelic genesr r 7 R® R and B? respectinely With
the a1d of famuly studies and the u<e of ant1 hr serum Britt hinvestt
gators” <ucceeded 1n demonstrating the rare gene B® to which was
later added the still rarer gene r* by Wiener *

Wiener® <howed that each of the Rh factors has vanants the
most smportant of which are the varants of Rhe and that these
varations are hereditary mecessitating a further extension of the
allelic <eries Moreover discovery of still other Rh Hr factors rh™
hr hr hr¥ Rh* Rh® cte diclo~ed an ever increasing complexity
of the Rh Hr system <o that at the pre cnt tune a mnmum of 30
alleles must be postulated Only m cattle has a situation been found
more complex than that of the Rh Hr system Here Stormont Owen
and Irwin® have de e¢nbed a blood group system with more than
100 allele~

Probably the other blood group systems m man «umilarly depend
upon multiple allclic genes for theiwr hereditary transmission For
example the P blood types which were originally considered to be
inhented by a pair of alleles P and p are now known to be more
complex smee Sanger™ showed that the rare T)* negative type de
scnibed by Levine’* depends on a corresponding rare allelic gene be
longing to the P system Voreover the recent ob ervations of Allen™
show that the I b system 1s al<o mhented by 2 complex series of
multiple alleles The same probably applies to the other blood group
systems as will be shown nhen the<e are discusced mndisidually in
detail

None of the blood group genes 1> known to be <ex linked and the
genes of each blood group sy<tem appears to be located on different
parrs of chromo omes as 1> shown by thewr independent heredity
Thu each blood group system can be u ed as a marker for studies
1 human linkage Other apphieations of the hereditary nature of the
blood group systems are as a test for the zygosity of twins*® and
1n medicolegal problems of diputed parentage

Nomenclature

When desising symbols for the blood group~ one mu t take mnto
account the di tinction between agglutnogens and blood factors and
betneen genotipes ind phenotvpes Therefore the convention has
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been adopted of using regular type for symbols for agelutmogens
and phenotypes, bold face type for symbols representing blood fac
tors and thewr corresponding antibodies, while 1tales are used for the
symbols representmg genes and genotypes For example, blood group
A 13 charactenized by the presence in the red cells of agglutinogen
A as evidenced by clumping of the red cells by ants A but not by
ant1 B serum, which <hows the presence 1 the cells of blood factor
A, but not blood factor B Moreover, agglutinogen A 1s mherited by
means of a corresponding allelic gene I* so that corresponding to
group A there are two theoretically possible genotypes, II* and
I*I° The full implications of this terminology will become clearer
as each idividual blood group system s discussed



CHAPTER II

The A-B-O Blood Groups and
Lewis Types

Landsteiner’s A-B-O Groups

Serology. According to Landstemer’s orginal theory, the four
blood groups are determined by two agglutinogens A and B on the
red blood cells and two corresponding naturally occurring 10 ag
glutinins 1n the <erum, ant1 A (alpha) and ant:1 B (beta) respectnely
Thus, the complete serological formula of the four blood groups 1s a%
follows OaB, AB, Ba, and ABe According to Landstemer’s law the
atpha and beta agglutining are regularly present in the serum when
the corresponding agglutinogen 1s absent from the red cells exeept
during the neonatal period, when the antibody producing mechwnm
1s immature

Gene Frequency Analysts. Bernstem’s theory of the heredity of
the A-B O blood groups has alread; been described The accuracy of
the theory has been confirmed by famly studies, and by statistrcal
studies on the distribution of the blood groups in the general popula
tion Bernsten’> method of gene frequency analysis 15 as follows
Let p, g, and r represent the frequency of the three ulelic genes 1*
1” and 1°, respectnely, so that p ++ g 4+ r = 1, or 100 per cent
Then the frequencies of the four phenotypes can be expressed as
follows

Phenotypes Genotypes Frequencies
0 1000 ”
A T4I4 and 1410 P+ 2r
B 1218 and 1310 9+
AB 1og 2pq

Thus, if O, A, B, and AB repre<ent the frequencies of the four blood
groups 1n the general population, then r? = O
16
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andr = VG (1)
Moreover, p? + 2pr = &

sothat p"+ 2pr + 72 = (p+ 12 = 0 4
Therefore, p + r = VO & A

sothatp = VO + 4 — V0 (@)
Similarly, ¢ = V3 + B — VO @)
Since,p+g+r=1

thenvGFA+VE+BE—- VD~ 1 4

By substituting the frequencies of the blood groups A, B, and O of
any population in formula (1) above, the valdity of the theory of
multiple alleles ean be tested Application of this test to large series
of populations has <erved to substantiate Bernstein’s theory The test
15 only valid with populations at genetic equilibrium, that 1, when
there 1s random mating or panmixia It can readdy be shown that
after a single generation of random matings the population will rexch
such equiltbrium 3

Actually, the formulae used by Bernstein himeelf in mahing this
test are shghtly different from the ones given above Since p + ¢ +
r = 1, then the followng <et of formulae may be derrved from formu
lae (1), (2), and (3) ahove,

=0 &
p=1-v0+8B ®
e=1-v5+A )

In making the statistieal test, Bern-temn derned the values of
P ¢, and 7 from the formnlae (5) to (7), and then caleulated the
deviation D of the sum from 100 per cent

Thus,

=l—-(p+q+n 8
o test whether the value of the destation D 1s sigmifieant for a par
tieular population, the standard error of D must be known Tho~
Bernstemn shoned to be as follows

-4/ ®
i ATt



18 HEREDITY OF THE BLOOD GROUPS

where N represents the number of individuals n the sample of the
population beng examimed, and p and ¢ are the calculated frequen-
cies of genes I and I°, respectively

For the purpose of testmg the validity of the theory of multiple
alleles, the ongimal report of I, and H Hirszfeld,* who were the first
to demenstrate the differences 1n the distnibution of the A-B O blood
groups 1 different ethnte groups, 1s 1deal The data of these authors
were collected during the first world war m the Balkans, six years
before Bernstein proposed his genetic theory The obseryations of L
and H Hurszield and the results of Bernstemn’s statistical test of the
theory of multiple alleles are given m table 2 It can 1eadily be seen
that results conform satisfactorily with the expectations under the
theory

In general, the calculated values of p, ¢ and r would not be ex
pected to add up to 100 per cent exactly The values of the-e genes
frequencies, as caleulated by either set of formulae, while conwistent,
do not have the maxmmum efficieney m the statistical sense The most
efficient set of estimates ean be obtuned by the maxmum hkelihood
method, or more simply by the formulae suggested by Bernstemn,* as
follows

p= p(l +29) (10)

g = q(l + 22) an

= r+2 1+Q 12)
(+2)(i+2)

where p, ¢, and 7, are the first estimates of the gene frequencies ob-
tamed with formulae (5) to (7), while p’, ¢’ and r’ are the improsed
estimates These formulae are of particular value to anthropologists
who are mterested 1n population studies on the A-B O blood groups
The sum of the values, p’, ¢, and ' will not equal 100 per cent

exactly, but 1 ~ % Since D generally will be <mall, the differcnce

Di
I will be meignificant

Family studies For a satifactory test of the theory of multiple
alleles by famuly studies, the fact that group \ and group B mdi
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viduals may be homozygous or heterozygous must be taken mto
wcount If the distribution of the blood groups in the general popu
lation 15 known the proportion of homozygous and heterozygous
mdniduals can be estimated from the frequency of the genotypes
as follows
Genotype I']* — p?
and genotype I*1° = 2pr

Therefore
2
the proportion of } dinidualsmgroup A = —2— (13)
proportion of homozy gous indiv 1duals in group 7o
Similarly
2
the proportion of homoz) gous mdnviduals m group B = ‘}%2'1’ (14)

When makmng these caleulations 1t 15 preferable to u ¢ the mproved
estimates of the gene frequencies gien by formulae (10) to (12)

It 18 frequently possible to distinguish homozy gous and heterozy
gous individuals by study ing the blood groups of parents and children
Tor example 1f a group A mdnvidual has 2 group O parent or child
he must of nece-sity be of genotype I*I° W hen neither of the parents
and none of the children are group O this lew es open the question of
zygosity except In certan speaial cases such as when both parents
are group AB

Sometimes 1t 1~ po= 1ble to ditingmsh heterozy gous from homosy
gous mdividuals by serologieal means since individuals homozy gous
for 4 particular blood factor generally have red blood cells which are
clumped more strongly by the corre ponding antiserums This
known as the gene dose effect The gene dose effect however 1s not
<ufficiently pronounced to be dependable mn the case of the A BO
groups and m addition the existence of the <ubgroups of group A
imterferes with the imterpretation of the renctions The po-aitility
that an ant1 O reagent might be prepared which could detect the
presence of a product of gene I° has frequently been discucsed 1n the
Iiterature Such antibodies have ideed been found n the <erum «f
certam sensitized group AB percons< 3 # but they are extremely rare
and tho e enrountered to date have been of too Jow fiter and asidity
to yield rehable re-ults

If the gene frequencies p ¢ and r for the general population are
Lnown the percentages of children of the vanous types for eveyr
possible mating can be caleulated Scluff® his derved general formu
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lae for expressing the~e frequencies 1 terms of p, ¢ and 7, a~ shown
table 3 From the qualitative pomnt of view, 1t 1= evident that no child
will have blood contaiung the agglutinogen A or B unless that ag
glutinogen 13 present 1n 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 mdependent workers have yielded data supporting
the expectations under the theory of multiple alleles, when allowance
15 made for technieal errors and a certam mctdence of illegitimacy

The study of mother-child combinations can al-o yreld useful data
for testing the genetic theors There are 16 duerent 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 illegatimacy does not enter, and 1t 1 significant that the results
show no deviation from the genetic theory Formulae for the 14 pos-
sible mother-child combinations 1n terms of p, ¢ and r are readily
demted as shonn m table 4

Subgroups of A

Gene Frequency Analysis. As already mentioned the two mo-t
common subgroups of group A and group AB are readily ncluded in
the scheme by postulating two allelic genes, I** and I*?, n place of
I*, where I*' 1s domunant 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“1[*2, and I*'1°
subgroup As genotypes 1421** and I**1°, group B genotypes I°1”
and I°I°, subgroup A,B genotype I*'1°, and <ubgroup 4:B geno-
type 1°*1° If the frequencies of the 4 alleles I**, 1*2, 1%, and I° are
represented by the symbol~ py, p:, g and r, respectively, then the
frequencies of the genes can be calculated from the frequencies of the
6 phenotypes i the population, with the aid of the following formu
e, which are derned like the formulae for p, g and r of equations

1) to 3)
p=VOFrA+La-vVot+a 15)
=3 rn-v0 sy
1=v5+B ~V0 an

r =5 £
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Tane 4
TrEquEncies oF MoriER CHiLd CoMBINATIONS 1N TERUS OF p ¢ AND ©
(After SchuM)*

€ roup of Ch dren s Groups
Mother
[ A l B an
ot ” pr2 qrt 0
A et | (et 4 3pr + 1) Par palp + 1)
B qrt Par alg* + 307 + 8 | pie 4+ 1)
B 0 ratp + 1) ra(a + 1) piy + 0

*Sctff Alin Woch 6 303 (1927)

t Lscanlexeen 1f famul es with group O mothers are conuidered separatels
the pereentages of ehildren of groups O\ and B are eq 1a) 1o the gene fre
qierees rp andg re peetively

The values for p1 p g and r, obtained by formulae (13) to (18) while
conwustent are not efheient and generally their sum v not exactly
equal to 100 per cent A corrected set of gene frequencres which
dlosely pproumntes the maximum likelihood estimates can readily
be obtamed by starting with the values of p” ¢ wnd ¢ gnen by
formule (10} to (i2), wnd then tahing

’

P ?

= 19)
[l (19)
r_p e 0
pz—pl 7 (20)

Serology Ae has already been mentioned the agglutinogen A
occurs i two prineipil forms dewignited as A and \: respectnely
Ant1 A scrum, which 15 generally obtained from group B indunadunls,
contans a nuxture of antibodies of closely relited spectficities Il such
a serum N abeorbed with red cells of <ubgroup %y a reagent can he
obt uned which clumps \; cells but not A cells This reagent, known
as antt 4, serum can be used to subdnide group A mdnaduals into
<ubgroups A1 and \: and group \B mdnuduils into <ubgroups A8
and \-B respeetively

There 1s evidence that the difference between 44 and A« 1< qualt
titine, yet the serologi 1l reactions dhselo~e cert un stnihing quantita
tive effects  Absorption of ants & serum (from group B indidunls),
for example, by 2 emall amount of \, celi= s almost the <ame effect
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18 abworption by a larger amount of As eclls In fact when the anti A,
regent 1 prepared 1f an excess of A cells 15 uced for the absorption
the reactivaty for Ay cells may be destrayed Lhus the difference be
tween agglutimogens \; and A 1 less <harp thmn between 2gglutino
gens A and B Another difficulty 1 that the presence of agglutinogen
B reduces the activity of the agglutinogen A and vice versa f both
agglutinogens are present m the <ame red cell This 15 particularly
noticeable 1 the cise of blood of subgroup A:B where the retctivity
of the A agglutinogen 15 so dimimshed that 1ts presence may be over
loohed unless potent wtr A reagents are used Accordingly, 2 common
error 1s to elassify mdividuals of subgroup A.B meorrectly as group B

Another difficulty 1n techmque 15 creted by the fret thit in new
horn bahies the red cells are less agglutinble by ant1 A and ant1 B
«er1 and as 1 result red cells from newborn mfants of subgroup Ay
may fail to react with antt A, serum nd be classified ncorreetly s
subgroup A2 Asmuy be antieipated the difficulty n determming the
«ubgroups i~ consideribly ncresed when the baby belongs to group
AB ot mfrequently thercfore 1t 15 necescary to wait until the
mfnt 15 6 to 12 months old before the subgroups ¢n be rehably de
termmed Still another difhculty results from the evistence of blood
cells which gne reictions mtermediate between 41 and A this mter
mediate subgroup occurs most frequently among Negrowds While
ant1 Ay lectins (reagents prepared from sceds) may give more striking
reetions than anti A, reagents prepired from human group B <erum,
their u~¢ does not obviate the difficulties encountered in subgrouping
group A nd group AB blood cspectilly of newborn mfints and
Negrowds

A useful reagent to have when earrying out subgrouping tests 1s
the «o-catled ant1 O (\2) or wtt II serum Ihis reigent reacts regu
Trly with red cells of group O and of subgroup Az wnd moie weakly
with cells of the other group~ T andstemer and I esine® first sugge-ted
the use of such reagents to confirm the results of the subgrouping tests

Famly Studies The theory of mhentanee of the <ubgroups of
A by mens of the corresponding allchic genes I** and I** has been
venfied by studies m families by many ndependent mnyestigators
The studies ¢ irned out by Wicner and s coltal orors butnien the
years 1930 and 1951 we summanzed m tible 5 According to the
theory the following rules of heredity mut<t hold
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TasLr §
Sumvary o PLBLISUFD BTUDIES 0N rue HERLDITY 0F TrE SUBCROLYS 0F
ROUT A ann Grour B
{Atter Wiener, Blood Groups and Transfusion 3rd edition 1943)

Numper Number of Ch lgzen in each Grovp.
o
Combinations | pam es| 5 [ a | a | » [ av | a6 | foun
A X O 105 124 )| 163 0 [ 0| am
Ay X As B 1B ) =% 0 0 0 10
A X B 43 21 0 31 29 0 32 116
LB X O 16 [ 0 37 27 0 0 61
AB X A 3 o 0 3 3 [ 1 7
ABXB 0] (0 ol 10| 15 0 6 32
AXO 387 | 404 605 69 o [¢3] 0 1169
ALX Ay 16% Kt 301 16 0 0 1) 490
A X Al T 2 | 127 51 0 v [
A X B 120 57 00 8 51 81 6 209
A X AB 6| o | 9| w 8 2 £
ABXO 38 [} 55 0 53 0 0 108
AB X A 35 o 85 0 19 40 5 129
AB X A, 8 ¢ 18 0 5 (1) 10 31
AB X B 25 0 15 0 32 16 0 63
AB X A 2 0 6 0 2 8 0 16
Totals 1,068 ’ 1 [ 1,481 i 429 | 219 ] 158 | 63 [ 3,134

Mote The rare parental combination 4B X A B and AsB X A-B were not
encountered tn these studies

1) Agglutinogen A; cannot occur m a4 childs blood unless 1t 1s
pre~ent 1n one or both prents

2} The combimation of an A;B pirent with an . child, or an A,
pirent with an AiB child cannot oceur

3) In the mating A, X O, if there are any children of group O
there cannot be any clnldren of group As, and, cons er~ely, if there are
any children of subgroup As there cannot be «ny children of group O
(There are other matings n which similar rules can be enunaated,
dependmg upon the fact thit an mdinidual of subgroup Ay mu«t, be-
long to one of the three genotypes, I, I, or 191°)

4) Inthe matings 4B X AiB and A/B X B, chuldren of subgroup
A:B ¢cannot. oceur

Among the 3,134 clnldren of table 5, there were a number of ap
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pirent exceptions to the genetic theory lhese which are mdicated
by pirentheses ure present .y lrget number than may 1ewonbly
be attributed to dlentimacy alone Probibly i import wt equse for
these discrepancies 1s errors m elisafymg mdivduils due to the
difficulties of subgrouping already pointed out

Subgroups f; and A;B '1he subZioup Agrsarre v wnant of group
A which 1s char wterized by the very weik agglutinaibility of the cells
even with potent ntt A <crum # Such blood 1s rewdily recogtzed
when tested with ity A serum because the elumpmg though distimet
1> meomplete wd the microscopie puttern 1s that of dumps of red
cells on 1 hachground of many free cells *? Because of the low frc
quency of this subgroup the number of heredity <tudies hwe been
hnuted but the dita obt uned support the theory® thit the ag
glutinogen \; 15 determined by o corresponding gene I*? recessne
to I** and ['* but dommant’ over [¢

Qther Subgroups Iien rirer thu bloods of subgroup 4, we
those varants of agglutinogen A which e »o werkly rewtine that
clumpmg of the red cells occurs only with ant1 A serums of extremely
lugh titer and avidity  whether these serums are dernvad frum group
B and group O humwn beings or produced by mmumzing ribbats or
other ammuls Such bloods have been awagned the dewgn tions sub
group As s etc and should not be confused with blood of group Ay
described on page 27 One myy antiapue that blood of the sub
groups \13 or A4B will in most ¢ 1ses be mistaken for group B blood
while 1n newborn babies blood of subgroups As and Ay will be pric
tically nditinguishable from group O blood Tests for the blood
group <ub tnces m salna (ef page 30) will be of little or no help m
resolving such problems becwise of the corresponding weak mhabi
tion rewtions which will be obtamed Tortunately, m view of the
wtreme rnty of the wyglutimogens Ay and A¢ this problem hardly
cver an (3 m chmeal work, wnd hws not yet aren m any medi
colegal ce

Factor C

When group O mdiiduals are injected with group A red cells, not
nfrequently the titer of the serum 15 ncreased not only for group A
cells but also for group B cells Stmularly, mjection of group B red
cells mto group O indwiduals may rasse the serum’s titer for group A
s well as for group B cells Conversely, if group O scrum 14 abeorbed
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with group A cells 1ts reactnity for group B cells may be markedly
dimimshed Simlarly, when group O serum 1s absorbed nith group B
cells, a diminution 1n the reactinity aganst group A cells may oceur
This indieates the presence mn group O serum of an antibody which
reacts with both group A and group B cells This antibody has been
designated as ant1 C and the corresponding blood factor, which 1s
common to the two agglutinogens A and B, 1~ known as blood factor
C # Thus, 1n place of the simple scheme of the four hlood groups the
more complex one given n table 6 15 necescary to account tor these
observations It may be remarhed that reagents of specificity ant1 C
can also be obtained from ammal serums and from seed extracts

It 15 clear from table 6 that the factor C 15 another serological at
tribute of the ngglutmogens A and B Tests for factor € are not needed
to wdentify the agglutinogens A ind B, and need not be taken into
account m heredity studies or discussions of genetic theory [Ihe
extatence of fictor C 1s mentioned here beeau-e of 1ts theoretical sig
nificanee 1n relation te the difference between 1 blood factor and an
agglutinogen, and beeause of 1ts praetic d importance in the patho
genews of ABO hemolytic disease

A subgroup of group A has been deseribed® which hs been van
owsly designated as A, or Ae The symbol Ag was <elected by Leuvine®®

TapLr 6
Serotocte Reacrions o Tie Totr A B O Broon Grouis

Red Cells
Group Arglut n ns an Serum}
Rlwi factors
0 — Antt &t Bandant €
1 1 Land € Anti b
B B Band C inti A
AB Aand B A\ BandC -

* Y or simplicity, agglutinogen O and blood fictor  are omatted from thiz
table

t The antiboties of each of the £l ] are nat K
ous but conuist of o spectrum  of anti! odies Thus 1 ad htsan to ants \
which aets almost equally on agglutingens 4, and A group O and group B
<erums contun ants 4, which acts much more «tronghy on \; thin on Ay
Sumalarly n ad lition to anti € group €} serum may contain anty Ca rescting
mors virongh with agglutmoren A thn srshutinagon B and anty Cp seacting
mare atrongly with (glutinogen B than agglutinogen \ @ Sumilardy, antt B8
actualh comprises 4 spectrum of antil ¢« hes antt B anti I ete




28 IFRTDITY OF THE BLOOD GROUPS

beeause while such cells generally give little or no rexction with
potent ant1 A serum they are clumped by the great majority of group
O sera A more appropriate symbol for this blood group may be C
beeause the most prominent feature of the red cells 1s the presence of
blood factor C Moreover the sera of such individuals usvally ag
glutinate group A as well as group B cells but the reactions with
group A cells are generally of law titer 7 W hile there 1s some sero
logieal evidence that the red cells may contain 4 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
pre ence of the C {ictor “ The report that group A saliva mhibits the
agglutination of Yo cells by group O serum but not group B saliva
suggests that the factor n such eells <hould perhaps he designated
C, THeredity ~tudies have been hampered ty the very low frequency
of this blood type The irregulir expreswion of this bleod type o 1n
the few families studied suggests the operation of a modifier rather
than 2 new allelte gene

Serological Compleuty of the A-B-O Agglutinogens

Immunization of ribbits with human group A bleod may stimulate
the production of antibadies which react not only with group A cells
but which al o lyse sheep cells Similarly the injcetion of <heep red
cells mnto rabbits muy stimulate the production of high titer ant1 A
g tutims This demonstrates the exi tence of a blood factor com
mon to sheep red cells and human group A blood # Because of the
sumilirity of behastor to Fors man antiserums which 2lso hemals ze
<heep cells the factor has been designated Ty When human anti A
serum 1> absorbed with sheep red cells in order to remove the I,
antibody a friction of antitody often remamns which agglutinates
human group \ cells tut does not react with sheep cells This shows
that therc ex t al o blood factors pecultrr to group A cclls which are
not shared with sheep red eells

Simlirly  the antt B agglutinine of human group \ <crums are
not homogeneon s ean te <hown by their cross reactions with lood
cells from lower amumals Thus almost all human anti B serums
atron,ly gglutinate blood from rabbits Al <orption of such serums
by rbbit red cells generally Jewes behuind o fraction which clumps
tuman B eells but not rbbit eclls though some human anty B serums
ex1 t which ean be completely aheorbed by rabbit cells as well as by



A B ¢ BLOOD GROUPS 4\D LEWIS TAPES 29

TaBLE 7
Sove oF THE SERC tocicsL | ROPERTIFS OF THE A B O \goLtTinogEnS
Genes Qorre Jondns Blood Factors
1° o u
* A A VRC
' Ay A\ UFC
18 B BE B c

huni in group B cells * If we designate the human ants B a glutimins
which react exvelusnely with human B cells a5 anti B and the 1g
glutimns which react with both rabbit and human B eells as anti B
then 1t 1s dlear that human group B cells have at least two factors B
and B while rabbit red cells have fictor B but not B Simularly
comparitne studies carned out with blood of other mammal # such
as opposums and guinea prgs disclo e additional eomplexities <o that
m generd hunn group A serum appears to contin a spectrum of
ant1 BB agglutimins while agglutino,en B his correspondmg multiple
blood factors B3 B B ete

The gelutinogens A and 13 determined by the corresponding genes
I* and I® requlatly po e s all of the approprate blood fictors as
deseribed 1hove, which eonfirms the concept thit the e futors are
merely <erologieal attributes of their single respective agglutinogen
(cf tible 7)

Group-Spccific Substances m Body Thurds and
Scerctions

Chemical studies hwe di closed that the A B O Dlood group sub
stances oceur 1n the body 1n two forms, one <oluble 1n organic rolvents
and the other s w ter soluble mucopoly=accharides The former are
found in the red cells of all mdivaduals of the yppropriate blood group
and al o m the body cell  The wter soluble form does not oceur 1
all mdinaduals Among Cauea ouds approximately 75 per cent of all
mdniduals (~eeretors) hue the water soluble form n their bodies
where s 20 per cent (non ccretors) lack it or hve only msigmficant
amounts 2 8

The wter <olulle group <pecific mucopoly~acchandes are heat
stable wo that they ¢ b evtraeted from tis ues with botling water
Thev oceur 1 highest contentration i ceretors organs such s lht‘,/.

o
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sy glinds gastrie ind duodenal mucosy the pancreis and the
~emun il vesicles In the hving subject the seeretor/non <ceretor status
can be digno ed mo~t «mply by testing the «alis 1 where the group
~pecific polystccharides oceur m high concentration n the c¢ase of
secretors

Technique The sy 1 ~pecimens e collected m wide mouth dry
tubes Only <mall umounts e necessary for the test Immediately
followng the collection the tubes are placed 1 boilmg water for ten
mmutes to destroy the enzymes which salna cont uns, since thewe may
destroy the blood group subst inces Congul ited mucus 1s removed by
centrifuzatton and the supernatmt opalescent fluid 15 used for the
test In infants and ~small chuldren the salna may be collected on
cotton swabs which 1re expressed nto nirrow tubes %

The principle of the test 15 to determme the abibty of the <aliva to
mhbit group speaific agglutimition rewtions Thus group \ ~ecretot
siliva prevents it A scrum from clumping group \ cells, but does
not prevent antt B serum from dumping B cells and smmlarly for
group B wd group AB st from cecretors (f table 8) Ou the
other hand group O silna ind non sceretor saliv 1 will not mhabit
antt A and antt B «crums

Schiff has <hown that siliy 1 from secactors of Al groups mhubnt the
gglutntion of group O cells by »o called anti O ecrums obt uned
from 1mmals Such roigents which are now commonly desigrited v
antr H are more conyertently obt uned from ~eed extricts such s of
Ulea curopacns nd these ragents are very useful for deternnng
the recretor status of group O mdniduds s well a5 mdnoduads of
the other threc blood groups (tf tible 8) By funuly Mudis Schuff

Tapir 8
InprprTios Tevrs poR THE FRESENCE €38 A B O Grotis 1y Sarnva®

|

Sal nol Antr A Serum 4 Ant B Serum + Ant H Serum +

(Group A+ Cells + val 3 Grous # Cells + Sal va [ Grour O Cells + %al 2
Secretor group () + + -
Secretor group \ - + -
Secretor group It + - _
Recretor group Al - - -
Non <ecretor  all + + +

grops

= gelitinat o — = 1 aaglite
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and Sasaki®* were able to show that the secretor status of an mndi
vidual 1s genetieally determined, and depends on a pair of allelic
genes Se and se Thus secretors may be homozygous genotype SeSe
or heterozygous, genotype Sexe, while non secretors are always
homozy gous, genotype sese In famly <tudies the genes Se and se
egregate mdependently of the genes I', 1%, and 1°, so that they may
be assumed to he located on a different pair of chromosomes The
secretor ty pe thus provided the first exmple in blood group geneties
of gene mteraction

Asude from the mhibition techmque the hlood group substances
can be demonstrated 1n the salisa by precipitin techniques Thus af
o potent ant1 A serum prepared by immumzing rabbite s layered
with group A or group AB secretor saln 1 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 Thus technique 15 not switable for routime
use beeawse of the difficulty of preparmg the reagents Morcover so
far attempts to produce comparible anti B reagents have been unsue
ecessful Of interest 1n this connection 15 the ohervation of Uyeyamn %
who found that about 16 per cent of normal fowl <erums contamn
preciptins for non seerctor saliva but not for secretor <alina Uycyama
dewignated the antibody m question as anti T and asserted that it
detected 1 substance T, present in suiva of non secretors but not in
secretors This finding conforms with the obeervation that salina
from non sccretors 1s not dey oid of mucopoly <accharides and suggests
that the non seeretor stitus v due to some molecular alteration m
the blood group mucopolysacchinde which elimnates A B O ac
tinaty and wub titnte< 1 reactinaty Under this concept H and T may
be conudered to be contra ting produets of the genes Se and se
respeetively

T ewis Blood Groups

Tn 1916 \Mourant” encountered a =erum in a blood donor, which
agglutinated the blood edlls of 24 of 96 random Englishmen of group O
The rexctions of this serum was stronger at Jon temperature than at
body temperature the antibodies having properties of type specific
cold agglutininia 2% deeribed by Land temer and Levine The blood
futor detected by this <erum was named Lewis alter one of the
donors Whowe serum contamed the antibody In 1918, Andresen®t
reported that in the course of 2 year he ind Frewleben had en
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countered 8 examples of an antierum whrich agglutinated the red
cells of 21 per cent of adult Danes The blood fictor detected by the e
<erums Andre en dewighated as L whach 1 fortunite since 1t proved
to be wdentieal with the Lewis factor of Mourant Shortly thereafter
Andre<en® reported the existence of a second type of serum which
gave reactions almost antithetical to s original anti L serum and
which he now called ant1 L, to distingmsh 1t from the second <erum
which he called ant1 L+ In this revien howeser the symbols Le® and
Ie" will be u~ed for the two Lewis factors in conformity with the
recommendation of British workers

The fact~ concerning the I ewrs blood factors are not entirely clear
Perhaps the mam reason for this 1~ that up to now 1t has been 1m
possible to prepare reagents of satifactory avidity and titer The
reagents in general have the properties as mentioned above of cold
agglutinins of low titer and generally have associated with them
non specific cold agglutining that are difficult to remose even by
absorption \etertheless certan interesting facts haye emerged

In 1848 Grubb® reported that practically all persons who hase
the I e factor on their red cells are non secretors of the A B O blood
group substinces while those laching the Le* factor almost always
we secretors of the A B O bloed <ub tinces Tests on the <l of
1¢* poutne indnduals u g the mtubition technique have shown
that the salna can neutralize ants Le* serums suggesting that the
T enrs substance tahes the place of the A B O sub tanee in appropriate
mstances In this connection it 1s mteresting to note that chemeal
«tudies by Vorgan et al ® prove that the I ewis substanee 1s 1 muco-
polysacchande chemically mdistingur hable by pre ent methods
from the A B O substances

Famuly studies on heredity of the I e® factor show that the trans
mssion of 1 e* parallels that of the sceretor/non seeretor trut Thus
twa I e(a+) parents who would both be non «eeretors of the A B O
hlood group substances will have children all of whom are Te(x+4)
and non ecretors of the A B O substinces This expectation has Fean
fulfilled by famuily studie- carried out by Racect 2l *2and by Andre en
et al ,® and others wha m 17 such fumilies found 44 clnldren all of
whom were Te(a+) On the other hand when both parents are
Le(a—) chuldren who are Te(a4-) as well a< Te(a—) oceur tn 2 ritio
con istent with the hy pothe 15 that fictor Les, in contrast to other
blood factors behives i mhentanee Like 2 Mcndeliin reces ne



A B O BLOOD GROUPS AND LEWIS TYPES 33

Studies on the heredity of the Le* factor are complicated by the
varable rexwtivity of the red cells at different ages \ndre en early
ob erved that a5 manv as 80 per cent of infants less than 3 months
old had Le(a+) red cells Among older babes the percentage of post
tive reactions was loner 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 spectmens are all Le(a—) and
according to Ro<enfield and Ohno the baby’s cells become agglutina
ble only after the first few weeks of ife Grubb and ‘Morgan observed
moreover, that the more Le(a-+) cells are nashed with sahine solution
the less agglutinable by ant1 Le* serum do they become However
Race and Sanger were unable to wash the Les antigen off the red cells
and they sugge-t that such observations may depend on the antiserum
used

Sneath and Sneath® rcported thit when Le{a+) persons were
transfused with Le(a—) blood, the donors red cells could not be
demonstrited in the recipient s circulation by differentinl agglutina
tion tests employ ing ant1 Le® «erum although when antiserums which
detected other agglutinogens were used the donor s cells could readily
be demonstrated This discrepancy i the results of the differential
agglutmation tests could be expluned by postulating that the donor s
Te(a—) cells ad~orbed the I et sub tance pre ent in the serum of the
recipient and thus became Le(a+) This suggests that in contrast
to other blood group <ub tances the Lewis sub tanee 13 primarily
produced m the t1 ues and body flud , and secondanly abeorted
onto the red cells Additron] evidence supporting thts 1dea w1« ob
tuned by rtudies on 2 rire mstance of mosalel m m 2 pr of fre
ternal twms ® The blood ve els of the ¢ twins contained 1 mnture
of two kinds of red blood cell~ having the genetic bluod groups of the
two twins respectively The red cclis of the twins reacted in differentinl
agelutination te ts ke blood obtamed from mdniduals whe have
had blood tran fusions namely like 2 muvture of two ty pes of blood
However, the twms fuled to exhibit mosater m of thetr Lews blood

e =~ ' anceand had
sall Le(a—)
blood group
systems

When red cells are fested with Doth <ery anti Lo ma wiee o',

conflicting re-ults are obtamed One cause of dufficulty 15 that ants Le®
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~erums give miny more posttive rections with eells of group O and
group As thwn with cells of group A; and B VWhen tests are confined
to blood cells of group O and Az, Le* wnd I¢' prove to be almost but
not completely antithetical For example mong 238 group O ind1
viduals  Andresen found 16 Le(a+ b—) 178 Ie(n— b4), 14
Te(i— b—) wd no Le(x+ b+) Other mvestigators have confirmed
thewe findings and although a number of genetic theories have been
propo~ed none sitisfrctortly explams these findings

In conclusion, the following hy pothesis 15 offered m an ittempt to
wcount for «ome of the puzzling obsery ations regardmg the relation
ship between the Lewis blood types and the A B O blood group sub
st inces wd sceretor types It 1 suggested firstly that the substance
I e® 15 1dentic 1l with the substinee T found m non secretor <ina by
Uyeyama, and that substance Leb 15 the sume as or relited to the
<ubstance H of ~ecretor salis 1,* while both substances are beheved
to be modifications of 4 single brsic mucopelysicchanide I this 15 <o
then mdnaduals who ire genetically non secretors {genotype sese)
would be expected to have the substance 1 (or Ie®) n their secrctions
wd body fluids whale ~euretors (genotype SeSe and Sese) will hwe
subst e I (or I e®) although heterozy gotes may have sm il imounts
of T'er (or T) m addition Ihe group substances of secretors, m addt
tion to fictor H wilthuve fictors A or B or both or neither, depend
ing on the A B O blood group lhe genetically determined group
specific substanee (mucopoly«tchande) present m the body flud
15 absorbed onto the red cells which thus my acquire the I e* {or T),
or Le® {or 1) factor according to the sceretor type m addition to the
group properties ongmally present According to this hy pothews one
mught antiapate that the red cells of group O mdiniduus who are
seeretors should reiet more strongly with anti IT serums than the
red eells of non <ecretors Indeed <ome preliminiry tests using ex
trict~ of Llex europreus s wt1 H reagents spper to support this
expeetrtion

Theoretico-Statistical Considerations As has alrewdy been
ponted out, the presence of Le* factor on the red celly 1s demonstrable
only 1n homozygous mdividuals genotype Lerler, bearng n mind

* According to W T J “organ (personal communication however some
preparations of H substance have Le® activity, while other preparations do
nat
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Tanee 9
Tng Lents Types*
Red Cell Phenotypes Correspand ng Genotypes r Four bal vary Types
Observed E:
Desemton | fetitne | Desguatonet | Tt | Despmaron :(.iéuu.c s
'

Le(a —b—) 601 { lele s Lo 04
Levle 2ac ‘ 50

Te{ah—) 22 38 LerLe» a* . -
Levle 2%e

Te(o—bt}| 7Let LevLeh b ; I 74
LesLe® 2ab Lay 412

*Modihe] after Wiener [Lab Digest (St Lows) Yol IS No 5 Nov 1951l
 Gene Le® 15 Felieved o te 1dentical with gene Se <itmlarly genes Let
and le may both correspond to gene se

that genc Le* and gene se for the ABH non <ecretor trut may be
wdentieal ® This may represent a gene dosige effect since il the
avulable ant1 Le* serums have been of very low titer and avidity
(Simiarly weak i N erums ful to agglutinate type MN eells
while elumping type N cells distmetly ) In secretors of the ABH
suhstance the group substances have proved to be precent in <alna
gstrie juice and other <ecretions in considerably higher concentrations
than on the red cells If the <ame 1~ true of the Le® sub-tance, then
posttive reactrons hy the mhubition test on ~adna would be expected
1 heterozygous as well a5 homozy gous Le® po 1tive mdnaduals Thus
bearing i mind that the Le® wnd H factors are elowely relited and
that genes Le® and Se may be identieal the dr tribution of the Lenis
ty pes as deternuned by tests on aliva would be expected to be differ
ent from that obtuned i testing red cells

Let To, Lo, Lo and Lay represent the four Iewis types as deter
mned hy testmg <alina, where I, repre~ents absence of both ~ub
stances, I, represents presence of Le® and abeence of Leb, ete Alvo
Iet @ b wnd ¢ represent the frequencies of genes Les, Teb, and le,
respeetnely, where 7¢* determmes the presence of Te* substance,
Ie' determimnes the presence of cubstance LeP, and le determimes
neither Then table 9 exn be drisnup @

Ible 9 al-o gnes the distnibution of the three Tenss red cell
phenotypes i Fuglind a~ reported by Race and Sanger® in therr
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book From the frequencie~ of the-e three phenotypes the frequencies
of the three Lewis genes can be estimated as follow~

a = +/Le(a+ b—) = 4/02238 — 47.3 per cent

¢ =+/Lea=b—) + Lela+b—) — +Lefatb-) = 60
per cent,

And b=1~—a — ¢ =467 percent

From the e e-timated gene frequencies the evpected distribution
of the four salnary Lewis tupes can be caleulated a- follons

I, — ¢ = (06)" — 036 per cent

L. — @’ + 2ac — (0473)* + 2(0 473)(06) = 28 0o per cent

Is ="+ 2bc — (0467)° + 2(0467)( 06) = 27 1 per cent

L.y = 2ab = 2(0 473){(0 4067) — +i 2 per cent
Unfortunately very httle data are available with which to test these
calculations Grubb and Morgan® have reported ob-ervations on the

correlation between the Ler phenotvpe of the red cells and the ABH
secretory type n a ~enie~ of 122 mndniduals a~ follows

I rvthrocstes Le(a+) ABH non <ecretor B
Frithroestes Le{a ) ABH eeretor 163
Irsthroevte Le(a+) ABH secretor 0
Trvtbrocytes Le(a ABH nen secretor 2

If we a. ume that the two non <ecretor~ who were of red cell pheno-
tvpe Le(a—) had no Lewi~ wub tance i their saliva this would make
the frequency of the Lo tvpe only 2 among 222 mdividuals or 0 @ per
cent which does not devirte significantly from the expected frequency
of 04 per cent

Quite different re ults< hate been reported by Ceppellim who te-ted
the <alna of 018 mdmidual for the ABH and Le* «ub~tance~ He
devignated ABH «ceretors as S and non~ecretors o n <imilarhy Le*
secretors were de-ignated as I and nou <ecretors as nt Ceppelhin®*
thus wdentified 4 salnary ty pes wath the following dv trnibution among
518 ndn iduals

nerl 11 or 2 13 per cent
o g 3 or 16 07 per cent
<nl 50 or 9 24 per cent

51 374 or 72 2, per cent
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When these findings were arranged m a 2 X 2 contingency table
Ceppellint found x* = 0036, which m hts opinton strongly 1ndicated
that the secretions of the Le* and ABH <ubstanees were genetieally
mdependent of one another If, as seems hhely, the four types nsnl
ns L, 8nl, and § L, correspond to the <alinary types Lo, L, Ly and
L., respectnvely, this would mean that the heredity of Le® and Le®
depends on mdependent paurs of genes rather than corresponding
allelic genes Thus, the conflict between Ceppellint’s findings and
views and the hypothesis fuvored by the authors 15 remmiscent of the
polemic betw een Hirszfeld and Bernstemn regarding the heredity of the
four A B O groups A senious objection to Ceppelltn s hy pothesis*® 15
that 1t does not provide a <ttisfictory expluration for the reeiprocal
relationship between the I er blood ty pe and the ABH secretor type *
On the other hand since the frequency 72 25 per cent which he ob
<erved for type S I or La sigmficintly exceeds 50 per cent this would
argue agamnst the concept of J¢» and Ieb as allelic genes However
Ceppellint s observations conflict with those of Grubb and Moigan
and the explanation poswbly lies m the difficulty of testing for Le*
substanece 15 sliva As already pomnted out the anti Le* reagents
available are of lon titer and avidity, ~o that wmhilntion tests with
such reagents do not gnve clear cut results In fact, examination of
<ample protocols grven by Ceppellint shows no sharp dinvon between
ty pes L and nl <o thit not infrequently the diignosis seem» arbitrary
Thus, the mtroduction of a slight bns when reading the reactions
would strongly wfluence the results obt uned Olwously, until better
reagents become ayailable, judgment must be suspended

A third hy pothesis has been sugge-ted by Grubb and Morgan They
<uggest that there are three purs of allcdlomorphie genes, Se and s
Le* and T =, I'¢* and I %, occupying contiguous loct This hy pothess
differ= from the one proposed here in the <ume way 1« Iisher’ theory of
triply hinhed genes duffers from Wiener « theory of multiple alleles for
the Rh Hr blood types In the abeenec of evidence of crowing over
the theory of scparite gene loct degenertes mito a theory of complete

1135 Le(a= b-)
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Imkage, and since completely linked genes operate as a umt, 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, Landstemner and Miller® <howed that blood of elumpan
zees, orangutans and gibbons have i s and i
distingmshable from those which characterize the human blood
groups To date more than 100 chimpanzees huve been tested, of
whom approximately 90 per cent proi ed to belong to group A and the
remainder to group O Group A dumpanzee blood resembles humin
blood of subgroup A, more closcly thin 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 tno dend gorillas and found ant1 A m
the serums, but tests on the cells fuled to reveal the presence of the
expected agglutinogen B, m conflict with Landstemer’s lan  Exam
mation of the saln ary glinds, howes er, showed them to cont un blood
group substance B In studies on various spectes of monheys, Wiener,
Candela and Goss™ ™ found that their red cells were not agglutmated
by ant1-A or ant1 B <erums, but the ~erum of indiiduil monkeys
differed in that some contuned anti A alone, some antt B one,
others showed both ant1 A and ant1 I3, while the remaunder showed
neither Examunation of the <alna and silivary glnds cxpluned
thesc observations smee the expeeted bloed group substances were
found to be imvanably present Thus, in gonllas and monkey s Lind
stemer’s law does hold, but the reuprocal relation 1s bhetween the
1sogglutinins n the serum and the blood group substances n glindu
I e and secretions rather than on the red cells themeelves

Anomalies of the A~-B-0 Blood Groups

Reeently, Wiener and Gordon™ encountercd two individuals having
ant1 B and not antt A agglutimins m their serums, but whose red cell>
failed to react with anti A serum Examination of the <alina showed
the presence of the expected blood group substance A Thus, theee
two rare indnrduals gave blood group reactions resembling those of
lower monkeys, and for this reason this anom tlous blood type his
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been designated An Additional examples of this blood type hue
been obverved by Wemer et al ,* who postulated the ewistence of a
pair of allehe genes ¥ and y mdependent of the A B O genes, where
¥ 1 extremely rare The extremely rare homozygotes of genotype zy
are postulited to be capable of producing blood group <ubstances 1n
the «ecretions but not on the red blood cells The counterprt of Am,
namely, B , has recently been encountered in a father and 2 of huis 4
children by Yokoyama et al

In 1951, Bhende et al ™ described a very rare type of blood which
has heen called ‘ Bombay” The red eells of indniduals of this type
werenot (lamped by aut1 A, antt B, or ants ¥ and the serum contamed
antt H =y well 1« ant1 A and ant1 B The saliv 1 of thewe per-ons was
devoud of A B O group speeific substance Levine et al™ hue re
ported a f unily 1n which three members had the * Bombay ” blood type
T'rom the blood groups of the parents and children they were led to
postulate the existence of a rare modify ng gene which 1 homozy gous
mdnaiduals, genotype iz, prevents the blood group genes from pro
ducing A B O «pecific substances both on the red cells and 1 the
salna The red cells of all these ndnaduals are Ie(14+), which 15
further evidence of the reaprocal relationship between Le and I
Levine has assigned toblood of the Bombty type the symbol, Os, to
mdicate that the red cell react ke group O cells, but lack the blood
factor H

The recent developments demonstrite thit the heredity of the
A B O blood gronps 15 quite complex, nd the suggestion made by
Haldane that the blood group substances are the direct products of
the bloud group genes does not «cem tenable 1 the hight of these of
~ertations \pparently, 1l or almost all humans are capable of pro
duung a b blood group mucopely~acchande, wd the capaaty to
produce this substance presumably depends upon the action of two
or more purs of wtermeditte genes The blood group genes I, 1*
wd 1% apparently convey the eapauty to produce certain enzymes
which act on the bric mucopoly sacchiride and gize 1t it blood group
<pecifiesty Still another pair of genes Se and sc determine the cap ity
to produce the poly~accharide mn glandular tissue as well as i the
erythroeytes and body cells, and confer Le® (or H) and Le* (or T)
specificity on these substances Indniduals of the very rare genots pe
Wy ~ppaeiiln, vah Pt gruap Sprefia wdistaarts wa the seem s
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but not on the red blood cells, while the mucopoly <accharides of indt
viduals of the very rare genotype zz (“Bombiy” type) completely
lack ABH group speufiaty hoth in secretions and on red cells The
presence of genotype xx, while 1t prevents the expression of the blood
group, does not mterfere with the hereditary transmi~ion of the
A-B O genes, »o that the blood group will show up as evpected 1w
other individuals of the family who are not homozygous for gene x



CHAPTER IIT
The M-N-S System

M-N Types

The three M N types provide one of the smplest examples of
Mendelian heredity 1 man

Serology To determine the M N types of wn individual ant1 M
and ant1 N reagents from rabbit immune ant1 erums are still uved
today, as 1n the original vy estigations of Landstemner and Levine ™ 8
Occasion dly, human serums have been encountered contaming
ant1 M and antt N wgglutinins but these are so rare that therr use 1s
not pricticable for routine blood typing Simularly, adequate quant:
ties of seeds yselding ant1 N lectins hase not been generally «v ulible
for this purpose so far while ant1s M has not been found m seed~

The ant1 M <erums produced by immunizing rabbits with humn
type M blood contain m addition to ant1 3 al~o ant: human spectes
speeific agglutmns The serum must theiefore be processed by ab
sorbing 1t with type Y cells which remon es the speces speaific ants
bodies but leaves behind the nty M agglutimn Anti N <erum 1<
processed sunilarly by absorlnng 1t with type M eells While there i
httle difficulty m prepiring potent anti M reagents i this way 1t
has not been possible to obt un high titer ant1 N reagents The rcason
1 that the ty pe M\ 1lood cells used to absorh the species antibody ean
alo ahsorb some of the dewred anti N agglutinin, in fact of an exces~
of cellx1v used the reagent may be made dey oud of activity or weakened
so0 that only type N, but not type \IN cells are 1gglutinited (Al o
anti N agglutinins m human serums e be aborbed by type Veellz *)
The practieal importance of this phenomenon 15 that there 1 danger
of ohtaning false negatine reactions if the ante ™ reagents have been
overib~orbed On the other hand, if the serum has been underah
sorbed 1 an attempt to avoid the removl of the type speetfic ag
glutinn, reigents may result which gn e fal~c positive rexctions This
difficulty his been responsible for <erious errors in the appheation
of the M Y types to anthropology and legal medicine, when the

* ThHa1s anotl er of tte numerous examples of the cross reactisaty of tloo
group antibo hes as dizeussed on page 11

41
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tests were undertaken by workers who did not first qualify themselves
by becoming experienced 1n serologe techniques

Ant1 M and ants \ reagents yield only three purs of reactions with
human red cells namely M+ N~—, \[4+ N+ and M- N+ cor
responding to the three types designated M M\ and N respectnely
Bloods lacking both agglutinogens have not heen encountered m tests
on many millions of blood specitnens

Heredity  According to the theory of Jandstemer and Icime®
the agglutinogens M and N are transmitted by two corresponding
allehe genes LY and L* This theory allows for only three po sible
genoty pes corresponding to the three hnown phenotypes and at the
same time precludes the existence of type M— N~ There are ax
matings theorctieally possible and the distribution of the types to be
evpected among the children of each mating 1> shown in table 10
W hile mo t studies conform with the predictions <ome workers hue
reported 1n excess of type MY children 1 the e fumilies where both
parents are type M\ and this supposed exce < of type M\ children
has been aited = an example of <election m fas or of the heterozy gote
In tible 11 15 <hown the summary of the myve tigitions cirried out
by Wiener wd his collaboritors durmg the years 1920 52 on 1,80
fumihies wath 3 379 children Among the 800 (luldren from the mating
MY X AN 400 belonged to group M\« finding conw tent with
~tmple rindom red: tribution of the genes L and I* without the
need to tmoke other mechant ms The excess of type M\ children
reported by other norkers was therefore probably due to the u ¢ of
m ompletely ibsort ¢d aptiserums s alre wly expluned

Trom the point of view of medicolegal apphicition the heredify

Tantr 10
HERFDITY 0r THF M\ Tyres
Mat Ry Ch Hren (per cent)

FPhenotypes Genotypes MEMLM) | MN (RN | N MY
. Thembpes  } __Lemobrer jMETEM AL MO

NMOX TNpy X LML 100 0 o

MXN TMLM X L¥]A it 100 0

N XN IAIAID S AJA 0 0 100

M X MN IR T LI 50 5 o

NOX AN IV X LvIY 0 0 50

MN X MY TMpS X LM 2> 50 2
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TasLE 11
HerrRorry STUDIES ON THE M N Tyres (1929 1952)*
(After Wiener A 8 InDiege N and Sokol § fcta Genet Med et
Gemellol 2 331 1953}

cp‘bgnla] hu‘r)nbzr Ch Iren Belong ng to Type Toul
omb I 0% | Tam les » N MY
M X M 153 | Number | 326 0 mt 327
Yer cent 27 o 03
MXN 17) | “umber Lt 0 36 377
Ler cent 03 0 0T
NXN 57 | Numier [ 106 0 106
Per cent o 100 0 0
M\ X M 463 [ Nimler | 1 it 43 073
Percent 51 3 £ 1 1§ g1 486 = 11
AN X N 351 | Numter mt 332 111 796
lercent| 01 J70x1217+11
AMN XN 377 | Numter 19 196 405 800
lercent P47 £ 081245 £ 100811
Totds 1650 10% 655 1666 3379
* Since that time muny 1un Ired additior al families have ! een studied

1 The e apparent exceptions to the lans of inhentance are probably due
to llepatimacy
$Tig e follosing & wapn represents prot il le error

of the M N types myy be cumminzed by the following two lws
1) The sgglutmogen M or N Cmot appear 1 the bleod of 4 child
unless 1t 1> present n the blood of one or both pirents 2) A type M
puent ewmnot hwe vtype ¥ child, ind 2 type N parent cannot hase
a type M child Lhe few exceptions to the-e rules m table 10 miy
reasonably be attributed to illegitimacy, and in support of this inter
pretation 1t may be pointed out that while there are farmlies in which
the blood ty pes of the supposed fathers conflict with the second law,
there are none 1n which this 1s true of the mother

Gene Frequency Analysis. The frequency of the allelic genes
L* and L” m the genernl population can be readtly estimated from the
dnstribution of the three phenoty pes ® Since there 15 only one pheno-
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type correspouding to cich genotype the gene frequencies tan be
determined by direct count If m represents the frequency of gene
I'* nd n represents the frequency of gene 1,

Then m =M+ BI?L\‘ 21
And n=N+ ll[g\— (22)

If V represents the <1ze of the sample then 21 15 the number of
genes counted
__  /mn
lherdore  om = ap = 1 ar 23)
From the gene frequencies the distribution of the three M Y types
can be recalculated s follows

Mo = m? @)
No=n? (20)
N = 2mn (26)

s a rule the e reealeulated frequencies will not be identical with
the obseried frequencies Assuming random mtermarrge which
theoretially <hould bring the distribution of the M \ types to
equilibrium m - single generation the genetrc theory can be te ted by
calculating the ch square value as follow< ®

x,=(a—ao)’+(b—b)'+(c—pv)’
o

ag [ Co

Here a b and ¢ repre ent the olrerved frequencies of the types
MMM and N re peetisely m the populition and @ ba and ¢o the
theoretic Wlly (xpected values according to formulae (24) to (20) 1
then reduces to the following formuly
X = @ — 4ac)’ @)

(2a + U)X + 20)°

where V 15 the number of ndividuals exammed This te t has been
applied 1n a Virge number of populition ~tudies and the ecults lend
further support to the genetic theory
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The frequencies of the genes L* and L can also be caleulated by
the square root method as follows

m - VI (28)
' =VvER (29)

These formulae for the gene frequencies, though consistent are less
efficient than formulae (21) and( 22), theItter being1identical withthe
maximum hkehoed estimates

The formulae (27) and (28) are the hisis for 2 different test of the
genetic theory Smce theoretically, m' + n’ = 1 then V'3 + VN
should equal umity or 100 percent In generil, the sum V34 VX
will not be exactly equal to umty, and the size of the desritron can be
ued as 4 test of the genetic theory If the deviition

D=1~ (Vi+VE) ©0)
Then, as Wiener® has shown,

an

1
Y
where V represents the number of persons tested Here agun the
observations confirm the genetie theory

If we represent the frequency of type MIN by H,

an _ i,
Then, = ﬁ’;m(l —-_m) = 2m
Fo find the mavimum value of 7, <et g’;’ — 0, <0thatm = 1§

Therefore, the maxvimum frequency that type \IN ean have under
this genetie theory ts 50 per cent

Thi< important result pplies to any heterozy gote m 2 populxtion
at equilihrim, <o that, for example, the frequency of group AR cin
not exceed 50 per eent As will be pomnted out hter, this Ian was
applied by Wiener to elucidate the heredity of the Rh Hr blood ¢y pes
(cf page G3)

Mother-Clull Combinations. As already pomted out, the
study of mother-hild combmations <upports the theory hecure of
the 1b ence of the combmations [ mother/N cfuid or N mother/
\I child Further evidence supporting the theory his heen ohtuned
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TaRLE 12
FREQUENCIES OF MoTHER CitiLb CoMBINATIONS

Ch Mren of Type

others of Type
M MY N
A " e 0
MN 1 1in rm?
N o mn? n?

by gene frequency analywis by applying the formulae of table 12 to
test. the results of studies on the M N ty pes m mothers and children

Agglutinegen \» As m the L B O system v number of rire
anom tlies of the \I N ty pes hive been encountered | he most impor
tant 15 the w0 (alled glutinogen Ny fiest deseribed by Crome  wd
whih accordng to Priedenrerch 15 due to 2 speanl corresponding
rare allehc gene £2 Lhis type of blood 1 chiricterized by its very
weh reutnnity with anti N serums <o that with many amtiN
reagents clumping may ful to occur or mey be <o werk as to be
overloohed This may Jead to sertous errors, as in medicolegal cwes
For cxample of the putative fither belongs to type MN, (genotype
LYL*%) and the child to type N (senotype L¥L*?) the former nught
erroncously be reported s type M with resulting false exelusion of
patermty

Agglutinogens M and N in Monleys and Ipes In tests on
hum n blood no differences are demonstrable among different ants M
1¢1gents or different antt  reagents T or examplc all wtr M serums,
regardless of source and method of prepirition regulirly agglutimate
red cells of type NI ind of type M\ but not of type \ Homncver
when the crow reactions of these reagents 1re studied using red el
of anthropoid wpes and monkeys 1t 1< found thit not all ant1 ¥
serums g e the same reactions nor do all anti N <erums ¢ *

In table 13 for example are shown the differences i behavior of
ax sclected anti M serums prepired from immune rabbit serums m
te~ts on red cells from anthropoid apes and monheys In the table, the
antiserums hnve been arranged <o that tho ¢ with maore cross rowctions
precede those with fewer cross reactions, and the blood specimens
have Leen arringed aecording to the po-ition m the zoologieal s11e
of the primates from which they were of tuned Although the anti M
corums with the highest titers guve the most cross reactions, the
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differences were not merely quantitative as was shown by ab<orption
experiments For example, reagent M1 had a titer of 04 umts 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 humn M
cells but not reacting with rhesus cells On the other hnd, reagent M5
which Iikewise had a titer of 64 umts for humn M cells and about 24

TarLE 13
1 ¥ actors 18 Buoon oF Arrs AND MoNKEYS
(After Wiener A 8 Blool Groups and Transfr won 3id ed  1943)

Ant M Test ng Flu ds
Sour ¢ of Bloo | Spec mens
an M M s |z w52

Human M bt | | | | b |
Human N 0 0 0 o 0 0
Chimpanzee B e a1 s o S B S IS S
01d World Monheys

(Cercoputheerdae)

Sphint Baboon bt | A || 0 0

Dnll Baboon et | b | e | () &) [ (+£)

Chacna Bihonn Ftt |t [ FHE 0 tr 0

M rhesus ot | b R )| ® ¢

Java Mae tque 444 | +++ | x| 0 0 o

“oaty Mungibey 44 |+ |t + *

Green Monkey ++H+ [ +++ ]| 0 0 0 0
“ew World Monhey s

(Platy rrhina)

White Spider Monker | ++ 0 0 0 o 0
Bhack Spikr Monhes N o o iy °

Woolly Monkey 0 0 (%) 0 0 o
Brown Ringt ul

(Capuchin Monhey )} 0 0 [ 0 0
Moss Monkey 0 0 ftr =
Temuar [ 4 (4 a [ 0
Average titer of testing

fluds 61 [ 32 24 16 16

Of several species two sndtvidusls were tested of brown nngials 4 of
\icacus rhesus 45

Terctions plaeed 1 pirentte 1 were found i st to be remaned 1y ab orhirg
the scrum wath type M blood edtls
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umits for rhesus 1ed clls was completely tbsorbed by either human
M cells or rhesus red cells

Beades providing a striking example of biochemical eyolution
tible 13 19 wmother eximple of the mosue structure of red ¢l ag
glutmogens “Fo explun the reactions 1t 15 necessary to recognize that
not Il wt1 M agglutinins e wentical n <pecifienty and therefore
by defintion there are more thin one kind of M factor If we desy,
mite s ant1 VI; the agglutinim which rewts with human red cells
but not with blood from chimpinzees or monkeys wnd s mtr My
the agglutmin which detects a factor common to humn A blood wnd
«himpanzee blood but absent from the blood of lower primates ete
1t follows that the human M agglutmogen his ll of the blood factors
MMM etc  chmmpinzee blood fictors MMy, e One
could wticapate tht the njection of rhesus monkey blood into ribbits
would yield 1 rergent <peeific for humm M cells and not rewtmyg
with type N cells Indeed Landstemer wd Wicner™ found 1t powsible
to prepare sitisfu tory ant1 M reagents m this wiy and it s of his
tortcal mterest that these experiments led to the discovery of the
RRh (rhesus) factor

By cimilir experiments 1t b1 been possible to demonstrate thit the
gglutmogen \ his a mosuc structure ® Due to difficulty n obt unmg
potent reigents 1s alreudy explamed only two such fictors hnve
been demonstrited so fir mimely, N, pecultsr to humw N celbs
tlone and N 1 factor shared by humm N cells and chimpanzee red
cells

Obviously when a human bemg mhents w V or N aygglutmogen
this carnies with 1t all of the serologic 1l fictors that chirwtenzes
the agglutinogen s shown below

Gene Corre gwnd ng agglut nogen Blood fa tors
i~ M MM LMLV,
i N N N

TI'nctors S, sand U

Factor S In 1947, Walsh and VMontgomery * studied the serum of
a patient known to be senwitized to the Rhy, factor and found the
<crum to contun an addition] blood group antihody which guve
reactions diferent from amv previously described 4 sample of thus
cerum w19 studicd by Singer ind Ruwe® who were able to ~how thit
the blood facter detceted by 1t was rdited to the ngglutimogens I
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TabLE 14

DisTRIBUTION 0F THE M\ 8 Trres avone 394 Broop Dovors
Phenotype Number Per Cent.
S+ & 23
Mois- 37 94
N 7 70
S— 10 124
S+ 10 %9
A {s 87 20
Totl S+ o1 56 9
S— 173 38

and \ This was done by making u~e of the 2 X 2 contingency table
as alredy explamned on page 3

When persons of type M AN and N were subdnided aeeording to
their re1ctions with the ant1 erum of Walsh and VMontgomery, named
ant1 S by Sanger and Race 6 types of blood could be distinguished
For example 1n 394 tewts done on profe~~ional donor~ 1 New York
City the distribution shown n table 14 was found *

On spection it can be «een thit the mncrdence of the S factor v
not the <ame m the three \I N t3pes, since more than two third~ of
tvpe M omdiniduids we S posttine while only about one third of ty pe
N mdniduals are S poutive That this difference 15 not merely «cet
dental but statestiealls sigmficant e be <hown by 2 2 X 2 con
tingeney table s follows

AN ~

S+ 191 27 221

S— 123 49 173

Totals 318 76 any

Apply mg the formuls on page 3, x* = 16 for one degree of freedom
and the lthebhood of this occurnng by chianee lone 1~ much fess than
0001

To account for the finding-, Singer and Hace mention two genetsc
hypotheses According to one, the «nv po~ ible M \-8 group< wre at
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TaBLe 15
TxE M\ S PHENOTYPES AND GENOTYPES
Rea tons w th Serums. Correspond ng Genotvpes
Phenotypes
ant M {Ant N|ant § L nhed geves I Mult ple alleles
NS + - + WS/ US & US/ Vs ISLS & IS8T
Ms + - - Us/Us LL
NS ~ | + | + | AS/AS & vS/ns IR
Ns - + - Vs/\s i
M\ S + | 4+ |+ | us/As ws/ns LSS ISL& I
Us/NS
A} A + - Va/Vs L

tributed to 4 allelic genes WS Ws VS and Vs where S considered
to be a mutition m the W and V genes which renders the red cell
agglutmable by wtr § <erum  \ccording to the <econd hy pothests S
15 considered to he 1 separite gene with an allele s and closely or
possible completely linked wath the M ™\ genes The <ix po sible geno
types, ther reactions and corresponding genoty pes according to cach
of these hy pothees are <hown i table 15 Though Race and Singer
prefer the Iimhed gene theory the present authors regard the concept
of multiple alleles to be more conwistent with the hnown genette and
«crologieal data ®

When fictor $ 1s con wdered alone two types are destingu hable
namely S+ and S— the former having the frequencey of 56 1 per
cent and the latter 43 9 per cent 1n tests done on 394 blood donors in
New York Oity Assuming heredity by o pur of genes S and s <0
that corresponding to phenots pe § there 1re two genots pes SS and Ss
and corre ponding to phenoty pe < there 15 only one genotype s3 the
frequencies of genes § and s ean be estimated as follows

s — /0139 = 0063 or 663 per cent

<o that S = 0337 or 33 7 per cent

herefore, the e<timated frequencies of the three genotypes are
8S = 0114 Ss = 0447, ind 53 = 0439

At s stage of hnowledge 1t could he surmied that there mght
evint a factor, & corresponding to the gene s, md demonstrable m the
Hood cells of mdiiduals of genotypes Ss ad ss In fict, Tevme
et al * did find - <crum 1n the mother of w ery throbl wtic mf it which
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gave reactions correspondimng to those expected for factor s Sub e
quently additional cxamples of this ant1 erum were encountered by
other workers However while a fair number of sati factory wt1 S
serums have been found to date serum of the specificity of antis 15
m very short supply and more or less of a serological curiostity Lhere
fore the number of studies carried out on fictor s have been quite
small

Nomenclature The vast majority of studies on the \[ N «y tem
hxve been confined to the blood factors M and N alone smce the e
have heen known for the longest time and the reigents for thewr
recoguition can be procured at will by immunizing riblits As men
tioned previously three type are distinguiched with the aul of the e
antierums W hen tests for factor S are also earried out the number of
phenotypes n the systen s inerea ed to six When m addition anti s
serum 1s used mmne phenotypes cn he recognized Sice an mcrewing
number of studies will be made 1n the future using the various serums
at different stages 1t 13 de~irable to have an unambiguous nomen
clature for exch of the three stages which at the same tune will mdu
cate clearly not only the phenotypes but also the theoretically po sible
senotypes The nomenclature u ed by Wiener® 1» hown mn table 16

TaBLE 16
NOMEACIATCRE OF TuE M N S 8 Tries
(After W ener)

‘Three M N Thenutspes | Sux M N S Phenotypes e
N Rea ton React on Res ton ™
Dosg | wibserum |p ot senm) g, vt e
Ant M| Ant N Ant § An 3
M + | - | M8 + NS - L
M By + LL
Mg - M ss + LL
N - |+ [~s + N §s - |
h ] + "
Ns - N\ ss + n
M + + MA S + NN SS - LS
NN Bs + 12] wod LiC
MN s - MN a5 + pA3
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Gene I'requency Analysis® 2 If the distnbution of the M N §
phenoty pes m the general population 15 known, the hypothetieal gene
frequencies can be readily caleulated
Stage 1 At thi stage only tests for factors M and N have been done,
and three phenoty pes distinguished In this ease, the gene frequencies,
m and n can be readily calculated, as previously expluned, by direct
count
Stage 2 Here tests have been made for factor S as well asfor Mand ™
The follow ing rel1tions hold by 1dentity

L*+L=m @2

Pal=n (33)

where m and n are the frequences of gene L* and gene 1,* re-pectnely
fef formulae (21) and (22))

Moreover, L'+ =S§ 31

andL +1=s5 (35)

Sinee, corresponding to the phenotype N s there 1s only the single
genotype ¥, then, assummg panmixia, 1t follons that

1= Vs @0)
where N's represents the frequency of type N m the general
population

Sumilwuly, L = /= (37)
These prelimimary estimites mu<t now be adpusted to make them

<itinfy the adentity L + ¢ = s This ¢ be done by solving the «
multancous equitions,

L—1=+35— V) 39
andL +1=3 (39)
where s = ‘\/typc s =V Ma+ Ng+MNs 10)

Trom thesc values of L and /, the v alue~ of L= and I can be ohtamned
with the ud of 1dentities (30) and (31)
Stage 3 Here tests have been carned out wath all four anti-erums, £0
that 9 phenoty pes are distingwishable (ef table 16) The caleulations
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are the <ame as at stage 2 except that now the frequency of gene
s can be determined by direct eount as follons

x=s_~;+%:
“D

=m+\—:+m)+\l +\;§+\Ih5\

After the gene frequencies have been estimated from the distribu
tion of the phenoty pes in the population the expected frequenctes of
the phenotypes ean be recalculated with the aid of table 15 or table
16 Then, the chi square test can be applied as 2 te t of the genetic
theory Ths has been done by Fisher,?® uung miamum lihelthood
estimates of the gene frequencies, which differ only <hghtly from the
estimates obtaned with the simpler method {ef W iener®”) described
here For example, 1n one such test, a chi square value of 174 was
obtumed with 2 degrees of freedom, indicating a sitifactory agree
ment with the genctie theory

Faruly Investigations When the factor § 15 conudered by
iteelf, famuly investigations suppart the hypothesis of heredity as a
<imple Mendehan dommant For example, Race and Sanger® have
compiled 412 famihies with 941 chuldren, and m 97 families where hoth
parents were type s, all 221 children nere kews e type s

In family studies, when the bloods of all the mdividuals are tested
for factors M N and S «umultaneously, the relationship between
them becomes appirent mmediately In family 1 of table 17, the
parents are type MY\ and type M respectively, and as expected
about Inlf of the chuldren are type MY and half are type M Alo
the pirents are type S and type s repectnely, and the former 1s evi
denthy heterozy gou-, <ince three of the children are type S and four
are type « Howeser, while the type M parent Inched the factor S the
situntton 1 reversed n the chuldren, that s the ty pe M children have
the factor S The rer-on for thi becomes appirent when the pheno-
type of ewch mdiidual s comverted into the appropriate genotype m
conformity with the genetic theory The <ame method of analysis s
rexdils applicible to other fimilies 1n the table, and 1 publ hed
studies on the subjeet

Qigmficintly when m 4 fanuly fictor S 13 weoennted with blond
factor M 1n a parent, 1t 1s smilirly assocnited 1 his ehldren and m
other members of his fumily The <ame holds for fictor § when it 1x
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Tante 17
TuLustraTIvE Famintrs L NG TnE R NSHIP BETW EEN
Facron $ anp e Turee M N Tyres
(After Race and Sanger Blood Groups tn Wan 2nd ed p 68)

Fam ] Ch Idren

Number Mat ng

1 MNS X Ms [MS [AMNSAMNS [MN S| MS VMNs [NS
LUX LL | AL (1 u i »L (i °L
2 Ns X MNS| MNs|{ N8 |DMNs

X L L A L

3 |MNSXNs MNs MNs (NS

msxun L L p2

4 | MNSXMAs | MNS| N [ MNs

s x L Ial 4 1l

associated with the fictor N To date no evidence of crowmg over
between M /N and 8/s has been found m fimty <tudies This m our
opmion indicates that factors 8 and M are not properttes of differ
ent substances but of one and the same agglutinogen and thus sup
ports the theary of multiple alleles m prefeicnce to that ot linked
genes

Factor U Wiener, Unger and Gordon,® % in 1954, encountered 4
new antibody m the serum of a woman who had a fatal hemolytie
transfusion reaction The factor 1t recogmzed was designated s U
heeanse of 1ts almost universal distribution, s follows

Po ve Regat ¢
Negro s 077 12
Crienconds 1100 o

The my estigators alvo studied 4 family 1 which the fither and two
children 11iched the factor while the mother and one eluld posses ed
the factor This and other results supported the hypothests that the
blood factor 1s transmitted as 4 «umple Vendeliin dommwnit It wis
noticed tht the twehve mdndu i who hicked the factor U were il
of type N or type M\ suggesting <ome rel itionship to the M N types
Subsequently, i studies carried out with a <«ceond anti U serum
Greennalt et al% confirmed these obseryations, and noted that all
diyiduals laching factor U o Iached both fictors S and » In this
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Thnis 18
Tire M-N-8-U Series oF ALLeLic GEnEs
Approrimate Frequeny (Per Cent) | Corres-
Cene mons ot s Bloog Factors Present*
Cavcasouds | Negrodat | oioken
18 217 87 Ms M, S, and U (and It
L, 3 02 s M, 5 and U (and M)t
7 Ixtremefy rare Mu M (and 90
I 81 71 NS NS, and U
! 389 5T Ns N,y and U
I | Itremely rare ! Nu N
* For aumplicity 1n this chart the factors Y[, M, ¥ N, N, ete

are not listed (cf page 46)

1t Based on the data of Miller, Rowenfield, and Vogel, (Amer J Phys
fafhrop , 9 115, 1951)

1 Agglutinogen M reacts wethly with anti N <erum Tlus by definition,
:’;;P'lni that the agglutinogen M has an N Itke factor which may be designated

way, the <eries of alleles in the M N system was mcre1sed to six ng
shown n table 18

Other Complenities of the M-N-S System

In 1934, Land-temer, Strutton and Chase® immumnzed rabints with
Hlood of a Negraowd (Mr Hunter) and ohtaned an antierum whuh
agglutinated the Llood of 7.3 per cent of Negroids and of 0 5 per cent
of Whates Wiener" also tested thi <erum and noticed that all blood
gung distinct powtive reactions were type N or ty pe MN, suggesting
a relationslup to the M-N sy-tem

Chalmers, Ikin and Mourant#® i an attempt to repeat thewe
studies, obtamed an antiserum, prepired by mjecting the blood of o
Nigertin (Mr Hen-haw) mto a rbhit In tests with this antiserum
(anti He), 38 among 1,300 We-t Afric ins, or 2 7 per cent, g1y e positne
retctions, while no positine reactions were obtaued with the blood
cells of 1,500 Luropeans Comparatiy e tests with the ongual ants Ha
serum, some of which was <till as ulible, showed ants Hu and anti He
to be chifferent. Wath fre<h blood from the onginal donor (Mr Hunter)
robdats sere ammamzed, ovd wab the peuly prepared antierum
Chalmers et al, and Shapiro™ carried these studies further, Tamily
<tudies showedd that fuctors Tle and 1Tu are relited to the properties
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M and N 1n a manner sumlar to that of factors §, s, and U For ex-
ample, when Hu or ITe were associated with M i the parents there
was a similar asseciation 1 the children This agam mdicates that
Hu and He do not repre<ent attributes of «epirate substances, but
together with M, N, 8, s, and U, as the case may be, are factors of
one and the same agglutinogen Because of thewe obseryations, the
<eries of allehie genes for this system was extended to 24 by Shaprro,
m order to account for the results of s studies i which the aimul-
tancous heredity of M, N, 8, s, U, Hu, and He was examined

Additional complenities were added by the reports of two closely
related blood factors designated Gr and Mis, which have been <hown
to he siularly associated with the M-N S system 10t 102 103 The most
mteresting of the recent deselopments 15 Allen’s finding" of & potent
~erum for an extremely rare blood factor which he showed to be re
lited to the M N «ystem He reported & pedigree m which this blood
Sartor ocrurred a7 members of the famuly In they family he en-
countered two apparent contradictions to the heredity of the three
M-N types, namely, two brothers, both type N and each with a type
M chald The piradox could be explamned by postulating a new ex-
tremely rare allele which produced an agglutinogen having the newly
discorered blood factor but laching both the blood factors M and N
1f the allele 15 designated P, then the type N father’s genoty pe could
be % while the ty pe M child’s genoty pe would be Li°



CHAPTER 1V
The P System

In 1927, when Landstemer and Levine prepared the first ant1 Vi
and ant1 N rabbit immune serums, they also obtuned an antiserum
which detected ~till another property of human blood that wis
designated by them as P Subsequently they found the <ime ant1
body ant1 P, i the serums of occasional normal human beings and
mn ammals (horse pig rabbits),1% and 1t has since been found that
the sume antibody < oceasionally result from 1 oimmunization 1
response to blood trinfusion!® In 1936 Furuhata and Imamura'®
described a blood fictor which they designated as Q, detected with
the aid of absorbed pig <erum Japinese mvestigrtors have carred
out many studies on factor Q@ but since comparative tests have shown
P and Q to be the same, the origmal symbol I' will be used exclusively
m this diseussion It 1s of interest that amoeng Japancse the frequency
of the P (or Q) factor 15 only approvimately 30 per cent i contrast
to the frequency of 79 per cent among Caucasaids and 98 per cent,
1 Negrowds 19

Tamuly studies have shown the fictor P to be mhented as 1 simple
Mendel:an domunant {cf table 19)

Almost all ant: I reagents available up to now have had the prop

<orption tend to wetken the anti P agglutinins as well In addition,
positively reieting cells from duffcrent indivaduils do not reaet with
equil itensity, and 1l gradations from strong agglutination to weak
clumping may be observed Thus testing for the P fictor presents
difficulties ssmahir to those of subgrouping blood of groups A and
AR

In 4 revies on the onign of naturally oceurring hemagglutinine Wiener!®
wrote  Since ants I° cold agglutimins ocettr not infrequently in norms! human
serum the present author hazards the pre hetion that future stu lies on
bacteria may reveal them to contun antigens related to agglutinogen I an
speeificats  In et among F3F exses of Pydiivd verar of wtonr wbow 2o
might be expected to I* negative Cameron and Stasvele '™t found 2 wathatrong

57
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anti Pagglutinins Of 25 ey st fluds, 19 inhibited antt I*serum In only G of the
25, where the scohices nere absent or degenerated, did ihibition fail to occur
This confirms Wiener s theary of the heterogenetic origin of cold antt P agglu
timns, the antigenic stimulus apparently being provided by the P ike sub
stance present in echinococcus cyst fluds containing scolices

From the mcidence of the P factor in the population, the gene
frequencxe« are readily caleulated Thus, among Caucasods,
=1/(P—) = V021 = 046 or46percent,and P =1 — p =054

or 54 per cent Simlarly, among Negroids, p = V002 = 014 or
14 per cent, and P = 086 or 86 per cent; \\hlle, among Chinese, p
= ~/(070) = 084 or 84 per cent, and P = 016 or 16 per cent
Factor Tj* In 1951, Levine et al ' encountered 1n the serum of a
woman an antibody which agglutinated the red cells of 3,000 con-
secutrve random group O indnviduals, but did not react with the red
blood cells of the donor herself or those of one of her three siblings
The factor detected by this serum was named the Jay or Ty* factor
after the donor, Mrs Jay Since 1951, m eight additional investi-
gations carried out 1 South Africa, Australia, Japan, the Umted
States, and other parts of the world, antiserums of 1dentical specifictty

TasLL 19
HEREDITY 0 THE I’ AGGLUTINOGEN
(After Dahr and Zehner)

Number of Children
Mating Number of Familes|
P+ r— Totals
P4 X P4 219 677 7 756
P+ X P— 134 286 170 465
- X - 3 @ ot 28
Totals 17 067 352 1319
Tastt 20
Tue P Szrirs or Aubuic GRAEs
Genes Comespanding Arclo Plood Factors
m P, r, T
I P, Te
» P Note demonstrated to date
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were gatountered In o number of these studies the F)* negatnve
type nas found m more than one member of the fanuly Yt 53 of 1n
terest that many of the Tj* negative mndeiduals had the Ty aots
body 1n thew serarns

X one assumes that the T} type s deternuned by a par of allelie
genes 777 and 72 then Ti{a—) sndiiduals nould all be of genoty pe
TPTP Thefrequency of gene T3 = v/ 1){a—) orlessthon +/000033
~ 0018 or 18 per cent while the frequency of gene Tp 13 grenfer
than 0 082 or 98 2 per cent

Sanger? tested 18 Ti{n~) mdisidunds from 9 famities and found
that they all were abo P negatne nhich <aggested n relstionship
between the Ty factor and the P sy tem In fact she found thit
when antr Tg* cerum wns theorbed with P negatise hlood untaf it wo
fonger rencted with the abeorbing blood an antibody fraction re
matned m the serum that gase reactwns corresponding fo nh
To aceount for these findings Sunger has postulated the existence of
three allehe genes P P and p at the P locus The P! gene 1s potu
lated to determune the agglutinogen found m the type previoudy
clas sfied as P positive  P? determines the ageiutinogen of P negatne
ticod wiule p determines the apglutmogen of Ty{a~—) blood Theee
coneepts are summanzed mn table 20



CHAPTER V
The Rh-Hr System

The Rh Hr system 1s the most comphcated and sccond to the
A B O sy«<tem 15 the mo t important of the human blood <« stems
by virtue of its elmical implieations The past fifteen 3ears have
witnes ed a phenomenal advance m the knonledge of blood group
serology and genetics which was imtiated by the ducovery of the
Rh Hr types

The Rh, Factor

Of the Rh Hr factors the factor Rhg holds 2 position of speeal
prommence It 1> of both theoretical and historical interest that its
discovery came about 1n an mdirect manner with the use of an ant1
serum prepared in rabbits agamst rhe us monkey blood ! The
R, factor 1s the most common <ource of climeal ss mptoms beeau e
as demon trited by expernnmental immumzation studies earred
out 1 human volunteer 1t 1~ the most antigenic of the Rh Hr fac
tor> M2 It appears to represent a spectal structure withm the Rh Hr
1gglutinogen  1nce red cells can be coated with Rl blocking antt
hods without interfering with the reactions of the red cells with other
antibodies such a« antirh  anti rh” and ant: hr To mdicate the
special position of the Rhs factor therefore the symb ol of this factor
has been a «igned « capital R wiule all of the other Rh factor
have 4 small r  The <ub enpt of the symtol Rhy al o <ets 1t
apart from the other Rh Hr fictor

In the firt study on the heredity of the Rh Hr types te te could
be made onls for the fictor Rhy In thisimyestigation carned out by
Land temer and Wiener'® in 1911 the antierums prepared n
gumea pigs agun t rhe us monkes Hood as well a¢ human anti Rk
<erum were used

Among 448 per ons te ted with the~e serums the following di tn
t ution was found

Sumbe Per Cent
Rh | ~ine a0 546
Tth negat ve £9 151
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Under the hy potheu~ that the Rh, factor 55 inhenited 45 1 umple
, the gene freg are readily estimated as

l'o“o\\s
rh = +/[ik negatice = /0131 = 302 per cent

Rh = 1 ~ rh = G0S per cent

The expected frequencies of the three theoretienlly po~able geno
types can then be readiy ealeulited

genotype RhER = (0 608)2 = 37 0 per cent

Rb po-tive {gcnut)pc Rivk =~ 20608 X 0392) = 17 6 pur cent

Rh negative, genotype rhrh = (0392)° = 1% 4 per cent

Famuly Studses. I wdstainer and Wiener te ted 60 {multes with
237 cpldren for the Rbe factor and in table 21 their findings are
summanzed When the disgnibution the Rh facter i~ compared with
that expected under the geanette theory the findimgs prove to be m
strfactory rgreement

¥ and-temer md Wiencr at o <howed thit the Rha factor is not «x
tinhed wd ecluded suy relition with the 4 B O wd M\ mems

Serology While in the ongnal msesti;ntions ant she-us immune
serum s 4 ed 1t nas subserquently found thit witt eryms of gre wter
wihty nd hugher titer we more redbhy obtamed and m hager
amounts from mothers of ery thrablostotie babies as well 1 from
debiberatthy ymmunized donors Therefore it rhesus wrums are
ne longer wed and remam onhy of theoretrdl aned Wy toreedl un

TanLe 21
Hrrrtarany Taveasaion o 1e Bh FaeT
ttrem Land temner and Wiener 1331

Sumber of Ch [Hren

Matng Nuiber of Ram ) es —
R+ [ Totss

Ith+ X Rt + 42 151 - 158
Rh+ X Ith— 12 37 u 1~
b~ X Rbh- { 6 o U 3

Tetals ] oo n
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portance It 1s mteresting that the human anti-Rh, serum, even those
of maximum titer and avidity, give hittle or no reaction with red cells
of rhesus monheys This scemingly paradoxical obseriation 1s an
other example of so-called non reciprocal reactions, and 1s inexpheable
under the hy pothesis of a striet one to one corre-pondence between
antigen and antibody

It was early observed,' 1n many Rh negitive patients with chnscal
munfestations of 1~o~ensitization, that Rh antibodies could not be
demonstrited by the classic agglutination method 1n sakine media
Thus Ied Wiener i 1941 to postulate that Rh antibodies m particular
(and all antibodies tn general), exist in two moleculir forms, one of
which was capable of combming with Rh powtne cells m saline media
but without clumpmg the cells In 1944, when suitable human antt
Rh agglutimiting <«crum was more casily av ulible, Wiener' deviced
the blocking test to demonstrate the second form of antibody Later
on, Race™ and Diamond’ mdependently encountered the Rln
blocking antibody when they tried unsuccessfully to produce &
polyvalent ant1-Rhy/ serum by pooling anti Rl and ant1 rh’ serums
The antibody which dumps cells in <ilme medra 15 variously known
1 ‘bivalent”, agglutimating, or “complete” antibody, while the
antibody detected by the bloching test his been designated “um
valent”, blockig, conglutiniting, or * incomplete” antibody

The ongmal bloching test detected unnvalent Rh antibodies only
when present in hugh titer, and for this test a sati<f wctory agglutinating
ant: Rh rerum 1 1lv0 needed Fortunately, other more senwitive and
more practicable tests for umnalent antthodies hive been devised,
notably, the conglutinition®™ and albumin tests,' the ant1 globulm
test,* and the use of test cells treted with proteoly tic enzymes ™
Since umy ilent antibodies wre encountered far more frequently than
Invalent antibodics, these new tests reculting from the discovery of
the Rh f1ctor, opcned up the entire field of blood grouping, and may
be credited with the phenomenal adsances of the past 156 years

Factor rit’

In 1941, Wiener' encountered a patient who had a hemolytic
transfusion Teaction and whose serum contained an antibody whieh
reacted with 70 per cent of Caucasoid individuals, i contrast “ll'_l
the ongmal anti Rh <crum which ngglutmted the red cells of 83
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per cent of such persons (ef table 22) By the use of 2 2 X 2 con
tingency table, 1t 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 fictor The problem then aro e as to the
nuture of the relationship betnween the new blood factor, which 1
to-day known as th’, and the onginal Rh, factor

It1s nstructive as well as of hstorical interest to give the reasoning
as ongnilly presented n the 1943 edition of Wiener 5 book Blood
Groups and Tramefusion, making necessary changes to correspond
to modern terminofogy 1n order to wvoid misunderstanding The
quotation modified 1n this way reads as follows *

“The reactions could be explained mo-t simply by postulating the
ewstence of two agglutinogens Rh, and rh’ corresponding to the
agglutimns ntt Kb and anti vh* The four sorts of blood would
then hawe the compositions Rhgrly, Rha, th* and Rb negatne re
<pectively This ascumption would imply the existence, however of
two corresponding genes B® and » which would have to be either
ndependent, linked or allelic The first two posabilities are exeluded
«inece the product of the frequencies Rhyrh’ X Ith negatne 1> much
greater than Rhy X rh’ Moreover the existence of allelic genes R0
and 7 i mdinaduals whose blood reacts with both ants Ry and anti
rh' would neeessitate that this elass not exeeed 50 per cent $ while
the actual frequeney 1s 70 per cent Accordingly the ob-eryations
we best explained by assuming the existence of 3 qualitatuely differ
ent Rh agglutinogens mnsted of only 2, one type roictmg with
antt Rh, <erum but not antirh’, 4 sccond reicting with anti rh’
but nat with antt Riu and 2 thied reacting with hoth <orts of antt Rh
serums

At this stage, the gencties of the Rth Hr <y stem could be scummanzed
as follows Tour allehe genes are postulted Gene £ gives Tise to an
agglutmogen Inching both fictors Rhy, and rh’, gene #* corre~pond~
to an agglutinogen having only fictor ¥, cinularly gene R® controls
an agglutinogen having only fictor Rl and finally gene &Y deter

* In the onginal quotation the anti Rhy serum was de ignate | ant 1thy
while anti rh was desgnate 1as anti Rhy,
1 On page 45 wi en diseusaing this question st was alojourted cut that the
fre encies of type NN and of group AR mimilarly ca st Lot excee 1 50 per
cent 1n a g ap ilation at equilibtium
Ve

o
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TapLE 22
RELATIONSHIP AMONG THE ReacTions oF Dirrrrent Avtt Rh SeRuivs

H Approxt React oni‘ohl\nln?’u Bloo
P— .| Apros Smong Wh te Tnd s duats
Ant serums Descs ved b Do peton et
Positne | About | About | About | About
| 0% | 15% | 2% | 1T
Type 1 [Imdmmcr | Anti Rb, S Pos [Pos [Neg ‘\eg
Gtandsrd  and Wiener | i
ant1 Rh) |
Tipe 2 Wiener ind  Antirh 72 |Pos [Neg |[Por Nes
Land ‘
steiner
Tipe3 Levine At Rhe | 57 |Pos Poy [Pos ez
Buraham I |
atzin and i [
Vogel I ! !
Tsmir 23

Tur Four PaenoTyres Ditaruinep RY Factors Rhe anp ¢h A\l THEIR
Tey THEORETICALLY Pos~IBLE GRNOTYIES

Reaction w th Serum

Phenotype — Possible Genaty pes
AntiRhe | Aaurh |
rh - - rr
th - + rrandrr
Rha + 0 - R and ROR?
Ry + { + R R'R® P4 R'RY and 1r

mines an agglutinegen charieterized by both factors Rhg aund vh’
Then, corre~ponding te the four phenoty pe< there could theoreticlly
be 10 pos-ihle genoty pes as shown i table 23

Wiener and Land-temer'™ studied the smultancous heredity of
factors Rhy and rh' m 47 fanulies with 133 chldren In this small
serie~, unfortunatels, there appeared no mnstance of the rarest of the
four blood type~, nimely, type rh’ Howeser, the results, as far as
they went, were in full accord with the genetie theory

Light Rh Types
Factor th” Farly 1n 1913, Wiener®*? desenbed <till another antt

<erum which agrtetinated the red eells of only 30 per cent of the
white population Statistic d analy<is proved that this faetor was re-
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lited to the Rh Hr system, and to indicate that 1t 1s now hnown as
rh"” Considering only the rexctions of anti rh’ and anti rh” serums,
four types of blood are poswble which could be dewgnated as rh,
th’, rh*, and rh'th”, respectnely * The distribution of these four
types among 280 idividuals proved to be as follows type th, 194
per cent, type rh’, 50 3 per cent, type rh”, 128 per cent, and type
thth”” 17 5 per cent Since the product vh’ X rh” 13 conaderably
greater than th X rh'th” 1t 1s clear thit th' and th” are not mde
pendent A tentatne genetic theory was proposed by Wiener,!?
that the factors rh’ and rh are trinemitted by trple allelic genes
m 4 manmer ¢ompirible to the heredity of the four A B O blood
groups Based on this hy pothews, the gene frequencies were reidily
estimated as follows ¢

r=4/mh = V0103 = 115 per cent
= Vi F i’ — Vik = V0657 ~ V0101 = 39 per cent
=\/m—\/rh VO.}”-\/m=12pcrcc|\t
Sothat, r + v + ¢ — 935 per cent

Thus, the agreement with the genetic theory was not entirely
watisfictory, smee the sum of the estimated gene frequencies foll
short of 100 per cent, and the theoretieal frequency of type rh'th”,
which should equil 2 X #/ X 7 or about 95 per cent, was con-
siderably less that the obeerved frequeney These discrep wcies were
correctly attnbuted to difficulties i techmque, due to the poor
quality of the anterums nwalable at that time In addition, ne
Mlow ance was made for additional genes giving riwe to agelutinogens
with both factors rh’ and rh” Such genes are now known to cust
But therr meidence i the population 1s ~o low that fmlure to take
them mto account must have been only a mmor contnbuting factor
1o the deviation found m this cwly study

The Light Rh Pheaots pes. When tests are made with all three
antierums simultanecudy, aight types of Blood ean be distinguchied

* In the oniginal paper, the four types were designated as Rh negative R,
Th: and Rh,Rthy, respectively

+ The symbols for the genes as used here of necessity have a different metning
from the same aymbol« when used i connection ith the ealculations that
nclude factor Rize, s will be scen shortly
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Taner 24
sorst v e Tron Rh Tyges
MWomee oS Dale Ceuny N4 B I 1019

RE \egat ve Types Rh Pos t ve Types

Rea t nwth serum Rea tonw th serum

Destpatsn | Dy gnat nof

SRS i eh [ Ant the | Aot R P [TAqt th [ At th” | Ant Rha
ol - - - - - +
i + - - |nn + - +
e - + - |, - + +
rhrh + + - RhRhy + + +

The tyesar nime {fter the R b uf fictors (ind asgltt onens) pre euf
w the red el RN Vemg <lort for Rh th (or R ) ind REy sl ort for Rlut”
¢ rRh ) Ssmihrh 1< ften o nvenient to u etk i diec of thoh urd
RE;mphee of 01 Rb (on REo RE )

1 ~hown i table 24 Lhese eight phonotypes we ¢ 1sy to 1cmanber
if they we wranged m the form of  double sehume of four types
c1ch anilogous to the four A B O blood groups

1he distribution of the types 1s diffcrent m dinerse cthme groups,
wdd the results of fow representatnve ~tudies are shown m table 25
As can be seen from the table Cauc words hwe the highest frequency
of type th winle thes type s virtually abeent i Mongolods  1he
most strihing feturc of negraid popul iens 12 the very lugh frequency
of type Rhy

Genetie Theory, 1o woount for the existence of the aight pheno
types, Wiener™ found 1t necesairy to postulite the (astence of
Texst <ix llehe gones s <hown an table 26 Under this concept there
we 21 theoretic dly possible genoty pes correspondmg to the eight
pos-ible phenoty pes ax shown m taible 27

Gene Trequeney Aualyas  The theory of multiple alleles to
ateount for the eight Rh types his heen tested by gene frequoy
analy~ts and by { s studies With the md of £able 27, the followmg
formulae for the frequencies of the genes mn terms of the frequencics
of Rh phenoty pes can readily be derved

r=+/th Gy
¥ = AT+ 1h — V/h 32

" =+/th +1h — A/ (33)
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Tarte 235
ReenesesTarnve Dara oy e Ractar DistRisLTion of TaE
Esonr Rh Trees

Approsimate Frequency (Per Cent) of tbe Blood Types
Ethoic Graup

L e e 1 Rr R W

Caucasonds (N Y C)* 135 16 105 02] 251530150 145

Negeaids
NYCe 75 15 10 i3 50125015581 55
Afnen? 37517310 o 700|150 9ol 13
Puerto Rieans Wl BT a5 0 1311321196 140
Chanese? 15 00 o o 08606 30134
Japaneces (X3 }o 6 o D 517§ 83|34
Tiypnod o a 0 0 18108 20 Ha
Mevcan Indians? o }o o b ltrlesatos sz
(Moddied afier Rrener & 5, tn 7 Chim Path 16 437 1940
s Wiener ot ul  Unger ot al , s Wrener et al
Levine *Waller and Leyine Miller and
TWwener et &1, Levsue Taguh
I fubinont 21 al 7 mmons and (113 don
¢ Tarregrovs Wieer ot a1
R = A/fthe T 1h — V/rk 38
B = A/RE + o 4+ Rie F th ~ VWV 4 rh .
PR - 3
= VIE ok 4 b
R = A/Rhy £ 07 F [, 4 th ~ Ve eh am
34

~ Vithe + 0 + V/rh

Asan example the formulae wall be apphed to the figures gven for
Cageasolds in table 23

r = V0133 = 367 per cent

r = /G010 F 0125 ~ +/0735 = | § per cont
¥ s /B0 + 0189 ~ VO3 = 07 per cont
R = /025 £ 07135 — /0355 = 33 yer cont.

R = V0330 + 0010 4+ 0023 4 0133 = VU + 0153
~ /D02 + L + VLD = 123 per cent
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discovery of type rh'rh” 15 one of the numerous facts which have been
unearthed, supporting the theory of multiple alleles

Famuly Studics Further evidence of the validity of the theory
of multiple alleles was obtamed by family investigations !~ 1
In table 28 for example, are summarnized the studies of Wiener and
his assoe1ates during the period 1943 to 1953 on the heredity of the
cight Rh types Similar studies have been done by Race et al and
wditional data have been accumulated more recently 1 me t1
gations not yet published With only two eveeptione which may be
ascribed to allegttimacy  the data obtamned on the 2,119 children
<hown in table 28 «upport the theory of multiple alleles

Actually a few other exceptions were encountered m certamn
fumihies where one of the pirents belonged to type rhrh ’ or to type
RhRh. Thewe apparent exceptions to the genetic theory could be
explamed by postulatmg the exstence of two wdditional alleles m
the «eries of allelic genes ¥ 1% Thus, under the theory of ~rx 1llelc
genes matings with pwents thrh X rh would have to be of geno-
typesrr’ X rr <o that half of the chldren would be expeeted to be
type rh and half to be type rh” Actuilly 1n <ome of these fimilies
half of the chuldrcn were type rh'rth * while half were type th By
postulating the existence of 1n wditionnl allelic gene v, determming
1 corre ponding agglutinogen rh, having the blood factors rh’ and
rh’ but laching fawctor Rhy it was po wble to yccount for these
exceptions] fimulies Similarly st wos nece <ary to postulate the
ustence of 1gene R determung 2 corre ponding agglutinogen Rhz
having all three fictors Rhy rh, and rh” m order to account for
womalies i certan fimilies wath one or both parent. of ty pe Rhylth
In table 29 are shown three [imilies illustratmg the tran m 1on of
the rre genes  and R°

Serology  For wdentifying the 8 Rh types, 1t 1 necessary to hne
w ulable inticerums of ~pectficsties mtt Rho, ants ¢h’, and ant1 ek,
respectinely Pure wntirh’ <«crum cin be obtained from type Rb
mdnvaduals senatized agunst type Rhy blood, and, sinulwly  pure
ant1 rh” serum 15 obtaned from type Rby indiiduals rensitized
agamst ty pe Rhs blood Unfortunately, «uch monovalent anti crums
are rare and the reigents av-ulable commercially are motly derned
from tvpe rh indiniduals sensitized to type Rhy ar type Rh hlood
re pectinely Thus, the nti el reagents most commonly used 2re
really antt Rhy <crums to which antt Rly, blocker ling been 1dded to
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TanLe 29
Factes TLLUSTRATING THE TRANSMIASION 6F THE RaRE GENES R axp rv
Ch tdren
Matng R
1 2 3 4 s
1 RhiRh; X th rh RhRhy
RirXrr r ferr
2 rthrh X 1h th thrh
X ey I r
3 RhRhy X th th th Rh;Rhy th RERE
R Xore rr " Ry r Rr

prevent the antt Rhe agglutinin from giving rise to agglutination
under the conditions of the test Simularly, most ant1 rh” reagents
are ant1 Rhy' serums to which anti Rh, blocher has been added
If the directions for the tests are not followed <crupulously or when
dealing with lughly agglutinable red cells whieh are difficult to block,
such a< ecells from homozygous type Rh. or type Rh, ndnidunls
bloching may be icomplete or may fail and the clumping resnlting
may be mu interpreted as indicatinve of the presence of the rh’ and
rh” fiutor Such errors have caused serious misunderstandings n
medicolegyl eases of disputed paternity, and have also been re
spon«thle for taccurate reports in anthropologieal imyvestigaitions

1Ir Tactors

Levme ind Juwert!™ encountered an antihody i the rerum of 1
Rh poutive mother of an erythroblastotic balh which gave 1p
proimately 30 per cent poutne reictions nith Cieasord bloods
Sigmfiently, 1l Rh negatine bloods gae poutine reietions with
this serum  Beciuse of its appirently reeiprocal relition to Rh,
they nimed the factor detected by this ant: erum He Independently,
Race and T lort® discovered an antiserum for a blood fietor present
m 80 per cent of Crucnsord bloods Wiener e al ' pointed out that
factor Hr of Levine and Javert and the fictor found by Race and
Taylor were 1n fact the <ame, the difference 1 percent ige of poutine
retctions heing due to 2 gene dosage effect

Nore detatled study showed that the =o-cilled Hr [utor was
related to fuctor rh’ 1n 4 manner stulir to the rehitionship between
M oand N, thit 1, indnadaal bloods ire either el positive or He
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positive, or both, and no blood was both rh’ negative and Hr nega
tnne To mdicate this, Wiener wmtroduced the dewignation hr’ for
the fictor It must be pomnted out that the discovery of fictor he’
made necessary no change m the genetic theory, since he' merely
defines another blood fictor of agglutimogens alrewdy known and
wdentifiable by their reactions with the three Rh antiserums alone
‘The table of Rh allelic genes 1s therefore modified only by the addition
of frctor hr' m the ‘ blood fictor” column for igglutinogens rh,
th’’, Rhy and Rh; (ef tibles 26 and 31) 1hus, the number of possible
genoty pes remams the same  but the number of posable phenoty pes
1s merewed The additional phenoty pes distingushed by the he'
antiserum have been dewgnated as rh'th for those type rh’ bloods
which are positive for factor he', while those type rh’ bloods which
are negative for factor hr' are designated as rh’rh’ Similarly  type
Rh, bloods are <ubdivided by their reactions with he’ antiserum mto
ty pe Rhyrh for those bloods which react positisely with hr' antiserum,
and type Rh,Rhy for those bloods which do not react with he’ anti
serum

Considering that factor rh’ his an meidence of approsim tely 70
per cent 1n the Cucasoid populition the expected frequency of the
reciprocally related factor hr (n be ealeulited with the aid of the
formula

hr' pos =1 —[1 — +/{fIV neg)l
=1l — 0302
=1-(1-0518)?
=1-0201
= 079 or 79 G per cent

Lhis frequency, s i be scen, 15 very close to the value roported
by Race ind Tiylor If the fictors rh' wd hr arc conaderad by
themeelves, three phenotypes are distmguished, the expeeted fre
quenctes of which would be a4 follows

typerh’ = he' negitne = 21%

type b’ = rh’ negatne = 30%

type r'he’ = therest = 10%



e RBh Hr sysTEM bk

By using an over sumplhfieation, st 1s possble to aweouns for the
enstence of three such types If we postulate o pur of alleles ¥ and
h (thelarsplaced overthe collectine gener todetingrush st from
gene v of the senes of eght Rh alleles) there are three genotypes
corresponding to the three phenotypes as follows

Fhenotype Genotypes Frequen & &
th vy 2
thbe o 13
he Rn 20

It vl be noted that while the neidence of the hr factor 1s 79 per
cent among these 30 per cent are hamozygaus winle 49 per cent are
heterozygous It 15 now knowa that blood from indrviduats homozy
gous for the hr ficior reacts much more avidly with wats hr serum
than blood from beterozy gous indey iduals This 1s known a3 the gene
dose effect It 15 probable that the onginal cerum of Ievine and
Javert was detecting only homozygous hr' poatne blood whieh
geeounts for thew earfy observattons

Ticher ** notiemg the reciproeal relxhonslnp between factors sh
and he  postultted the eastence of two adiihonnt Hr factors
numely hr® and I, respectneh  reciprocally related to factors
rh” wd Rhby respectiiely As will be expluned hater this prediction
was s octated wath the genetie theory of linkage wnd a different
nomenclature for the Rh Hr types Shortly thercafter \ourant®
wanounced the diseovery of an antiserum giang the reactions espected
of ants he” and additional antierums of this speeficsty were found
by Wiener and Paters'™ and other sorkers Seteral innounrements
of the di covery of antiserums suppo odly of wpecsficity inty Hrg nere
1 o nade bt the e findings could not 1 eonfirmed {ven at the
pre ent time antt Hr, <erum i3 not ayvudable although ants b’ and
anti he” ~erums are rontmehy weed i many Hihortones speerbizing
n Rh Hr typing

¥n table 30 are gnen the espected mendence of fictors hr' and he”
as well as thase expected of the hy potheticat factor Hr among W intes
Negroes Mongoloxks and A nitie Indsins ¢ timated from the me
dence of fictors ¢l , th" and Ris, m these popul thans as ealentsted
sirtle the and of the gosiers) formaks B

by = 1~ [~ VRSP 37
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TasLE 30
Rerationsitre Bere EEN Rh ano Hr AvTISERUMS
Observed® Percents
Pontne Reactom wih Rp | Eypected Percentages of Fosine
Racial Group
th he Rhe br hee (Hm‘p'l;'m“,,
Whites 70 30 85 80 97 63
Negroes 23 27 00 977 975 54
American Indians, 85 0 9% 13 86 0
Chinese and to to to to to to
Japinese 95 60 100 63 9% 20
Asatic Indians 85 15 03 63 1 45

*A S Wiener, I B Sonn and R B Bellun, Proc Soc Erp Buwl and
Wed 545 238,1943,A S Wiener J P Zepedi ' B Sonn andH K Polivks,
J Erp Ved,81: 550 1945

Nomenclature. With the discorvery of additional Rh-Hr factors,
the relationships among the vanous agglutinogens become Increas-
wmgly complicated, and ths entails corresponding eomplevities i the
notatrons for the varous Rh Hr types When choosing the symbols
for the Rh-Ir types, rational principles of notation were applied so
that the resulting nomenclature 1s not only accurate and unambigu-
ous, but alo <erves to translate the serologieal facts into symbols
which ean he eastly manipulated both graphically and orally Thus,
no attempt 15 made to nclude everything that 1s known about a grien
agglutimogen 1n 1ts symbol, since this would entail repeated changes
1 the notation with the discovery of each new fact Rather, the sym-
bols chosen are 1n the nature of easly inseribed and spohen
mnemonices, which aid the memory and at the same time stress only
those charactenstics needed for the 1dentification of the agglutinogen
or phenotype For example, agglutinogen rh 1s defined and wlentrfied
by 1ts negative reactions with antiserums Rhy, rh', and rh” With
the diseovery of anti-he’ and anti-he”, no change had to be made i
the symbol, nstead, the defimtron of agglutinogen rh was merely ex-
panded to mclude 1ts reactions with these two additional antrerums
Thus, agglutinogen rh 15 now more fully defined as that nggl\llulogi‘:’
which gnes negative reactions with anticerums Rha, rh’, and rh",
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Taste 31
Tue Fiour Stanparp Rb Aliniic GENES

Gene Cortespond ng Agglut nogen Biood Factors Present
r th hr and hr

r th rh and he

r rh rh and hr

rV thy h and rh

R Rh, Rho hr and he
13 Rh; Rho th and hr
B Rh Rh, rh and hr
Bt Rhy Rho rh and rh

and positive reactions with ants hr and ant1 he” As was antieipated
additional characteristics of agghutinogen rh have been discovered
notably, hr, and more recently hr* It will be seen that the factor
T 15 not essentral for the identificition of ngglutinogen rh, and there
fore need not be meluded 1n 1ts symbol On the other hand smce
fictor hr* 1dentifies 4 property of only cerfan th agglutinogens 1t
does require a distinetnve symbol to indicate its presence

In table 31 the situation resulting from the discovery of the addi
tional two fictors hr and hr” 1s summarized for the 8 stindard
ilelic genes Vhen the three Rh antiserums and the two Iir ant1
~erums 1re used simultaneously, instead of only 8 Rh ty pes 1 scheme
of 18 Rh Hr phenotypes results s 1s shown in table 32 In order to
ndicate the reactions of the Hr antierums 4 new convention has to
be introduced, 25 has already been mdicated 1o facihtate the use of
this convention the names of two of the phenoty pes are changed as
follows nstead of rh’rh” the symbol rhy 1s used and nstead of
TRhyRh, the 5y mbol Rh; 1s employed Inths way 1t 1~ possible to mdr
c1te not only the results of the tests but al-o which anticerums have
been used Thus, when tests ire made using only the three th anti
serums 2 single symbel 15 used to ndieite the phenoty pe, while 4
second symbol 1+ added when tests have heen carried out for the Hr
factors as well Since ali ty pe Rhy bloods necessanly give positise re
actions with anti hr” <erum * this fact need not be indicated in the
phenoty pe symbol On the other hand to mdicate the reaction with
antt hr' the <ymbol RiiRb; 15 used for type Rhy bloods which are
hr' negatine, while the symbol Rhyrh 15 used for type Rhy bloods

* Rare exceptions to this rule mill be desenibed later
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TasLE 32

NOMENCLATURE 0t Tk 1% Rh Hr BLoop Tyres asp 36 GENOTYIES

React ons w th
L ght Rh Pheno Serum
wpes B
Ane Am Phenotypes
S s S
th + 1+ 1 m
™ s shrh
-+ ¢h th
th L+ ]+ rh th
+ | - b
thy + |+ thyth
{orrhrh ) - + rh,rh
+ | - rhyrh
- rh,th,
Rh, ]+ } Rha
Rh + 1+ ! Rum
-+ RbuRthy
Rb, + |+ R th
+ 1 - Rh Rh
i
Rbz + | + ‘ RhzRtha
(or Rh;Rhy)
- |+ Riukh
o RhzRh

Rt zRh, i R and Rirv

Destgnat on
I Correspond ng genotypes
r

rr
rr

rr and rr

ROR° 2nd R

'y R'R®and R
Ry and R

R R'R° and R'r
RR? and R

R\ Ry R RTYRR®
and R%r

R Ry and R

RERY Rfr and R

which e br po-itine Thus the first hilf of the phenotype =) mbol
represents the reictions obtuned with the Rh antierums, while the
second haif of the symbol repre-ents the reaction with the 1y wtt
~erums s «hown below there 1s generally 1 chotee of two <y mbol» to

repre<ent the Hr reactions

th or Rhq represents presence of both factors hr’ and he”

th’ or Rhy represents absence of hr’ and pre ence of hr”

th” or Rhy represents pre<ence of hr’ and absence of he”

thy or R represents absence of both factors hr’ and he”
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As shown 1n table 33 the symbol actually as igned to reprecent the
Hr reactions, 1n most but not all eases 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 commut one to a specific genoty pe, since the symbol for pheno
types and genoty pes alnays reman distinetiy e and unambiguons

Farmly Studies Studies on the heredity of the Rh Hr blood t pes
(136-142), support the hy pothess that hr 1srelated torh’, and hr”
1s Telated to rh”, as factor M s related to N Many studes have
been carried out with antt ' scrum but only a few studies have
been made usmg anti hr” serum, hecnuse the latter 15 less readily
avalable The rules of heredity cin be summarnzed as follows
1 Factor hr or hr” cannot appeir 1n the blood of a child unless 1t

1~ present m one or hoth parents

Tantr 33

SraTisric AL ANATYsta oF R R Racr 8 DATA o¥ TnE THSTRIBLIION OF THE
T4 Br Tyers s Lowoon

Rh Hr Phenatypes Number Per Cent
rh 170 15 84
th th 0 0
th th 10 093
th rh o 0
th rh 7 0 6a
thyth
thyth 0 [

M ,th

o ,th

Rhe 1" 1°7
Rh Tth 10 7N
Rbwrh 63 33 83
RE R 2 2750
Rhart 17" 1279
RthzRho 144 13 42
RhsRth; 4 03
m-,nh,} o

RhyRt

re3080 r =115 r =0SL FO =210 P1=dq05°, A1 =15"8 Pr =
041
TE s SR = 10021
VIR + VD) = 10050 per eort Vel ©) A Vibr ) =
10011 per eent

a—



78 UEREDITY OF TIHI BLOOD CROUTS

2 Parents who are rh’ negative cannot have hr’ negative children,
and hr’ negatnve parents cannot have rh' negative children
3 Smmlarly, rh” negatne parents cannot have hr” negative chil
dren and hr” negitive parents cannot have rh” negative children
Only rare exceptions to these rules have been encountered, ll pre
sumably accounted for by illegtimacy Sigmficantly, when mother
child combimations are studied, as 1n material from medtcolegl cases
of disputed paternity no contradietions to the second law are found
One recent exception to this statement was encountered by I evine,*
and evidence has been obtuned that this baby had been interchanged
with another 1t 1 foundling home
Population Studies Population studies in which Hr tests as well
2~ Rh tests have been carried out yicld data from which gene fre
quencies can be readily ealeulated Tormulae for these gene frequen
aes are derned which complement those besed on data for the
8 Rh types (¢f formula (31)-(36)) Tor example phenotype RhiRh;
meludes genoty pes R'R' and R while phenoty pe rh’rh’ corresponds
to genotype »'r

Therefore, R* + ¢’ — +4/1th,1th; + rh'th’
Simlarly R? + ” = +/Rh;Rh; + ' th

Stnee phenoty pes rh'rh’ and rh”rh” are hoth extremely rare the
followng approximations may be used

R = V/RERh — v = v/Bhdily — VI F h + Vh 38)
similrly, B* = /Rl Rhs = v/ + rh + V/rh 39

The frequency of gene B ean be estunated from that of phenotype
Rh;Rhy which ncludes genoty pes R RY, R*r and R'rv If we dieregard
the latter two genoty pes which are rare in companson to the first
1t ean be <een that the frequency of gene E* 1s densed by dividing
the frequency of phenoty pe Rh;Rh; by twice the frequency of gene
RY, 2~ given by the formulh (38) above As far as the frequency of
the gene r¥ 15 coneerned this s so low that  ssoular method of ealeu
Intion cannot be used However, the frequency of gene 77 can be
estimated from the fict that i family studtes, among Caucasoids,
approumately half the parents of phenotype rl'rh” prove to be
genotype r'r” and about half are genotype rar

“Lhe rarest genotype 15 r¥r¥, corresponding to phenoty pe rh,rhy,



e Rh Iir sysTew 70

with an estimated frequeney of about 111 100 milion 1mong Cauea
soids MeGee et 1l '™ have recently encountered such an wndnidurl
and, as might be cxpected, he was denved from a consangumeous
marnage

When the gene frequencies are estimated with the aid of the formu
I, their sum 1s found to be close to 100 per cent, 15 expected

In view of the reciprocal relationship between rh’ and hr', nd
between rh” and he” the following <hould hold

VW neg + VRe neg = 100 per cent (40)
and v/rh neg + Vhr' neg = 100 per cent [€3))

In table 33, Race’s data on the distribution of the Rh Hr types i
Tonden have been subjected to statistical analy<i< and 1t ewm be
seen that they satify the requirements of the genetic theory

Serology Ant1 hr’ serums are generally obtained from ty pe RIyRh,
mdividuals who have been ~ensitized by pregnancy or by trandu«on,
wd <mlatly, anti he” serums are obtamed from type Rh;Rh; 1 o
senartized patients Attempts to produce antthr’ and nti hr”
serums m volunteer donors by deltberate injections of ty pe rh blood
have only occasionnlly been succesful, whieh corresponds with the
chinieal oheervation that caces of hr’ and hr” =ensitization are fur
lews common thn cases of Rhy sensitization A type RyRhy mdi
vidual sensitized to ty pe Rhurh (or ty pe rh) hlood will produce pure
auts he’, hut af he 1~ ren~itized to ty pe RhyRh; blood he may produce
the two intibodies it by’ ind anti th” (When wn indnidual of the
rire type Rh;Rh; 15 1nocenvatized s seram will necesanly contun
only s ke’ ) Polyvalent antt he'rh” cerum 1< difficult to differ
entiate from pure ants he', unless the two antibodies 1 the former
hve unequal titers or rexet by different methods of te-ting Wath the
~ud of blood of the rare tyvpe RhzRly howeser, the distinction cin
cwily be made «mce <ueh blood v he’ negitine but rh” poutne
Obviously fulure to recognize the presence of ity rh” in an ants hr
reagent ean lead to the incorrect typing of type Rbzlth, blood as
RiRRh, Simululy, many antihr” reagents alo contun ants rh’,
and here blood of the rare type RhzRha 13 v luable for chminating
this possible source of error

An mmportant peculianty of antt he’” ind ants he” scrums s that
they gne n much more pronounced gene dovage effect than Rh anty
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serums  As has alrewly been pomted out fulurc to tike this mnto
account has gnen mise to errors in Rh Hr typing

Additional Rh-II1 Tactors

Tactor rhe Callender and Race'® detected the antibody for this
blood factor i serum of 7 womn who had lupus ery thematosis and
who had been immuntzed by numerous transfusions She belonged to
ts pe RyRh; and bueame <enaitized to factors hr and ™, md to three
praviously undescribed blood fictors of which rh™ wis one The
superseript W wAas chosen beewuse the name of the patient wis
Wilhs The madence of the new factor 1s relatively low only 3to 7
per cent imong Crwcisoids A striking feature of the fictor s that
all per<ons posees-ing the fictor also possess the fictor rh (Gener
ally however blood having fictor rh™ revcts more weakly with
anti rh serum than blood lieking factor rh™ ) The eistence of this
factor therefore subdivides type Rhy for example mto two types
onc with and the other without the rh™ fictor These findmgs mahe
1t necessary to merease the number of Rh allelic genes wnee m pliee
of gene R' there must be substituted two genes R™ wd gene I

proper  Simularly evidence has been obtuned for the custence of
two hinds of 7 gene namely rand r  proper 47 It 15 posuble that
genes Jt= and 7#< 1l 0 exist but 1f they do they must be extromely
rare T'inuly <tudies on the heredity of the rh” factor support the
genetie theory ¥ 1

Tactor hr Ro enbeld ot al® 5t encountcred an ants crum whose
revettons 1t first <eemed to correspond to tho e expected of ants Hee
Funly nd population studics <howed that the new scrum desig
nated wtr f by the diccoverers but to which the deagnation antt hr
has been asagned by Wicner,®! reacted with blood ¢l from all mds
viduals carrying genes r and R° and did not rect with blood from
pereons Iehing these genes

In order to wrystallize the relwionslups among the agglutinogens
determmed by the blood fictors deseribed up to this pomt numely
Rha vh’, th™, th”, hr, he”, ind hr, the Rh Hr allclie genes and thar
corresponding agglutmogens wdentifitble with the ad of anticrum~
for these seven blood factors are summanzed 1n table 3¢ A« be
ween 1t 1s necessary to postulite o mimmum of ten Rh allehc gents

A< has altrewdy been pomted out, the discovery of the e fuctor r
(qures no extenston of the series of allehic genes wmcee st merely debnes
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TapLE 34
Tiz Rh Hr Atueuic Geves IDENTIHABLE wITi AnTisErUvs ror Factons
Rhy th,sh=,vh hr hr and hr

Genes Koty Somrespond ng B ood Factors Present
r 33 th hr hr hr

N 06 h th hr

re o 00> hv ¥h rhe he

’ 05 rh th hr

™ 001 rhY th rh

o 27 Rhe Rho hr hr hr
I m n Rho sh hr
I 2 by Bho rh th hr
7t 15 Ith Rho th  hr
e 0z Rb, Kho th rh

Omutted from the tible are the genes re and £ * both presum by very
rare anlof which only a stngle fanuly with rv has 1 een foun | to date

an additiont seralogreal attribiute whick 1 shred by the two agglu
tinogens th and Rhy Ihese two agglutinogens could formerly be
wdentificd without the a1l of serum anty hr However the antiserum
docs help in distimgurshing between indiniduals of genoty pes #'r” and
rur iy serologicil mens nlone beciwuse the former are hr negatne
while the latter are hr positne Sinularly, 1 persons of type RbyRRhe
the u¢ of thts nt1 erum helps m making the distinction between
those Who do and those wha do not cirry the gene B* and this not
mfrequentls 1~ of value m ¢1ees of di puted pirentage

Ihe number of genoty pes posable with n alleles ean be <hown to
be cqund to ndn -k 1) o that the 10 Rh Hr afleles gine nise to 33
possible genotypes When all of the seven anti~erums that have heen
desenibed thus fir are v ulable s many as 28 phenotypes e te
distingusshed corresponding to the e 53 genotypes Tor medicolegrl
work the u e of wti crums for fictors Rhy rh', vh”, and he 13
standrd practice while the lewwrexdily avaible anti erums antt Te”
anti rh* wnd ant1 hir are used only 1n 2 limated pumber of Inborators~
Thble 33 15 a systemtized tabulition of the phenotypes which ¢
be dentified according to the reigents uwd, together with ther
corre~ponding genots pes

Tactor hrv In 1%6 DeNatale et 13 encountered an antierum
for ~tll annther fictor of the Rh Hr «ustem Thia fietor proved to
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hie an nerdence of approvimately 40 per cent among \frcans
27 per cent n \ew York Cits \egrowds, and only about G 5 per cent
imong Caucasoid It was noted that all indniduals pos e 1ng the
factor were ateo earrters of the gencs 7 or £* or hoth o that whenever
the new factor named ¥ 1s present factor hir was al o present Thus
this factor bears the «ame relation hip to factor he that factor rh”
bears to factor rh For this reason 1t 15 propaced to call this factor
brv Dudently i Negroid- there are at Jeast two \aneties of gene r
wnd gene R® maimely gene r* and gene r proper , and gene R and
gene R° proper respectinvely The uee of ants hev serum increases
the number of phenotypes that can be di tingw hed and appropriatc
nmime for the e cin readily be devi ed

Complenties of the Rh, I'actor and Ascocrated
Factors

0ld blood su penstons generally give weker iglutination renc
tions than fre h blood <uspen<ions I ven when fre<h blood exdu nely
1s te ted vamations m ntensity of the reactions are encountered
dependent on the mdividual s blood type For eximple as alreidy
pomted out blood cells from homozygous mdirduals not infre
quently give more mten<e reacttons than blood from heterozygous
indinviduals the ro-called gene dose effect In addition group AsB
cells renct more weakly than A cdlls with anty & <erums ind type
1th, cells react more weakly than type rh’ cells wath anti rh <erums
This suggests that the A B O and Rh Hr agglutinogens are each
formed from a <eparate substrate and the pre ence of other «tructures
in the 1 glutinogen molecule may interfere wath the agglutmability
of the ll eg the presence of fictor Rhoin type Rhy cell mterferes
with the rh Zantt rh reaction and the presence of rh= <till further
reduces the ag lutinabilits of the cell by antirly  Acde from uch
phenomena agglutinability may be affected by minor v writions
the «tructure of the agglutino.en molecule it<elf ¢au ing corre pond
ing munor changes m the blood factor~ <uch a< m agglutinoen 4
\; and A: agglutinogens \ and \, ete Sumtlr vamations n ti¢
Rh Hr agglutinogens especally those myolving factor Rhy, will now
be du cus<ed

In 1944 Wiener™ <howed that there were cert un blood specimens
which give weak but di tinet reactions with certamn of the Rk ants
<erums The-e blood spcamens appear to oceupy a postion 1nter
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mediate between negatuvely reacting bloods and tho e which gave
sharp positive reactions Tamily studies mdicated that thr dury ta
wtic 15 hereditary tnd because of this and their scrologi 2l beho it
these types were designated as ntermediate Rh types and th
genes called ‘ mtermediite genes Of the various intermediite Ri
Hr vanants the Rh, vanants designated il are the most import 1
Aswill be seen recent myestigations confirm the impression that 11
Rho frctors hold a specal central position n the Rh Hr system
Factor 9ihy The so ealled f ictor Siha aetually comprises a group f
frctors giving reacttons of mtermediate intensity with anti Rhy <ere
and the ymbol 9he has been used for the entire group of varint
Blood speeimens which react typiedlly with most antt Rh serum
but give shghtly werl cr rexetions wath a number e hnown 1 high
grade vartints while tho e on the other end of the seile rewting
const tently weikly with all intr Rhy, serums are low grade v arnints
Most of the vanants grve simlar reactions which are dharicterized
as follows In salme medie, they ful to reiet vath anti Rh <erums
even with those contunng potent antt Rhy agglutmuns They fre
quently but not always reict with unnalent Rha anticerums by
the conglutination method They almo t always reaet with <uch
<crums by the fiemn technique and charactenstiendly react with such
serums by the ant: globulin techmque «lthough the avidity and titer
of the reactions are generally lower than for typieal Rh, po itive
bloods Interestingly the bloods of chimpanzees gie reactions re
sembling those of high grade Rhq varwts
In 1915 Wiener, Un,er and Sonn'® powted out that Rl varnnts
are relitiely rire among Crewsads and occur more frequentls
among \egroids \oreover 1t has been found that the fictor %y
Ithe the factor Rl mty oceur alone or together with rhi rh”, or
both To account for the ¢ findings the euistence of at lea t t‘hrce
anar o qgs
nely
. had
been de ignated as type th or type th” were actually tipe by or
%h re pectively An extensive study on this question was eirned out
by Ro enfield et al ™ on = erte~ of white lood donors m New York
City The 1load <pecimens were first te ted with saline igglutinating
anti R ants rh, and At ¢h” <crums and then all appirently
Rh negaine 1loods were tested for Rh varnte wing the antt
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globulin technique It was found that of 161 sceming type th’th s
many 1s 72 or 44 7 per cent were actually type Shyrh, of 92 <ceming
type th”rh as many s 19 or 20 7 per cent prosed to be type Sihorh
while of 628 sceming type rh only 3 or 05 per cent were actually
type $hhy These results mndicate that among Caucasords of the three
postulited additional rare alleles 9 1s the most frequent 9215 next
in frequency while R 15 by far the rarest
These findings argue agunst the 1dea that the existence of the Rhy
varants 1s duc to one or more modifying genes for unless such genes
were completely hinked to the Rh Hr genes the distribution of the
Rhy vanants would be expected to be largely independent of the
Rh Hr types A disturbing finding 15 the not infrequent occurrence of
mdnduals of type RhyRh, whose blood cells give weak reactions with
antt Rh, serums resembling tho e of high grade variants By family
studies Ceppelim®™ has <hown that these persons are alnays of geno
type Ry and that in other type Rh; mdividunls in the same family
such s tho ¢ of genotype Ry the bloods give retctions of typical
Rhg postnnes Ceppelini therefore belieses that the r gene in those
famuhes has a special modifying aetion which 1s re~ponsible for the
weak reactions ot tuned with Rhy antiserums with the red cells of
such mdniduals Tevine et al ™ have recently reported « large
pedigree confirmung Ceppehint s hypothe 15 aud stmilar ob ervations
hive been made by Wiener
The practical climeal importance of the Rl vamants 1s that
tran<fusion of such blood to an Rhy negative individual may g
11 ¢ to <en 1hization to the Rl fictor As will be discussed Iater on
m greater detal 1 few Rhg po ttive mdividuals have |ecome <enst
tized to a fictor related to the Rho factor
Nomenclature The difference between factors Rhy and %ihy 1~
not on the same pline as the difference among Rhy, rh ind rh”,
ilthough both are of a qualitative nature Thus although the rexe
ttons of factor Rhy include all of the reactions of factor Tih, the rever
1s not true <mnce Rh, sharcs only <ome of the reactions of Rho Vorc
over the difference between Rhy and %l 1s not on the same plne
26 that between rh’ and rh¥, beciuse while serum for rh does not
senct with el ceru for e aluans cetets wih Rby, Type th mdt
uduals mmumzed with tspe Kl blood produce ants erums which
trhe ordinary ants Ith, ~erums reict more strongly with blood having
the [ty factor than thowe contumng the by, factor Thus 1n the
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case of factors Rhy and thy, the distinetions made are not those of
sharply differentiated blood factors, but among members of a graded
<enes of related factors To indicate thys 1t <eems more appropriate
to change the type face of the capital R to Germame capatal ‘R than
to com a new symbol As will be pomted out, there are also varmants
of the Rhy factor which react more strongly with anti Rh, serum
than does ordinary Rh, positive blood To ndicate this the symbol
of these Rhyg vamants 1s changed by using 4 capital R with a bar
merit R

Vanants of the factors rh’ and rh” also have been encountered
and 1 the past the cu~tom hns been to enclose the prime <ign and the
double prime sign 1n parentheses to mdicate such varants Like
bloods with yarants of factor Rhy, bloods with vartints of factors
th’ and rh” are rare

Factor Rh, In 1950 Race, Sanger and Selw yn'™® found mn the serum
of the mother of o baby who died of erythroblastosis fetalis an anti
body which clumped 1,100 consecuts e blood specimens, but failed to
clump her own cells The mother s red cells prosed to be vnique
that they reacted with antt Rbg serum but appeared to lack hoth
factors of the pars rh' e’ and rh” hr” To account for this obser
ation, the ¢ investigators postulated that  deletron had occurred
m the Rh ¢ chromosomes"”, and asserted that the genotype of the
mother was ~p /-D- {ef page 97)

The following mterpretation appears more consistent with estab
lished <erologseal and genetical prinaaples As Race et al noticed 1n
addition to the pecultanties mentioned above, the red cells nere
agalutinated n <aline media with antt Rl blochmg <crum which
fuled to clump ordinary Rh, potive cells under identical conditions
Thus, this mdinidual had an agglutmogen smulir to agglutmogen
Rho, but differing in 1ts higher rerctinity with anti Rh serum *° It
13 this property which we conuder the fundimental charactenstic of
this agglutinogen, due to 2 modification in its chenueal structure
which inereases the reactiaty with antt Rhy, serums, and stmultane
ou ly crowds out the «ite of reactivity with all ant: Hr <erums This
new type of antigen we therefore propose to destgnite * super” Ithe
md asign the symbol  bar® Rhy (or Rh) to ats blood factor
Corresponding te agglntmogen Rhs the existence of wother allehe
£ene J2°15 pastutated

The existence of gene 4,° en g e re ta contradichons 10 the rule
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that an rh negative pirent cannot have an hr’ negative cluld and
wn rh” negative parent cannot have an hr negative chuld, and this
must be tiken into account m the medicolegal apphications of the
tests lor example 1 mother whose genotype 15 R 2 and who 13
therefore hr negatine could have 2 elld who 15 rh negatne For
tunately the gene B° hetrays 1ts presence, cven 1n its heterozy gous
form by the agglutinition of the mdividual s red eells with unnvalent
witt Rhy serums 1 saline media In practice such eases will rarely
otcur becwuse of the extreme rarity of gene £° but the medicolegl
«ypert must be aware of this posability 1f sersous mistahes ire to b
avarded

The gene B wd 1ts corresponding ngglutmogen Bh wall prob bly
prove to be the prototype of + whole scries of such Rh Hr genes wd
corresponding gglutmogens  Thus  corresponding to the 1unnts
Nhy Wy Ub: ete one myy nntiepite the custence m addition to
Rhy of Rhy, and Rh  the latter bemng charactenzed by their super
Rhby factors In fict Guneon wnd Donthue® huve found an ndi
vidual of type Rh™ who by finuly studies was shown to be homory
gous for 2 new llelic gene which may be dewgnated as i His red
cells Tiched the four blood tactors rh he rh” and he”

Lhe fexture of both blond specimens Rh, and Rh™ which attricted
the attention of the discor erers was the simuit ineous absence of both
fictors of the purs rh hr and/or rh” he” Accordng to the mter
pretation proposed here this 15 to be expected m any mdnaduil
homozy gous for n super R® gene Such mdisidunls are estremely
rure and at 13 therefore not sorprimng thit an both eases they wert
the products of concangumneous marrnges o detect the more com
mon heterozygotes advantage should be tahen of what we regrd as
the more fundimental charactenistic of theee agglutinogens namely
their lugh agzlotmabibty with ants Rh, <erums Ordinary Rh Hr
typing would not detect these carners of 4 super RO gene since the
other gene of the pur determining the genoty pe would proside re
aetions for each of the fietor purs ' he’ and rh” he”

Theoretical Serological Conaiderations. Up to the pro ent it
hns been mpo sible to demonstrate concluasely the existence of
antt Hry, although theoretically there xeems to be no reison why 4
factor beirng the same reciprocal relitionslup to fictor Rl that
factor hr' has to factor rh’ and factor he” hs to fictor rh” +hould
not st A possible explanation for this may be found i the following
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wlys, based on the hnown ficts concernmg fictor Rt and its
vanants 9the and Bh,

It has already been pointed out how the presence of one structure
of factor 1n the Rh Hr agglutinogen molecule mas interfere with the
des clopment of other Rh Hr factars, 1s judged from the <erological
reactions Sumalarly, 3t might be anticipated that the more prominent
the structure responaible for the reactions which are obtuned with
antt Rhy serums, the less prominent would be the hy pothetical Hry
factors On this bacs, the following chart may be deawn up

AgMut nogens Anown Rhafactors  Hypo et at liry
th sh rh ete none Ure
Jhho 9tn 3h ete by ey
Rh, Rh Rh= Rhy ete R, Bre
Rhy Bhy~ Rh, none

It will be seen that the varntions of the hypothe ticel Hry factors
are indicated by chinging the ty pe face of the capital H 1 the symbol
1 conformity with the sy mbols used for the various Rh, fictors As
15 well known Rh, antibodies 1re readily produced by per~ons laching
the Ithy f1ctor Until recently no ease was hnown of Rhy wtibodies
bemg produced by mdiniduils powsessing the RRh, fictor However,
mstances of the production of anti Rhy by per<ons hiving the rre
Jthy yanants are now well documented though such eases are quite
rire It i~ postulated that the difficulty encountered 1 finding anty
Hr, up until now has been due to the fict that 1t has been <carched
for 1 mdmiduals homozy gous for the ordinary Rh, ficter, such s
persons of type RiyRhs s <hown by the chart, however if the con
cept proposed 35 correct such persons have 4 varmt of the I
factor and therefore would not be apt to re pond rewdily to myections
of Hro positive blood The only mdnidunls who might be expected
to form this antibody readilv would be those homozy gous for 1 gone
determunmg an agglutinogen having the Rh, factor <ince only such
mdniduals would be truly Hry negatine 1ccording to the hvpothesis
In fact, Buehanan and Melntyre®? found mn the serum of lus subject
an antibady which aggltnated all Bloods tested except his own A
<l ir anttbods was found by Gunson and Donahue m thewr BB«
mdnadaal and sigmfictly the bloods of the °R* per~on and the
ReE= peran proved to be compatible Thus 1t s khely secording
to this hypothests that the antibodies m both nstances were of the
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«pecifierity anti Ire Since the anti Hr, described heie reacts with the
blood of all persons except those homozygous for the rare super R?
gene, 1t 15 quite different from the ant1 d postulated by Fisher and
the hy pothetical ant1 Hr, of table 30

Factors Rh*, Rh?, RhC, Wiener and Geiger'? ™ studied a
case of erythroblastoss fetalis in which the mother was Rhy positne,
and yet her serum contamned an antibody giving all of the reactions
exvpected of ant1 Rhy except that 1t failed to clump her own cells The
retctions of the mother’s cells mndicated that they did not merely
contamn an Rhy variant, as m the case reported by Argall et al'®
Moreoyver, serum from Argall’s ease elumped the eells of Wiener and
Geiger’s patient and comversely Rosenfield et al % myestigated
another case, similar to that of Wiener and Gerger, but agamn eross
mtchmg of the blood specimens proved the antibodies mvolved to
be different To explun these observations Wiener suggested that
the blood of Rh, positive mndniduals have associated with the Rhy
factor, a series of factors Rh#, Rh?, ct¢ In certain rate mdinadualy,
one or more of the awociated faetors may be missing and such indi-
viduals can be <ensitized to the missing blood factor Since “normal”
Rh, poutnive bloed has all of the factors Rh*, RhB, Rh€, ctc, ant
Rh* serum, for example, 1s mdistingushable from anti Rl serum
except that 1t fals to agglutinate blood cells of rare indivadunls lach-
g the factor RhA If this hy pothesis 15 correct, 1t would be expeeted
that ordinary anti-Rh, <erum eould contain o muxture of the anti-
bodies ant: RhA, ant1 Rhe, anti Rh© ete Indeed 1t was found
that when ant1 b, <erum was absorbed with cells of type RbS &
fraction of the anttbodies remaned wluch gave reactions correspond
mg to antt Rht

To designate those rare Rh poutive bloods which lack one of the
associated factors RhA, Rh®, an appropriate symbol ndieating
which factor 15 absent 13 used Tor example, a type Rhi mdnidual,
Yike the mother of the ery throblastotic baby studied by Wiener and
Geiger, has factor Rh, and all its tssoesated factors except Rh*
Studies’®® on a large <ertes of Caueasords showed that Rh poatie
bloods Inching factor Rh* are extremely rare, but among Negroids
as many as onc out of 200 Rh-positnve persons were found to ek
factor RhA If, as seems reasonable, the aty pical blood ty pes desertbed
are prototypes of a series of bloed types yet to be discosered, 1t be
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comes necesaary to postulite the existence of additional rare alleles
m the Rh Hr series of allelic genes such as R, R« R» R®
ete Tortunately, these genes, 1f they exist at all, are extremely rare
<0 that these new discoveries will have little effect on routine Rh Hr
typing

Additional Complezities of the Rh-Hr Ty pes

Just as the Rh, faetor has 1ts varinnts, <o 13 there evidence of the
eustence of rare Vanants of the other Rh Hr factors Switable termy
nology for designating vanants of rh’ and rh” has already been ndi
cated, and similar symbols ean be deviced for the vamants of the
other Rh Hr fictors However, knowledge concerning these rare
variants 18 hmited, and 1t 1s best not to let the symbols get ahead
of the facts, or changes 1 terminology may become necessary hter
on and lead to confusion

An antibody has been éncountered for the rare blood factor, which
Jike rh*, occurs only m assoctatron with rh' This antibody ' may
be designated antt rh* so that at least three <harply defined ty pes of
Rhy agglutinogen exist namely, Rhy™, Rhyx, and Rhy  proper  the
latter being of course the most common oreover, 4 rare factor
hns been discon ered which occurs only m association with fictor rh”
This antibody™ may be deugnated ant: rh™2 to distingut h 1t from
the antr rh* <erum for the factor associated with oh'

A final complexity may be mentioned and that i< capaaty of Rh,
negative individuals senatized with Rhg positive blood liching the
rh’ factar, to produce antiborhies which react with type rl’ blood
which Iacks the factor Rhw W ller et al * ohtained one such <erum
from an immumzed donor which reacted with almest equil titer on
ty pe Rhy 1nd ty pe rh’ hlood and could he absorbed completely with
either Thus f1ctors rh’ and Rha appear ta have at least one factor
m commen, and this has been desighated rh® by Allen By testing
anti rh® serum gamst the red cells of indiaduals of type th Allen
encountered one rare blood which rexcted with the serum, and this
waa therdfore dewgnated as type th® Wiener has pointed out the
analogy between type rh® blood and group A, 1oad, eince the Iatter
m ordiniry tests rects like group O blood, but 14 agglutinated by
<crum from most group O mdividuls which contam ant1 €

In conclusion 1t 1~ evadent that m addition to the 10 standnd ’
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Rh genes r, ', 72, 7", rv, RO, R, B', R?, and R, 1t 1s now nccessary
to postulate additional rare alleles ¥, r9, R%, R%, R%® R, B0, R,
RE®,  R“, R, R% R%  ctc

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

Historical Background. While in this review, Wiener’> Rh Hr
nomenclature has been used exelusively, those who consult the litera
ture will find that the majority of the articles use the Ficher Race
C-D-T; notations, either exclusively or in combination with the
Rhb Hr nomenclature Therefore, 1t 1s necessary to explan the ¢ D-I}
notations and the concepts on which they are based

I'isher’s hypothesis as presented by Race™ m 1916 15 summanized
m table 36 This table was explamed by Race as follons

“Lighteen months ago we reached this stage m agreement with,
but ndependently of Wiener Wiencr lacked the very great help of
Stserum (Ld Vote 5t<crum 1s the anti hr’ serum of Race and Tay lor
desenbed on page 71) We brought our notation into lne with
Wiener's In January 1944, Fisher examined table 37 and noticed
that when a gene was positive with S 1t was negative with v’ He
<upposcd that the antigens discloced by these tnwo sera were due to
alleles, and the<e he called C and ¢ To the antibodies he g e corre-
~ponding Greek letters, St becommg v, and 74/, T He considered
that the antigen recogmzed by anti-Rke which he ealled D had an
allele d, and the anticerum for which was yet to be found The intigen
recogmzed by ant1 A" he ealled I and the serum he called H The
antiserum for the hypothetieal allele ¢ was also to be found

“In other words, there were three tightly Iinked loei on the chromo
some responstble for 2k, mahing eight posaible eombinations m 2
chromosome (table 37) Briefly, Mourant found #, and the
ant1 Iy described by Waller and Levine® has the reaction predicted
by Tisher for 5

Shortly after the original report’™ describing Ticher’s hy pothess,
Cippell’™® suggested that nstead of wang Greeh letters for the Rh Hr
antibodies the deugnations anti C, anti-D, anti-E, anti-c, anti-d, and
antt ¢ be used This modification has been adopted by Freher and
Race.

Summanzing, Tisher postulated three purs of contrasting genes,

«1In a footnote, Race adds * This apparent agreement has mnce beent

clumed By Levine to be due to a ty pographeeal error in s dwn piper "
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Genes |
o | | Present ‘ I
i | Mgt | e }
Ih [ I (#9273 | +) (=) i+) i+ ‘ ) [
' r o |coe + - + =)
Ithy | o LCUF + - - + +) =
Rh r e + - - - i+ +3
Rhe  E | DF + + A
Iths I e - + + - =) ‘ 4+
e 1t - + - + + -
vh e - + - - om0

which determine corresponding purs of yelutinogins € ¢ D-d and
I+ respectivels The correspondance between these symbols and
thowe used by Wiener i~ shown i tible 35 It will be ~ecn that Fi her
treats 2 a gene or agglutinogen what Wiener con iders a blood f retor
or only one of the multiple serologil attnbutes of 1 gven yzlu
tinogen \o clewr distinction among gene blood fictor and agglu
tinogen 1~ made m the Race Tisher theory, wnd the three terms are
u ed mterchangeably  According to 11 her, the three gune purs Cc
D-¢ and I -¢ are 1ssumed to be clo ¢ly hinked within the same chro-
mo-ome Thus, eight  chromo~omes’ are possible eorresponding to
Wiener » eight  ~tandard  allelic genes, as <hown n table 39

As has alrewdy been pointed out the concept of inked genes had
earlier been considerad by Waener and i proved and diseirded (¢f
page 63)

o
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TaBLE 3%
CORRESPONDENCE BETwiEN T1SHER 8 AND WiEvLk 5 SYMBOLS FOR
ELEMENTARY ANTICEAS

F sher s Genes or Agglut nogens % ener ¢ Blood Factors

th

hr
Rho
(iry)*
rh

hr

S mRps A

* Hypothetical Wiener now uses thissymbol 1 a dffferent sence (ef page
0)

TABLE 3)

Cosrartsov oF Titr Frsner Race T1INKED GEYE HYpornests asn WIENER S
MurTiire Avikir THLORY

Frsher Race

W ener
Chrom »omes

—_—— | Corre-

F ohers ‘ Short | Correspond n ant zens|  Gures onnE Blsod fa tors
symbols | S8 nogens

et or ¢ lande » Lth |br andhe
Cle I3 € d wde r ' th |rh and he
«dE 3 d and / r o |rh and he
e R (4 mdk ” th jrh andrh
eDe Re e D ande Re Rbo  |Rhy he and he
CDe 1 € Danle I3 Rh {Rh ¢h anibr
D R: D and F " Rh;  |Rho rh wmthr
(nF R | €D wmiF I Rthy |Rho sl wnlch

* For compactness use 15 made by Fisher and R ice < f symbols which thev
designite shorthund  ts Rice points out, these are based on Wieners
onginal «ymbols However tle xame Rk shorthind  <ymbols arc u el Fv
Fisher and Race for both genoty pes and phenoty pes

Actunlly, there were three predictions imphat 1 the Trsher hy
pothiess, namely, that wtibodies of <peefiuty antid and anti
would he found, and that cro~<sing over would be encountered among
the components of the tightly hmhed gene complexes Of these three
predictions only one has been realized, namely, the discovery of
antie (ant1 hr”), a3 has been decnbxd dlsewhere (f pige 73) 1he
\artous claims regarding the discovery of antid (anti IMee) could not
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be confirmed, and as Race and Sanger state these may have been
examples of ants f (ants hr) In any event anti-d 1s not avalable The
anti-Ilr, serum described on page 89, 15 quite different from the
antid serum concerved by Fisher

Crossing Over. If erossing over could be shown to occur among the
postulated parrs of Linked genes, as proposed by Fisher, this would he
important evidence 1n favor of his concept In actual practice, how
ever, thrs has never been obwerved * But, if the genes are assumed
to be closely hnhed, crossing over might oceur too rarely to be de
tected by farmly studies Fisher™ 16 suggested, m support of his
theory, that the ranty of crossing over actuallv accounted for the low
neidence of the rarer genetic combinations n the population For
example, 1 Caucicoids the leo~ common “chromosomes” eDe (R°)
Cde ('), edlZ (+*), and CDE (R’) were postulated to hate ansen from
the more common “chromosomes” CDe (RY), eDE (BY), and ede (r)
by crossing over For example, by rare erossing oser, per<ons of geno-
type CDe/ede (R'r) could produce the gametes Cde (') and cDe (R?),
similarly, eDE/ede (R%r) indiniduals could rarely produce gametes
¢De (R®) and ¢dE (r”), while persons of genotype R'E? could produce
gametes B and B (f fig 3) Smce every time ¢/, r” or I’ could
anse by ctossng over, R® would also be formed, the relationship
R® = ¢ 4 " + R* would be expected to hold Moreover, “chromo
<ome” CdI7 (rv) could arise by crossng over mamly from the rare
genoty pes Cde/cdl” (r'r”) and CDE/cde (R'r) <o that the frequency
of gene rv could be expeeted to be extremely rare according to Ficher’s
hy pothe~ts In Mongololds, where ‘chromo-ome” ede {r) 15 virtully
abeent, the original chromosomes were postulited to hate been
CDe (1Y) and eDE (R°), 5o that from mdisiduals of genotype R'R",
by rare erowtng-over, gametes B and R° could be expected to result
1 equal numbers

In the onginil studies of Race et al on 2,000 Inghi-hmen (cf
table 40), the prediction seemed to be fulfilled, since the estimated
frequency of “chromosome™ J2® was 2 57, while the sum of the fre-
duencies of “chromosomes” ¢, 7%, ind B w128+ 073 + 022 =

*In 1950 {awler,” in & study on the heredity of the Ith Hr blood ty pes
eommenteill  \oexample of crowing ovee bas been toun Lin families tested by
this Unit, nor do we hnow of any certan pxamples foun 1 elewhere The
worh done by Dr Alexander Wiener 4 Isboratory and thie Unit has eatat hished
with certainty the manner of inhentance of the allelome rphe ol s .
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Rr-RY  Rb—R  RRLRE
/o R r /R
4 o
0 s D J D 0
¢ c ¢ c c c
e e e £ £ e

Fic 3 Ficher 8 Cross over Hy pothesis

219 which 1s 1n revsomable agreement with the prediction In addi
tion the report by Wiener et ul on Vexicin Indians (ef talle 40)
mn which the frequency of the 20 chromosome was 5 8 per cent and of
the I chromosome 33 per cent was also conudered to te m
re1 onable agreement with the expectations Subcequently, the results
of ndditional anthropological i estigations became available and 1
number of these are summanzed n table 40 s cin be seen the mitil
satisfactory agreement with the hy pothe 15 hs not heen muntamed
1n other populitions o that as Race and Sanger state m thar book
n 1951, 1t 18 posable to pick results strikingly n favour of the
crosaing over iea—and strihingly apanst it ?

Fisher and Race have earnied the dea further by estimating the
distances between the hvpothetical hoked genes CD T, from tle
ratio of the frequency of each rare gene to that of the genoty pe from
which 1t was postulated to hase arwen Based on the ealeulrtions for

f

st

)
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when the same cilculations were applied to other populitin ~ |
relation<hip no longer held One of the scrrous weaknewse o i 1]
caleulations 1« thit no allowance was made for ngglutinoge i~ 1 1
tenzed by Rho vanants or varnts of other Rh Hr factor

Additional esidence considered to he m support of the the iy
linked genes and of the arrangement D € L was the discovarn
blood spectmens has ing fictor Rh, (D) but Iehing both membe:
the pairs C ¢ (rh’ hr') and E ¢ (rh” hr”) The<e bloods werc de 1.
nated 1s D /D to indicate that o deletion of the genes € ¢ il
E e from the chromosome hid occurred The similar exumple 1
Gunson and Donahue (ef page 88) m which the members of the pn
th” he” (I ¢) were missing has been designated DC<~ DC*— Onr
own explanition for this situation namely the evstence of addition
alleles determiming agglutinogens with super Rhy factors which erowd
out the reactiaty of other blood factors 1> more m Iine with obeery 1
tions in other blood group <ystems such as the M N S types where
rare blood sy huve been en ! which lack the blood
fictors S4 as well as U In this Iatter siturtion postuliting the
extence of an additional allele has proved 4 satisfactory <olution to
the problem without the need for hy pothemzing the oceurrence of 1
deletion 1t o chromo ome Furthermorc i Drosophily for example
luge deletions are lethal while small deletions are viable only m
heterozvgous form In general deletions produee marked phenoty pie
modifications yet all indisiduals encountered to date who are ho
mozygous for the <uppoed deletions D and DC=— have been en
tirely normal

The discov ery of factor hr (f) made the s f1ctor <1x gene by pothe
<15 completely untenable Thi fictor, as presiously expluned occur<
only 1 persons hearng the genes R° and/or r The original explnt
tion, namely thit thes fietor w1s present when ¢ and ¢ were present
on the sanie chromosome but w 12 not found when they were present
together but on different chromo omes, the w0 called po ition effecs,
w15 later changed to the postulation that 2 fourth locus existed
closely relited to the € D E loct and occupied by a new gene par
Ff with antt F yet to be found [It may be panted out that the
potulated serum ants £ would be most difficult to recognize <mnce 1t
<hould give rexetions corresponding to the polvy lent scrum ant
rh'4-rh” (it CHF)] As 2 result, the ssmbols for the vinous
¢ chromo~omes  had to be changed, ~o that for gene r the corrmpn{ld,\
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g chromosome becomes deef © = dCeF +7 = deEF RO = Decf
ete

Lo date no position within the four sets of inked genes has been
assigned to the gene corresponding to the factor hrv or V discussed
on page 81 and similarly no provision has been made 1n the scheme
for factors Rh* Rh® RhC

Vith the lack of evidence for crossing over between the varous
postulated gene pars Dd Cec Le and Ff Race has mvohed the
concept of complete hnkage This latest nlteration 1n the theory
makes quite mevungless the concept of hnear arrangement <mce
operationally the linked gene theory thus becomes identical with
Waener s theory of multiple alleles making the substitutions edef =
r Cdet = r ete The populations in which the relationship R =
R 4+ r + r” appears to hold <o well strongly suggest that Fisher
suggestion that m Ciucasords the more common genes B R?and r
may have been the omginal genes may be correct Ifowever the
rarer genes ' " R and rv probably aro ¢ not by crossing over but
by mutation If mutation occurred 1n steps as seems likely thts could
account for the intermediate genes corresponding to the varous
Rh Hr vanants which are not taken into account by Fisher s original
hypothesis Simtlarly m Mongolowds the ornginal genes appear to
have been B and B2 m Negroids the onigmal genes appear to hne
been prineipally R° with some R and B accounting for the relatively
high neidence of Rh, vanants m such populations

The C-D ¥ Notations T'rom the foregomng 1t 15 clear that the
C DT notations differ fundamentally from the Rh Hr nomenclt
ture 7

1) Impliest in the C-D T notations 1s the concept that each Rh Hr
agglutinogen h1s but a single blood factor with a single corre pondirg
antibody making 1t unncees ary to mahe any distinetsion between
blood fictor and agglutinogen For example mstead of the egglu
tinogen Rby 2 st of four agglutinogens € D ¢ Fas i uihized s
has Feen pomnted out however a fundimental principle m unmu
nology 15 that antigens have multiple corresponding antibe dies and
thus are charicterized by multiple <erologteal fictors Ihis appled
not only to the agglutmogens of the human blood group but alo
to the blood groups of cattle foul mce and even to the wntigens of
Dactena and viruses and sol ible protemns 1he Ith Hr nomenchture
sith 1ts distinetne type faces for agglutinogen and blood fictors
auntomatically allows for thes fundimental <erological reahity



THE Rh Hr svsTEM

2) The C-D E T notations are baced on the eoncept of nter
of the agglutinogens 1n uniform sets of three or four 11 the ¢ t
F f parr 15 ineluded Actually, the number of serologicalt + r <
chametenize an agglutinogen 13 almo t unlimuted bhecau ¢ or ti
plex character of the reacting <ite-, and thus vares from ag | 1t
to agglutinogen, as studies on the Rh Hr agglutinogens ha o |
(f table 34) In thisre peet, the Rk Hr nomenclature 1 more 1+
realistic

3) The Rh Hr terminology takes into account the exr tenes 1
only of sharply ferentiated blood factors but al o of graded wen
of related blood factors, the latter being mdieated by viniang the
tipe fae, as in the case of the Rh, vanants The C D E not tun
treats the tno caces in the <ame manner \s a result while the bisod
factors €, €+ hve their correeponding speeific antt erum anti ¢
anty C¢, eertam vanants of Rhy are indicated by the analogou ~vmbol
D even though there 15 no corresponding ant1 D+ serum

1) A logieal <equel of the concept of a one to-one correspondence
between antigen and antibody 1~ the mterpretation of certain <erums
s contmming  Imked * antibodies ' * For example n the ¢ ¢ of the
1 B O system the anti € antibody had to be devignated antt 1+B
even though the more rea~onable nterpretation of the reaction of ~uch
antierum 13 that 1t identifies an addrtronal <crological factor of the
red cell , namels blood fictor C Sinularly m the Rh Hr «vstem
finked antibodies anty C+C=, had to be po tulited to explun the re
actions of it ¢h’ <crum with bloods Ithy (DC<el) as well 1
Rh; (DCeF)

5) The C-D' 1 notations pretend to indscate 1 the ymbols Ul of
the reactions of the red cell and are therefore pre-umed to be self
esplanatory The Rh Hr nomenclature makes no attempt to mehude
all the <erological attributes of the agglutinogen i the <vmbol
which mutesd are the nature of «umple mnemontes 1 has lredy
been expluned Of interest, are the contrasting effects on the <vmbol
of the di covery of antif (ant: br) and anti ¥ (ants hrv) <crums
While the Rh Hr <ymbol of gene r remained es entially unchanged
the corresponding C-D T «ymbol ede had to be expanded fint to
lef and then to adefo Moreorver it has prosved impo- 1ble to expind
the C-D L notations to heep abreast of the newer di (‘0\(‘{)(‘; ~|;rh
as A, R c Tnstinee® wbere the die
2 0 R T e T S s o T b e
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certain factor> have been included 1n the notations even though the
factors have not yet been proved to exist, as m the case of d and F '™

6) A serious difficulty with the C D E F notations 1s the Itck of
agreement 1 the use of thee symbols by different workers This 15
particularly true of the symbols for the varous phenotypes For ex
ample,®® the phenotype Rhirh has been vanously dewgnated s
CcDee, CDe cde (+++~), (++—+), C+ e+ D+ E~e+,
DCe/—ce DCeF/deef, C(A+ B+),D(A— B+) E(A— B+) F(A+),
ete ete

7) Instead of reportmg phenotypes many workers who use the
C D E symbols report  most hikely genotypes’ In fact, the phrace

most lihely” 15 frequently omitted and genotypes * are reported
based on serological tests alone This procedure introduces significant
statistical errors, and i o number of mstances has resulted m confu
«ton As has already been pointed out the Rh Hr nomenclature has
distinetive <ymbols for phenotypes ind genotvpes which auto-
matieally avoud thus prtfall

The Commttec on Medicolegal Problems of the Americ in Medial
Ascoctation has prepared a report'™ on the medicolegal application of
blood grouping tests m 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 conyention
can be agreed upon the ongmal Rh Hr not 1tions be retamed as the
standard and <ole nomenelature for the prepiration of approved
medicolegal reports on RRh types ™ In vien of the facts which have
been pre<ented here 1t would appear that this recommendation ~hould
now be extended to melude the applications of the Rh Hr blood types
1 chnieal mediemne and anthropology

In conclusion 1t 14 necessary to retterate that the essentnl differ
ence between the two concepts 1+ on o ~«crologic 1] and not 1 genetie
level Blood grouping 1 2 subspecialty of immunology and while 1
knowledge of geneties 1~ helpful 1t 15 only of ~econd iry importance
for mastery of the field The linkage theory completely evades the
fundamental 1mmunological concept of the differctice between an
agglutinogen and 1ts serological attributes the blood factors and
therein lic the pitfalls of the C-D T notations Thus, the 1ssue at stahe
15 not merely o choice between two nomenelatures, but the accuracy
1n reporting scientific olrervation



CHAPTER VI
The Kell Blood Groups

In 1946, Coombs et al %2 encountered an antibody 1 the scrum ¢
the mother of n erythroblastotic baby which gave reactions un
related to 1ny previously deseribed blood group sy <tem The pitient s
serum clumped the red blood cells of approxmmitely 7 per cent of !
pereons tested L he blood factor detected by this antibody was named
Rell after the patient Wiener wd Gordon'™ independently dis
covered in the <erum of 1 patient who had had a hemolytic transfu
<1on reaction an antibody which reieted with blood simple< of 129
percent of mdniduals tested The factor was named Si after the
patient and in family studies was found to be mhented as a simple
Mendelian d apparently nd dent of the ABO, M NS
P, and Rh Hr blood types Comparion by Mourant™ of the two
antiserums antt S1 and ant1 hell showed them to be identical For
the sake of uniformity, therefore the symbol St wis discarded by
Wiener, and the symbol I 1s now used to designate the hell or Si
factor

Subscquently, other investigators found further exwmples of this
antibody, and the distnbution of the K factor has been studied in
many populitions Among Caucasoids the ineidence h1s been found
tovaryfrom a low of about 7 per cent to 25 high as 13 percent \mong
Negrowds the meidence 15 considerably loner while among ongol
ouds the Kell factor has not been found

The most extensne studies have been done among Caueaords
Of these, one of the largest <crtes 1s that of Lewss, Chonn et al ¥ who
observed among 2872 Cwadians 198 or 6 89 per cent positine re
actors If we assume that the hell factor 1~ trinsmitted as a sumple
\lendelian donin int the gene frequencies for this seres ean be readily
estimated s follows

L = v/Rallneg = V0931 = 0963
and K =1 — 0965 = 0035

where K 15 the dominant gene and 4 it< allele
The calculrted frequencies of the three posstble genoty pes for thi

103 /
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pepulation then are

Genotype AR = (0035)? = 0001220 = 012%)Kell
Genotype AL — 2(0 035)(0 965) = 0 6750 positn es
- 675% 687%
and
Genotype ik — (0965) — 09312 — 9312%

Additional frmily studies were subsequently carried out paticy
larly by British mvestigators and Race and Sanger® have summna
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

Tactor h (Cellano)

In 1949 Levme et al % found i the serum of o mother of a muldly
ffected ery throblastotic baby wn antibody which when tested agunst
2500 dificrent blood smples clumped 1l but five This high fre
quency of positive reictors suggested that the factor 1t detected
might be & determned by the allele of Ik espectally since all nega
tive reictors were kel positive (ef table 41) The expected mel
dence of negatave reactions in New York and London was about 1 1n
500 m clo e agreement with the frequencies obtamed by Levine
et 2l with their ntisernm Lherefore the anttbody 1 question
onginlly designated Cellano after the patient, 15 now calied antr k
Additional evidence 1 favor of the theory was obtuned by fumly
«tudies A particularly stnkimg example 1s the famidy deseribed by
Tewine el al (table $2) Sl fiumlies huwe been deseribed by
Shapiro® and by Wiener '

The «eries of 2 872 Canadinns described above was tested by Tewrs
et al for factor k 15 well as factor K The distnbution of the three
Ik types obrerved by them was type Ik, 0 24%, type Kk, 6 €2 %
and kh 93 11% ¥rom thewe values the gene frequencies are readily
calenlated by direct count, as follows

geneh = KK + Bk = poy +0_§_, = 357%

gnel =Rk +17‘,5 = 0299 +‘—r'-,;8-—s = 06 13%

Wath these gene froquencies, the expected ditnbution of the three
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Tasie 11
Tue b » Brorp Tyies
Tests Done Ooly for F tor K Tests Done for Bo b Factors K and k
Rea tonsw th
Pheng yyes React on w th Phenotypes  |— | Gep types
At X An R[Ant k
— R L o
k (or k) + I8N + | - RA
Kk + + ki
b (or k) - Kk -1+ I

TasLe 42
Fawiry Saowine Geseric RELatsonsuie
BerweEy Factors h avp k
(After Levine et ol )

React ons w th Sersm

Blood of S Phenoty pe
Ant K An Xk
—_— ) AR
Motter + + ki
Father + + Rk
Children 1 + + Rk
2 + - Ik
3 - + Ak
4 + + R
5 + hh
G + - INS
7 + + JNS
8 - + [AN
-

KA typeh k. 013% typehh = 683% andtypekh — Y299
Therefore x* —~ 328 and 01 < P < 03 The large value of chn
suare ts due mainly to the excess of mdividuals of the rare type Kk
namely, 7 nstead of the expected 3 5 among the 2 674 persons tested
While this m1y well be aceidental another po sibility 15 that some
of the individuals classified as type R were actunily type Lk but
had red cclls re reting wetkly with anti k serum The latter interpre
tation <eems to te supported by <ome recent observations of Allen
et al now to be deseribed

Addiional K-L Tactors
Allen wd Lewi® encountered an antibody for 4 previously un
hnown blood fictor m the seeum of an mdnt lual who s firas wis
known had never Leen exposed to the antigen either through preg
-
-
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naney or transfusion Subsequently two mare examples of <crums of
wdentical pecifierty were found agam m donor who had not been
ensitized by cither transfu 10n or pregnaney The new factor was
named Pennev after the first donor and was axigned the symbol
hp* Among 2363 mdniduals n the Bo ton area 51 (2 16 per cent)
were found to have the antigen an approumate gene frequency of
1 per cent

The Penney factor was shown by Allen and Lewis to te related
to the L h <ystem by the following ob ervation~ (1) imong 73
Pennes po itne mdiadual  only 2 were type ko while the expeeted
mceidence of k4 indnaduals was 98 per cent (2) In cert un famike
mother who were appirently of tvpe hk had children apparently of
type RIv while <ome mothers who were typed as Lk had children
apparently of tvpe kk * In all <uch instance~ the mother~ and the
chuldren proved to be Pennev po itive <o that 1t became necessary
to po tulite the pre ence in the e fimilies of 1 third gene allelic to
K and 7 which deternuned the Penney antigen That 1 the mother
and child i the ¢ exceptional m tances 1ctually belonged to geno
types RIT and 1P respectinels  or vice vera t (3) In matings m
which one parent had both factors R and Rp* and the other parent
Inched both the e factors no cluld had both factors or Inched toth
fietor~ mstend half had factor K while half had factor hp* By
u g i exceptionally potent antt k serum or by the use of the ab
<orption techmque 1t was sub equenth found that the Pennes
po itne indniduals al o had the fictor k or 4 vanant thereof wlich
was being mis ed by the anti k serum u~ed up to that time

In 1906 Fudenberg!* encountered in unu w1l anti erum m a man
wha had recened ~everl! tran fu wns Thi <erum agglutinated tie
red tlood cells of il but 1 of 2363 unrelited per ons THi  ngle
negatnnely rewctin, blood was Rell negitne ind Penney poitise
and g1ve weak reaction with ints k- The «erum al o failed to agglutt
nate the red cell of one of the patient ~ two trothers Iihe the cices
of the negatinely reietng blood found in tle randem <ene~ th
tlood al o give weak reactions with attv k. Fxceptionally strong
reactions were ot tained however with both the pitient « 1 lood cells
ol there of tu irother when te ted with st kgt serum 2 one

snthestuly only R4 anls Taalawerete telwitharti kserin all b=~
persons were s  me Ttobe tape hh , .
+The new allelic grne 15 3s gned 1o xvmin 15710 tealof A7 f rresso «

ahich will become ap; arent later
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might expect if these individuals were of genoty pe 7 FA7, and for this
reason the symbol hpb was assigned to the new factor (also called
Rautenberg after the patient) Allen and Lew s suggest that with the
four anticerums ant1 K, ant1 k, antt hp* and ant1 kpb, probably 10
genotypes and 9 phenotypes can be distinguished (There 1s convine
ng evidence, however for only 3 alleles, K, X, and &F, which can
yeeld only 6 genot; pes)

No final genetic mterpretation » possible at the present time
because of the imuted facts available It appers that the agglutinogen
K determmed by gene K has, i addition to factor K factor hpt
The gene formerly design 1ted  seems to nclude at least two varieties
The more. common, making up more than 98 per cent, for which the
dewgnation gene A may still be retuned, determmnes an agglutinogen
characterized not only by the fictor k but alo factor kp> The
remainder, which m1y be aswigned the sy mbol gene A, determines a
different rare agglutinogen having fictor Kp®, and m thi c1se the
factor k 1~ poorly defined judging from the wether reactions with
ant1k «erum  According to 1 report by Chown,!™! there may be, in
addition, a fourth rare allele in this system tentatively dewignated
Re, which determines an agglutinogen that has none of the blood
factors K, k, kp® or hp

Serology

The factors K and k are far less antigenic than the Rl factor
Judging from mmumzation cxpenments and clineal observa
tions % 19" 1% Ag 4 cause of hemolytie transfuston reactions and
ery throblastosis fet i fictor K ranks with fictor hr’ i importance
Unfortunately, howerer, the tests for the R & factors are much more
deheate than the tests for the Rh Hr factors Anti k and anti-h
are not reictne by the proteolytic enzyme techmique, they may
Teact by the siline agglutination or conglutination techmaques, but
the most satisfactory reactions are obtamed with such reagents Iy
the ant1 globulin method The clumps m postise reactions are more
frigile than the agglutinates of Rh Hr tests, apparently due to the
<mller number of reacting sites on the red cell envelope,' and this
makes the reactions reproducible with greater difficulty than other
serologienl tests Relnble rewults therefore, are posable only by
patnstaking work carned out by experienced nsestigators, and these
tests hive not bren sufficntly perfieted to be used routinely m
medicoleg il eases of disputed parentage



CHAPTER VII
The Lutheran Blood Groups

The first ant1 erum for a blood factor of the Lutheran sys<tem was
described 1 1946 by Callender and Race ' The antibody was
produced by a patient with lupus erythematous who e <erum
cont uned 2 number of unusual ntibodies as the recult of a series of
bloed trunfusions Fhe factor w 1 nimed Lutheran after the donor
who~e blood senvitized the patient, and w1~ assigned the svmbol
Tu* while the corresponding intibody was designated anti Lut A
number of additional ntiserums of <pecificity antit Lu® were later
cncountered by other workers but the reagent 1s still rare, <o that
the number of investizations < uned out with 1t 15 limited

According to Greenwalt and S isakit*® the merdence of the Lu(a+)
1 pe m pooled studies of 2 939 Englishmen was caleulated by Mourant
to be 6 93 per cent If heredits by a pur of allehe genes 7 u* and Lu®
1~ postulited the genotype frequencies caleulated from these datn
are fulut 012% LeJw» 6815 and LwtLue 9307

Fanmits Studies Cillender ind R iee tested the bloods of relatives
of 17 Tu{a+) percons and the re-ults indicated that the I u® factor
was trinsmutted 2~ a VMendehan domunant VMoreover the Tu*
fictor 1pperred to be mhented independently of the Y BO M
Rh Hr Pp and K K g ~tems

Lawler'? «tudied the heredity of the Lutherin groups in 47 families
with 97 children while Rwe “Singer and Thomp on'® tested 257
fimilies with 594 children 1he re ults conform with the genetic
theory, i particulir m 254 fanubies where both pirents lached the
hlood far tor Ul of 601 chuldren were hikews~e Tuf(a—)

Munwanmg and Pichles? reported that their anti Tu* <erum
distmgui-hed stronghy ind weaklv rescting Tu(i4) cells, analogous
to the <ubgroups of 4 and po-tulated three corresponding allehe
genes
\ohr et al ™ tested many large Danich famulies for the Lewis and
Tutheran blood groups and interpreted their results as evidence for
Imhage between the genes e nd Ju However con idering the
difficultie~ 1 carrying out the Lewss teste s de cribed on page 32

108
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;t would scem premature to accept the e conelusions without nfirn
10n

Distrtbution of Tus According to Mourant ® among | ur pe 1
whites different myestigators have reported the frequency  f th
Lu(a+4-) typetorange between3 and 10 per cent Ina hmted nurt ¢
of studies carried out o far on matives of w1 and Austraba tf
Tu(a+) types have been ob erved 1n widely varymg frequen )
In Aftiea frequencies varymng from zero for Bushman to 17 per 1t
for \igenans have been reported

Factor Tw» Cutbu h and Chinann®? found an antibody 1n the
&rum of 2 woman who had threc normal pregnancies but no trans
Ivon: which guve the reactions cxpected for antt Tu Recently
Greenwalt and S1eakit® de cribed another exumple of such o rrum
m a woman who was senutized by a blood trinsfusion To date no
¢xtended anthropological or genetic studies have heen carried ont
with <crum of this speeifieaty

‘The Tutheran blood groups have not proved to he of any con
siderable elmicil mportance up to now, and remun primanly of
academic interest



CHAPTER VIII
The Duffy Blood Groups

In 1920 Cutbush Mollt on and Parkm 2® and van Loghem and
Hart™ mdependently reported the discovery of a blood factor
unrelited to the A B O M NS Pp Rh Hr and hell blood type
Lhe mtibody desciibed by Cutbu het al w1s found in the serum of 2
hemophiline who had wu tuned 2 muld transfusion reiction after 4
~eries of transfu 1ons re ened over a period of twenty yews The
blood fictor wis nuned Duffy after the patient Other eximples of
~ensitization to the Duflfy fictor were encountered by other mvesh
pitors and one of us ('S W ) encountered such 4 serum with
titer of move than 500 units in 1+ wom n who had a sertous hemoly tre
transfu 1on reaction cawsed by <enitizition to the Duffy fictor

Terminology In order toavoid confusion with the C D T symbols
for the RRh Hr types 1n terd of the letter D the symbol Fy was
~elected by Cutbu h et al to repre ent the Duffy factor Wiener™
has sugge ted shortening this symbol to F and this Iatter ternunology
will be u ed m the present di cussion

Scrology  \ll the antt F serums encountered up to the present time
have been usable only by the ant: globulin techmque Obviously,
therefore when the red cells are already coated as 1 1 es of 2uto
hemoly tic anemia or 1n ery throblestouis fetalis the Duffy tests can
not ! e carried out relntly  lhe clumps which eharieterize a positive
revction may te hrge but they are quite friable exen more <o than
the (dumps of the Iell te t~  This Wiencr® enibes to the smaller
number of antigenic sites on the red cell envelope which he e timates
to be about one tenth 1s numerous as the antigenie «ites of the Rh Hr
agglutinogens Because of the delieate nature of the reactions the
results are dupheated with difficulty and it 15 only with panstehmng
work that rehable re ults wre pritle

hstobution  Among Ciuea oids the frequency of the F po ttive
individuals Finges between 60 ind 70 per cent among Negrord  the
frequency 1% consilerat Iy lower namely between 10 and 25 per cent

while 1n Mongoloids the incadence 15 Inghest 1n <ome papulitrons
approaching 100 per cent
110
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Nna car

hy vy 1) ow per
W, .+ wuuotdstypel From these values the gene frequencies
are readily caleuhited s follows

J o= Viypet = VIR = 5872%
=100~ f~4198%

From thewe values, the frequencies of the three theoretically
po-sible genoty pes can be rewddly caleufated

Genotype FI' = (0 4128)° = 170 sa e
Genotype £ = 2(04128)(0 5872) = 48 485 yPe T~ 0552%

Genotype ff = (0 5872) = 3L 18%

Heredity, The fow fumly studies carried out to date support the
s potheas tht the Duffy factor 15 trinsmitted as 4 umple Mendelan
dominant In the combmed studies by Cutbush and Mollmon,™
and Race and Sanger™ there are 34 famifies m wluch both purents
were type f, and among the 78 cluldien of these famihes none were
type I

Factor f ™
L corrpspone .
should reiet vuu spleancns of genotypes 7 and Ff, but not
with thawe of genotype FF In 1951, Thin et ab * detected an ants
hody, duning o routne post nital esamination, which m tests on
blood specimens from 59 peronsgavethe reactions expected for it T
Unfortunately, further studies were preyented becwe the sermm
lost tts actnaty In more secent studies, § Stnger, his found that
tmong Negroes blued ek both fietor F ind £ are not uncommon
%o thst the <ituation 15 more comples thin it scemed at firt



CHAPTER IX
The Kidd Blood Groups

Thrs blood group system wis first deseribed m 1931 by Allen
Diamond and Medziela 2° who found the new wtibody m the
serum of the mother of an erythroblastotic baby 1he blood fictor
detected by the antibody was nimed hadd after the patient It was
found to be independent of the ABO M NS Pp RhIHr hell
Duffy and futheran systems

Nomenelature In order to ax o1d confusion with the symbol for the
Rell factor the Redd factor has been assigned the symbol JA by
Allen et al Wiener™ has suggested shortemng the symbol to J
which 13 the symbol used 1n this discussion

Distribution  \ccording to a summary compiled by ‘ourant *!
imong Caucaoids the mneidence of factor J 1 approvm tely 75 per
cent Among \egrowd- the meidence has been found to be bove 90
per tent while among Mongolowds the frequeney has ranged from o0
to 100 per cent The largest series 15 that of Ro enfield et al 27 who
found 76 72 per cent type J 1nd 23 28 per cent type ) unong New
York whites From these figures the theorettcal gene frecquencies are
rewdily detormuned as follows

1= Vtype = /0232 = 4825%
J =100 — 4825 = 5173

I

And from these (stimated genc frequencies  the distribution of the
three theoretically pos thle genoty pes can be calculated

Genotype JJ = (01175)° = 2678% = 772
Genotspe ) = 2(0 5175)(0 1825) — 19919z Lrped = T072%
Genotspe gy = (04815) = 2328%

Factor ) If the gene 7 gives rive to  corresponding agglutinogen §
the blood factor j should be present 1n the blood cells of all ndividuals
of genotype Jj and gy \ccording to Race and Singer, 1t least three
antrerums hay e been encountered gy ing re wetions cxpeeted forants p

Serolagy The witt J serums descnbed m the hterature, 14 well ns

nz
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those encountered by one of us (A § W), have been usable only b
the ant: globulm techmque Therefore, these tests have the same
limtations s the Duffy tests Under ideal conditrons, the rexct ons
are clear cut and readily vimble to the naked eye, hut the aggiutinates
are fnable hike those obtaned with Duffy antiserums Another diff
culty 15 the tendency of the antiserums to lose ther activity upon
storage Therefore, reliable results are ohtaned only by carefully
repeating the tests <everal times, usmg the blind techmique, and
including controls of known types J and )



CHAPTER T\
The Kidd Blood Gioups

Tins blood group sy~tem was firt de enbed m 1901 by Allen
Dimmond and Niedziela © who found the new antibody m the
erum of the mother of an enthroblastotie biby The blood fictor
detected by the antibody was named hadd after the patient It wis
found to be independent of the A BO M \.S Pp RhHr hell
Dufly and Lutherwn wvstems
omenclature In order to avoud confu 1on with the <y mbol for the
Rell factor the hadd factor has been 1sugned the svmbol JA by
Allen et al Wiener™ ha suggested shorteming the symbol to J
which 1= the swmbol used n thes discus 1on
Dictribution  According to 4 summary compiled by Mournt ™
among Cauea oid  the ncidence of fictor J 1~ approximately 75 per
cent Among N\egroid  the mcidence has been found to be above 90
per eent while among Mongolord« the frequencs has ranged from o0
to 100 per cent The largest sertes 1~ that of Ro-enfield et al *! who
found 76 72 pcr cent tvpe J and 23 28 per cent tvpe j among Nen
Yorh whites Trom thewe figures the theoreucal gene frequencies e
rewdth determined as follows

J =V - VOBE = 82:%
Jo= 100 — 482 = 51705

And from thewe e-timated gene frequencies the distnbution of the
three theorcticalls pos ible genotypes can be enleulated

Genotype JJ = (0 5170)" — 2678 — 76 72%
Genotype ) = 2(0 317,)(0 4820) = o pregf TP d = 1072
Genotype iy = (04813) = 23328%

Factor ) If the gene j gives r~e toa corre~ponding agglutmnegen )
the blood factor ) shoul I be present 1 the blood cells of alf sndn rdual
of genotype J7 and 3y According to Race and Ranger at least three
antierums hite heen encountered giving e actions exper ted for antiy

&erolom, The antt J rerums described w the itersture 4~ well 12

1z
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Dbarent» were Diego negative, and i none of the 111 children did the
factor appear

Iligh Frequency Blood Factors. As examples of blood factors
with a high frequency 1n the general population may be mentioned
the factor U of the M-N § system, factor H of the A-B O <ystum
factor hir” of the Rh Hr system, Ty of the P system, and fictors h
and kp* of the Kell sy stem In addition to these, at least three other
high frequency blood factors are known, namely, Vel, I, and Yt
(ef table 1} Of these three factors, factor I has been «tudied most
intenenvely and 1s of the greatest interest

Ant1 T was found™ in the serum of a group A,B woman with 1¢
fuired hemolytic anenna, whose serum alwo contamned cold auto
agglutinins n high titer When thts pattent had hemols tic reactions
following transfusions, her sertm was also shown to contan an
rotntibody of high titer, ant1 I, reactive at room temperature with
almost all other human bloods but not with the pattent’s own cells
Ro other member of the patient’s family wrs found to be I negatne
{bpe 1) Among 2 senes of 22,904 rindom donors only 5 proved to
be I negatrve, and of thewe 4 were Negroids Among the powitively
reaetmg blood speetmens marked differences in titer were obtamed,
rnging from 25 to 5000 units, thus mdicating the existence of
varants of the I agglutinogen, nmels, I, L, L, 1 Recentls,
Shapiro** has encountered 1 second cxample of anti I in South
Africa, although of lower titer In this case both the prapostus and
her ehild proved to be I negitise

TanLe 43
Qove, Tow IReqtesey Broop Facrors

Random Series Fam )y of

Rame o Bired Otersers ! Fromes s
R

—

Tevay € allendes aml Ruce (1916) 0 z0 |

~ Waener (1942) 0 | eca 50

Jobl iy Galbey (1947) n 120

Becker 1 1bel and Prokop (1931) 0 202

Rerrens Davidsohn ot al (1953) 0 418

Cavaliere® Wienor and Braneto (1953) | 0 1<

*F H Allen has ecentls shown that this bl o factor 19 prot al 1y adentical
With the Wright fietor (Wr#), describe 1 at aboag (] ¢ wame tine In Holasn

(Lancet 3 113, 1934)
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Low Frequency Blood Factors Asexamples of the low frequency
factors may be mentioned M1 and Gr of the NI N § system rh~
and rh* of the Rh Hr system  super Rhy of the Rh Hr system
and Kp*® of the hell system In nddition to the ¢ a Iwrge 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 mvestigntions have been lmuted to the
families of the propoatt The findings mn each are compitible with
heredity a~ a simple \Mendehan dommant The more fully de cnbed
of these blood fictors are histed 1n table 43

s an example of a Iow frequency fictor may be mentioned the
«ase report of VWiener and Brancato? A woman who had babies
with erythroblitoss cansed by Rh, sensitization then had an
ery throblastotic baby who proved to be Rhy negative Tests of the
maternal serum demonstrited that i addition to mt1 Rhy there was
wnother antibody present which was dewignated ant1 Ca fter the
pittent Among 7 Rh, negative relatives the blood of 4 proved to
huve the factor Ca while 48 con ecutive Rho negatine donors were
all Canegatine Another strihing example i~ that of Davidsohn ef al*
who found = potent antibody for a blood ficter present mn 4 out of 7
members of their patient « family but abent from +8 con-ecutine
blood donors (cf table 43)



CHAPTER I
Medicolegal Applications

The elear cut hereditary transmussion of the human blood group
factors has led to their applicition for the solutron of medicoleg!
problems of disputed pirentage The ty pes of cases in which the teuts
have been applied are as follows
1) A man aceused of the patermty of 2 child born out of wedloch
demes the charge Thi~ 15 the most common type of cace with
which courts are confronted where blood groupmg tests are u ed

2) A man 15 accused of asault or ripe, wnd tres to prove mnocente
by showmy that he 1s not the fither of the child born to the
complunant

3) A chuld 1~ born m law ful w edlock, but the hushand denies patermty

4) It 1> suspected that two newborn mfints have been interchinged
12 nurery m a hospital

3 \ woman may smulite pregrncy tnd cluldbirth, and may clam
that a certain chuld 15 hers to compel a man to marry her or to
obtain dower 1n 4 deid husband s estate

6) An mdnidual who w hed to immugrate to the US \ ascerts that
Ins parents are Amencin eitizens vng the state~ but it 15
suspeeted that the ¢(lum 15 fraudulent =

\ number of report<™ 7 " regarding the medicolegal apphea
tions of blood grouping tests hue heen published by the Commuttee
on Vediolegal Problem~ of the dmencan edieal Assoentton and
they <hould be conwulted by tho-e mterested m this special problem
The legal 1epects of the subject are diseus ed 1 detaul in the excellent
book v § B pchathm %

Rlood tests ean be umed onls ta esclude and not to prove patermty
In certun junsdiction~ Ins ke been piescd empowering the courts
to arder blood grouping tests i c1ses where pirentage 13 an yeae

Naturally, the eh inces of diwproving patermts will depend upon how
romplete an eytmymation i~ carred out Howeser, the examinition
ood tests which hase been proved

Should he restricted to only thowe bl

to be relible, and where an adequate number of heredhty ‘(\;dm;

hue been (‘\.n'm(l out Thertfore, the Commuttee on Medicolegn
n7
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Problems of the American Medical Associntion has recommended
that the routine tests for court eases be imited to the A and B fctors
of the A B O system, the M and N factors of the M N system, and
the factors Rhy, rlt’, rh”, and hr' of the Rh Hr system In private
cases, or under special , qualified medicolegal experts
may find 1t desirable to carry out more complete exammations, which
will vary depending on the expertence of the investigator and on the
reagents varlable to lum

For comvemence of reference, simplified tables which show the
apphieation of the A-B O, M N, and Rh-Ir tests for excluding piter
mity have been prepwred (of tables 44, 45, 46)

Chances of Excluding Paternity
If a mn falsely accused of patermty 15 found to have a blood group
genctically incompatihle with that of the ehild this establishes his
TARIF
I \cLusion oF PATERMTY BY Tuf A B O GRoLrs*

Phenotype of Phenotype of Putat ve Father
the Putative
2] 4 B { AB
0 A DB AB B B A, \B O AR
A B \B B AB None O
B A \B None A A 0
AB 0 AB [¢] o 0

* Find the phenoty pes of the putative father and mother at the top and wide
columns of the tables and locate the box at which these interseet In the bot
are given the groups not posible in children of the miting groups gaven 1
bold face type represent children for whom materntty 15 excluded

Tantr 45
Ixtitsion oF PATERNITY BY Tir M\ Thies®

Phenotype of Putat tive Father

Phenotyge of Putative

\ ~ iy
M NN N AN Y
N MO MOAN ALl
M Y Al None

* Find the phenoty pes of the putatise father and mother at the top an 1 le
columns of the table, and loe ste the box at which these interseet In the |.ml
are given the 1y pes not posaible in clildeen of thr mating, ty pes grven m hold
face ty e repre<cat children for whom maternty v excluded
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mnocence If the blood groups satisfy the laws of heredity this does
uot necessarilly prove that he 1> the father because of the hmited
number of £y pes known and the po sibility of coneidence The chances
of exonerating 2 fal ely accused man will vary depending on the
distribution of the blood groups m the populition as well as on the
blood group of the 1ceused man For esample m certain tribes of
American Indins where all of the members belong to group O the
A B O groups would be worthless for <olving such problems

VWiener® ¢ 27 has derived general formulae for the ehances of
excluding paternaty by the L B O blood groups These are gien
below and those interested n thewr demsation should consult the
original paper

B wodgmpolfalelya uedmn Chan e of ex Tud ng x em ty
Crowp O Ap + g+ Opg(t + ) (47
Crop A 9 + 1t “3)
Crop B PG+ )2 14)
Groip AB 7 )
Gre 1 1 letermine ] P+ g+t

+ paritp + @) + 2part 40

In the 1bove formulwe p ¢ and r repre<ent the frequencies of
genes ' I" and I re pectisely The mrumum chance of excluding
pitermity i found to Le 1pprouimately 20 per cent and oceurs when
the gene frequencies are p ~ 02213 ¢ = 02213 and r = 0 7}

Similirly formulae hve been derised for the chances of excluding
prtermity usmg the M\ types as follows

Bload type of falsely & cu~ed man Chan e of ex Jud ng patern ty
Trjelt T—11) N
Tope N 1 (1—1n) ]
LESTRAN 0 )
Tupe nr leternune | Pl =) ]

In the above formulae m and n represent the frequencies of gene
¥ anl LY, re peetnely Here the mauamum chinee of excluding
paternity 13 1875 per <ent and oceurs when the gene frequencies
arem — 0%5andn =05

When the formulie e applicd to populitions such as that en
countered m New York City tatle 1) could b drawn up Tomaking

the caleulations account must be tihen of tt < independcnt inhenit mee
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of the A B O and M N types If Py1s the chance of eveluding pater
nty by one blood group system and P 3s the chance of excluding
pitermty by a second independent system, then the chances of
exclusion when both are tested for 15 given by the formult

P=1-@0-r)1 -7 (al)

Thts formula ean be extended to include any number of blood group
systems It 15 of interest that the combaned chances of excluding
putermty by the combined use of the A B O and M\ tests in \ew
York City 15 about 30 per cent, which 15 close to the theorctic il
maxtmum of 33 per cent

General formulae for the chances of excludmg patermity by the
means of the Rh Hr types have not been derived These would be
expected to be cxceedingly complex Wiener™ 27 has estimated
that the chances of excluding a fal ely aceused man of undetermned
Rh TIr ty pe is close to 25 per cent, when tests are done for the factors
Rh ', rh” and hr' Thus, when tests are done for the factors
mentioned of all of the three <ystems, the chances of excluding
falscly accused man 1s about 50 per cent In practice the rate of
exclu 1on 15 conmderably less than 50 per cent, <mee most of the
defendents m patermits proecedings will be the etual fathens NMr
S B Schithm and Mr Sol Cooperman of the Corporation Counail’s
Office of New York City have obeerved over 1 period of many years
that approuimately 17 or 18 men out of every 100 men who deny
patermty are actually excluded by the tests, indicating that approwt
mately 35 per cent of such nccusations are fale In problems of
disputed patermty mntolving mamed couples as m dnoree actions
our experience has been that the evclusion rate 15 considerably higher

In sclected cises it may be felt dewrable to earry out additional
tests, for example for the subgroup~ of \ secretor type I' S hr”,
Rell Duffy and other factors for which the epert has reliable
1ty erums Ay ulable

The formult for the ehance of excluding patermty, wang onls a
single blood factor D, transmitted as 2 Mendelinn dominant, 1s gnen
by the formule below

‘Blood type of Talsely & cused man Chan e of exclus on
D+ o (s1)
drt (52)

Ty pe undetermined drt 3)
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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 excluding
paternity 15 0 08192 or about 8 2 per cent, and occurs when the gene
frequencies are d = 02 and » = 08, respectively In practice, 1t
turns out, that the distribution of most of the blood factors inherited
m this way 15 such that the chance of excluding paternity 1s less than
the maximal theoretieal value Moreover, because of the overlapping
among tests and the occurrence of double, triple or quadruple

1 it b progressively more difficult to increase the
chnces of excluding paternity by the mtroduction of new blood tests
For example, 2 blood f1ctor with an 8 per cent chance of exclusion will
add only 4 per cent to the chances of exclusion smnce one half of the
mnocent, men will already have been excluded by the ABO MN
and/or Rh Hr tests It has been esttmated that all of the new blood
tests combined add only about 12 to 15 per cent to the chanees of
excludmg parentage, and 1t 15 questionable whether 1t 1s practicable
or worth while to carry out these difficult tests i such cases, since
the results may not prosve aceeptable to the courts

Boyd? has calculated i detail the chances of excluding paternity
by the Rh Hr tests in 2 Caucasoid population His results, including
the distribution of the Rh Fr types, for the population to which lns
figures apply are given 1n table 48 For example, a falsely aceused
man of type rh has an almost 45 per cent chance of being excluded
by tests for the Rh Hr types By combiming the figures for tables 47
and 48, 1t 15 possible to ealeulate the chances of excluding patermty
for a falsely ccused man of any A B O group, M N type, wnd Rh Hr
type Asanexample, the chances for a group AB, type VM, type RmRhy
man would be 1 — (1 — 0607)(1 — 0 4H8) = 0 782 or 78 2 per cent

TARLE 47
Ciances oF PROVING NOV PATERNITY WITH THE
Acciitinoaens b B AL asp N\
(From Waener 5 Blood Groups anl 7mm/uswn )

Group l 0 a B £

Tyve ENIRES i EEERENE u\‘ u| | £

Chantes } 50 0 540‘235‘ 19 GI 45 1) 7 7) 41 1) 49 314 600 753 3‘3 319
(Per I {
cent)

* Based on the frequencies of the blood typesin New York City



MEDICOLEGAL APPLICATIONS 123

TaniE 48
CHANCES oF ExcLdInG PATERNITY BY e Rh Hr Trers
(Modified from Boyd, Amer J Human Genet 7 220 1955)

Phenotype of Accused Man® anuenfze - “cx:‘\;casn ds Chanc:pilr }(::;1[.).5 on
th 1436 93
thrh 062 18 45
sh'rh 001 51 62
th” 131 36 2%
shth” 003 973
Rh, 241 44
Rhyrh 35 97 10 66
Rhkhy 1973 44 98

2 12 66 33 55
RhRh- 1209 0
Rh,Rhby 011 41 75
Unknown 250

* ot included sn the tahle 1s the rare phenotype rhyrh

Disputed Maternity
The blood tests may also be used to refute false clamms of maternity
For example, maternity would be excluded if any of the following
blood type combinations 13 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 rh'th’, thyh’, RhiRhy, or RhRhi—child type
th, th", Rho, or Rhe
Mother type rh rh"”, Rhy, or Rhy—child type rh'rh’, rhyrh’,
RhRhby , or RhRhy
The chances of excluding matermty are readily caleulated as
follows For the A B O blood groups = 2(0)(XB) = 2(0 40)(0 0.) or
approximately 4 per cent For the M N types = 2(VD(X) = 2(030)
(020) or approximately 12 per cent For the RhHr types =
2RI + TRh, + RERR)Eh + -+ T, + Rhy) = 2(020)
(030) or approuimately 12 per cent For all three sy stems combined =
1= (1 = 001)(1 — 012)(1 — 012) = 0258 or approumately 26

per cent
Situations not infrequently arse where a man fal-ely accused of
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pitermity wishes to have blood tests performed on himself and the
child but the mother of the child 1s not available for one reason or
another In <uch cises the same prineiples apply as i cises of dis
puted maternity that v the chances of excludng patermity are
approximately 26 per cent or about half of the chances when all
three of the parties ave wv ulable

More Complex Problems

At times 4 mrried man correctly suspects that he 15 not the father
of more than one of his wife s chuldren In sueh ¢ 1ves the blood tests
myy exclude pitermty for one or more of the chnldien Obviou Iy
the chinees that patermity will be excluded for at least one of the
children will be greater than 50 per cent Such evidenee may he md
hs been used as grounds for divoree If monoyvulir twins are mvolied
the chances are not mcreased beeutse such twins e myvarnbly of
dentical blood groups

In mnugrition cases both of the putative parents may be excluded
i cases of fraudulent applications The chances thit the filsity of
the elum will be disclosed by excudimg it lerst one of the prents
will nceessantly be constderibly greater than 50 per cent

An unusul but mterestig problem sometimes 1 es when at 1
suspected that two newborn babues have heen mterchinged 1 a
hospit 1l In such e 1ses the Bood tests are of constderible ard hecwse
with two ~cts of pirents and two elildren avulible the chances of
obt uning conclusne results are very fngh Tor example the chances
of ~olving 2 problem of interchange of babacs for 4 stngle blood factor
has been shown by Waiener™ to be as follows

Vo=2DT0 (W3]

where T p 15 the chances of solving the problem D 1 the frequencs

of the blood factor in populition and T 14 the frequency of persons

leking the factor The muwamun chince for a «ingle tlood Nietor

15 2 hngh 2« 20073 per cent and oceurs when the frequency of pheno
type D 1~ equal to 0 33 and R equals 067

Wiener hns estimated the chanees of detecting interchnge of

- ~ ind by

. Wb

ly 6}
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per cent If, m addition, the Rh IIr tests are done, thont 90 por cont
of these problems can be solved

Circumstantial Evidence of Paternity

s has already been pointed out, the blood tests exnnot fo el
to prove patermity, only to exclude it, beeause of the possibilits
oincidence of the blood ty pes of a falsely accused man and the wtu 1
f1ther There are rare circumstances, however, when both the wu il
mn and the child have 1 blood factor of very lon meidence 1 the
populrtion, or hoth hive o rare combmatton of blood fictors Such
evidence, while of httle testimoml value, may help to convince the
aceused mn of his patermity, <o that he may then be willing to 1cept
the child as his own As examples may be menttoned the otcurronce
m both the putative f1ther and the child of the rare ty pes th’ or rth
Other infrequent types sometuncs encountered m both the put strvc
futher and child are RhY and K

On the other hand, the chances of excluding p iternity 1 cases where
a false accusation has been made may be enhaneed by the use of such
factors as e and rh* Tor example, 1 man of type RhyIth; ennot
hwe n child of type th or Rh, unless he 1 the cuner of the genes 7
or R (genotypes B, R'I or R ) If tests on his 1ed cells with
mt1 he scrum give a negitive reaction, then he cannot be v curiet
of either of these genes and patarmty s exdluded Morcover, simee
factor rh* 15 alw 1y« ascoct ited wath fietor rh’ m the same agzlutme
g, i mdnoadual of ¢y pe Rhyrh cnnot liwe adild of tvpe RhRhy
nor ¢ an mdnadid of type Rhtly hive 1 ctuld of type RhTth

It <hould he mentioned thit the custence of ‘“uper” Rth genes
conshitute 1 pitf il in the apphicition of the Rh Hr ty pes in thapnted
puternity tives Tor example, v putative fither hulongng to type
RhyRhy wiile the child belongs to type Iho, or the revers, 15 not
xcluded if the mn and elild are both earners of gene B Tortunatdds
gene I betriys its presence by the Iigh agglutmabiity of the red
cells by ants Rhy serums, as has alrewdy been expluned (f pige 87}

Ca«c Reports

The applicition of blood grouping tests in actual practice 1~ hest
llustrated by citing a few eases (ef Wiener,™ Alvarez,®* Unzer,
Sussmn and Schuthin #1°9 Wateb-ky and Wy elegala®)

Case f This crse whiel was tried before the Co et «f Specnl Sssiene an
New Yorh City, 33 unusuad Ixcatse o mn was necu e 1 of the patermts «f s17
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children born out of wedlock When he demed the charge, blood groupsng
tests were curried out, upon order of the court, on the defendnt and on the
complunant and her six children with the results shown in table 49 is can
be seen, the complainant belongs to group O three of her children to subgroup
Ar, and three to subgroup Az The defendant belongs to subgroup A, , corres
ponding to which there are three powble genoty pes nccordmg to the genetic
theory 1f we assume that the defendant 1s of genoty pe I*'/*" half hus chnldren
with a group O mother would be expected to be subgroup A, and half subgroup
Az as actually occurred 1n this case

As far as the \{ N types are concerned the complunant 1s type N and the
defendant type M and all six children are type M\, «s would necessartly re
sult assuming the defendant to be their father Morcover the complatnant 1s
type Riurh and the defendant type RluRh,  threc of the children typo Ithy
Rhy, and three of type Riurh agaim in agreement with the theoretic expecta
tions

The excellent fit of the blood group findings of the eix chuldren with the ge
netic espectations strongly suggests that the defendint actuully 1s thewr
father, as charged While blood tests that fail to exclude patermity are incon
clusive becaue of the possitality of comerdence, the results here are so striking
that they helped convinee the defendant of his paternity o that he contnbuted
willngly to the children s support 1n conformity »ith the decision of the court

The use here of tests for the subgroups of A 15 inconsstent with the
opmion alreads aited that these tests are not sufficiently relnible
for routme use 1 medicolegal enses Howeser, subgrouping tests are
80 €15y to perform and the results o mformitne that the semor
wthor carries them out regulirly At times the findings are tllunn
nating as i the present e1xe When tests for the subgroups of A
mdicate an exclusion of patermty but all other tests are meonclusive,
the safest practiee 1s to ormt the subgrouping results from the offiual
report, and to present them mstead ma covenng letter, explammng i
detal the imitations of the test, for the guidance of the court

Case 2 A man accused of the patermty of a cluld dented the charge As
shown 1n table 50, the blood testsindeed showed thit he was not the father of
the ehild In fact, the results 1n thiy easc were unusual in that the tests pro
vided triple proof of nenpatermty

Case 3 Four young Clum-:e mlulls came to thc Umted States claiming de

PETPR .

FTn o wration
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Thus the claimv of dersvative ertizenship of at least three of the for applt
eat t» were proved to be fraudulent

Nomenclature

The current controsersy regarding Rh Hr nomenclature has already
been di~cus ed 1 detul (f page 100) This import int question has
been the <ubject of study by a «<pecail Subcommaittee on Blood Group
g lests of the Commuttee an Medicolegal Problems of the Ameriein
AMedical Assocrition s 1s pomted out m therr report *  The sub
miwton te jurists by different experts of medicolegal reports with
conflicting sy mbohms ¢ nnot help but confu~e them and <hike therr
confidence in the blood tests Morcaver reports in two diffcrent
symboli ms require transdation from one nto the other when com
parison~arc to he made, there s w1y~ d ger of error in the process
Thercfore the adoption of one umform nomene! iture for medicolegl
rcports 15 most desimble

Trom a «tudy of the 1 ulible evidence the commuttee coneluded
i part as follows  \lthough corresponding to the two sy~tems of
desgniting the Rh Hr types there nre two conflicting genetie theories
the crux of the problem 15 actunlly on a <erologic level It s mot
importint to distingui b elearly between agglutimogens and thar
scrologit attributes the blood fictors IThe CD 1 notations for
the Rh Hr types mike no allow wee for the diffcrence betwoen 2
blood fictor ind an agglutmogen and icorporate the teit ineorreet
wwumption that every gglutinogen has but 4 <ingle corresponding
wtihody  [hs has lad to 2 number of paridoxes Indeed much
of the evidence thit his recamulited regarding the serology  ind
geneties of the Rh Hr ty pes refutcs the mteorpretation imphat in the
C D Footattons On the other hand the orginal Rh Hr nomenchiture
presents the daty objectinely  without committing the user to 1
preconcencd interprctation The commuttee, therefore recom
mends thit the C DT notations for the Rh Hr types be disearded
and that, 1 approy ed medieoleg 1l reports unless and until come other
comvention 15 agreed upon the ongurd Rh Hr nomencliture b
retaned a~ the <ole nomenchiture for this bload group « ~tem’

Tecently the recommendition thit the Rh Hr nomenelature e

weed excluarels for medicalegal reports has been approved by the
Qeetion on Immunology of the Amencan Aculomy of Foronsie
Soence~ The time has now come fo extend this rccommend ihon o
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the applicatrons of the Rh Hr type~ 1n elinical medieine and anthro
pology  Confuston will remam until editors of scentific Journals
require that all articles dealing with the IRh Hr ty pes conform sath
this recommendation 4s has heen done in the case of the analogous
recommendation made i a report® publiched mn 1937, regarding
the nomenclature of the A B O blood groups

Quabtfications of Experts

The ficld of )mmunohematology has grown m scope and complesity
and there are relatisely few workers who have devoted the time and
effort required to become evpert 1 the field 4s a guide for lmyers
nd courts de~iring to use blood tests a5 in ad m eases of disputed
Parentage, the I aw Department of the Amernic in Medical Ascoeration
his avatlable 2 it of quahfied blood group spectahsts A stmular pancl
of qualified worhers 15 used by the Court of Special Sew ons in Newn
York City, from which I yers my select an expert to carry out hlood
tests 1 cases of dispute I pitermity However fulure of many juridic
tions to exert equal eare m the selection of experts to ey ont bloud
grouping examuinations has been responaible for 2 number of unfortu
wite mistakes, and this 1s a problem which still requres a <atisfactory
olutton

In blood transfusion prictice, 1t 15 con~idered @ prrorz evidence of
neghgence if 4 patrent of group Q 14 gnen group A hlood, and if the
pitient dies, the phystan howpital and/or blood bk may he
sihjected to costly lawsuits Similarly, 2 mustake wn blood groupmg

TapLe 50
Trirur LacLeston Ry Brons Tests «F Mat

1aLSErY AcereED or PATERMTY

Biad Group Blxd of
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m 2 medicolegal case of disputed patermty erroneously excluding
patermty or maternity could concenable lead to g lawswt for mal
practice or for damages for defamation of character An error m
medicolegal cases 15 even less defensible than 1n chnieal cases because
the claim that the tests had to be dope under the pressure of an
emergency cannot be used The medicolegal expert has plenty of time
m which to carry out the tests as many times as desired and with as
many controls ng necesswry VWhen in doubt he can draw new samples
and repeat the tests and if he wishes he ean send the blood samples
to an imdependent expert for confirmation Unfortunately hovever
the least experienced workers who e reports are most m need of
ienfication are generally the least sensitne to the posabtlity that
their findings may be 1n error

A fully qualified expert m blood grouping 1s not merely a careful
technician but an mdividual thoroughly ver ed m the fund umentals
of blood group scrology and geneties Such an indistdunl prefers
aceuracy to simpl ety and has no difficulty 1n using the recommtended
Rh Hr nomenclature whtch merely transiites the results obtumed
into symbols Such a worher has no difficulty m preparing a clewr
<elf explanatory report when pre enting I1s esidence to « lay tench
andjury Wiener® mamtaine therefore that with certam outstanding
exeeptions tho ¢ who find 1t necessary to resort to the incorrect
C D T notations for the she of simpheity do not understand the
subject thoroughly and he suggests that this may be used s one of
the criternn by which to judge the quabfications of an expert
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Anthropological Studies on the
Blood Types

Until recently the use of blood grouping tests m ruwel studies
attracted relitively little attention wmong phy<icil wthropologists
Thus most Journils and text books on phys<ic | anthropology con
centrite o good deal of attention on shelet ] mewurements ind
external phvaaal chanctenstics but devote Little xpue to blood
grouptng  [his hs been due prmopally to the limited + due of the
findings until the Rh Ir blood types were discovered Tor eximple
when tests for the & B O groups alone e earned out closely related
ethme groups miy exhibat «gmificnt differences m distmbution
while totlly unrelated peoples miy hwe smilir distributions  [he
stbution w1s mmproved somewhit by the introeduction of the <ab
groups of A ind the VTN types hut the greitest v inces resulted
from the discovery of the Ith Hr ty pes

At first the studies wete restricted to the Rh fautor alone bec w ¢
the only ~erums asailible for the earhicr studies were the antmal it
rhesus serums or humin serums of specifiaty anti Rl It was
soon observed that while the Ry, fictor 15 prosent among ipprov
mately 83 per «ent of Cue sowds 1t ocenrs maore froquently among
Negrods and wmong prictically 100 per cent of \Morgolowds #
ihe results were quite strking  wmd beeyme more ~o whin the tests
were extended to mclude the rh and rh futors For exunple
Negrouds were chiractenzed by 1 high frcquency of type Rhe o
type of blood which occurs frequently mong Caucvouds and
Afongolowds *#7 The mtroduction of tests for the fictors he and hr
did not alter the situation to any great degree beeause s dready
been ponted out the roiwtions gien by anti Hr scrums can lirgedy
be predicted m advance from the roactions of the anty Rh scrums
The principal v ilue of Hr serums 1 anthropologi il imestygaticns
v as an aul i recogmzing mdividuids earrying the rarc gene I In

this » 1y 1t was pos tble to demonstrate that gene R* which 1s rrc
among Cwevard  nd hus not hean demonstrated to dite among
Negroids occurs i s nony s 3 to b por cent of Mongolouls ™t

172
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Vzllri(‘;e(l on ;he newer findings concermng the distubution of the
(1ualxtagt oup factors, especially Rh Hr Wiener has proposed 4 scom
e clasafication of human races as follows
I Cweasad sroup—highest frcquency of gene r gene 1** prewent
aswellasgene It gene LY shghtly morc frequent than gene LY
i \egrm‘d group~highest frequency of gene R and Rho v irt ints
gene I* present o well as gene I*' aleo frequent A interme
diates gene 1L ~lightly more frequent than gene / ¥
Mongolowd group—highest frc quency of the Tire gene - genes r
and 7** absent, or rire
& Asiatie subdnivon~—gencs LY ind L¥ almot equal m
frequency
b Pacfic subdivision (e Tudig Austriban abongibes and
inu)—low frequenty ot gene LY and lugh frequency of
gene LY
€ Americ in subdisivon (including Amermdins and Lakimos) —
high frequency of gene LY and low frequency of gene I*
Before the use of hlood tests was ntroduced anthropologists
dasafierd riees on the bius of therr external phyvsical characteristies
or sheletal measutements This led to 8 numbct of mantfct contr
tions ind paradoves One reason for this 1 thit the external phvecal
tharacteisties are «ubject to conscous  dection while consaous
selection wuuld hardly pliy v tole for the blood groups Morcoser
whereas phywical eharwtenstic such s shin color texture of the
hur height and <h e of the nose have cansiderible adptive value
the pox exston or lack of any particular bloed fictor his no <peciid
diant tge except 1 relation to 15osenmitiz tion i preguaney B el
on their phvaical ¢hrutinstios Austrilim abongimes were con
stdered to Le intermedite between Negromds and Cruc ords wink
Pipuans were placed m the Negrowd group Studies on the Rh e
£3pes, on the other hand clearly demonstrited thit thee peoples
belong to the \longolowd group 1 conelusion which 1 more resson il
Judging from geographic 1l md historcal eonsider i ne
Study of the distmbution of the blood group fictors espeanlly the
REHr typon s of gerat v alue m analyzmg the results of eros e
between different ethnic groups Tor example the distribution of the
h types ameng Pucrto Ricans (ef tible 2%) clear]y mdicates that
thiz ethmie group arose frum a ero~s hetween Negrowds 1ng Crensonds
Howercr, one should he ¢wtious before drawimng conelu 1ous from

11
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the results of blood tests alone For example, in the case of Puerto
Ricans the pre ence of shovel <haped incisors ndicates that Mongo
lowds that 15, American Indians also participated 1n the cross from
which the Puerto Ricans ongmated, as had been pomted out by
Washburn

That the A B O groups and Rh Hr t3 pes are not entirely without
selectrve value has been demonstrated by the discovery of their role
m 1sosensitization by pregnancy For example Rh negative mothers
{genotype rkhrk) who have become sensitized to the Rhy factor will
huwve a certamn number of Rh poutive babies (genoty pe Rhrh) who
are stillborn or die during the neonatal period from ery throblistosis
As Wiener™ pomnted out 1if we assume that we are dealing with 1
population of constant «ize contamning =z Rk genes and y rh genes
then the mitial distnbution of the genes would be as follows

= i = —y
I{h—z+yandrh T+
If the number of fetuces and newborn that die from ery throblwto

durtng one generation i ¢ then the distrtbution of the genes during
the second generation would be

- rT—¢c - ¥Y—¢
Rh = Tty andrh = Yy ®
If to begn with the number of RA gences 1s equal to the number of A
genes this process would have no effect on the rehitive distribution
of the genes If on the other hand the madence of the two genes t
mmtially uncqual the less frequent gene would be affected to a greater
extent than the more common gene so that eventually other things
being equal over 1 period of thousands of generations the incwdence
of the less common gene would be cubstantially reduced or 1t might
be practically ehiminated
This proce~s could explun the virtual absence of the Rhg-negitne

type among AMongoloid~ but 1t then hecomes difficult to account
for the relatnely high frequency of gene rA among Ciucasod«
Wiener®® and Haldane™ imdependently pointed out that i one
assumed the existence of a populatton in the past, and possibly still
cunting at the present time con 1 ting largely of Rh negatiye per-ons
4 hiybnd population could result with 4 <erologieal compo stion 1t
<embhing that of Caucasuids ‘This hypothess has recened support
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from the findings m Basques by Ltcheverry 2! and corfirmed by
Mourant Among these people who ddffer from other Eurepenns m
their 1solated habitat umque language and socml customs the
frequency of gene rh 1y extraordinaridy high namely about 60 per cent
1t bad been pres 10usly shown by the Hirszfelds2 that the meidence
of gene 17 deereases from east to west m Eurasa Accordmng to
Candela®® gene I” was imtroduced at the tune of the Mongoban
mvasion the degree of erossing between European and Vongolowds
Yemg mdicated by the frequency of gene I® Here agmn the Bisques
are untque m that the frequency of gene I” 15 the lowest n Europe
For these reacons 1t seems probably that the Basques repre ept most
closely the oryginal Curopean stock which must have had a very high
rre'l\lcncy of gene vk as well g a very low frequency of gene r

Analysis of Mned Populations

4 number of methods have been suggested for analyzing blood
group frequencics of mixed populations The prinesple of the calcula
tions 15 the same as for computing the results of muung solutrons of
different concentrations Here we shall describe 2 sunple method
which has been used by Mourant * This method has the ads antage
that 1t can ba applied to many blaod factors at the same time and
thus grve o comprehensive view

Let p represent the frequency of the gene for 4 given blood frctor m
2 populatron A and let g repre ent the frequency of the sume gene
m 4 population B Then suppo e a new population C of formed with
Z imdndualy from population A and y indiy 1duals from populition
B 1f r repre-ents the frequency of the gene m the miced population
thes 1s obv1ously the weighted meanof pandg and s readily ¢ teculated
by the following formuta

R 4 +q/ (a0)
z+y

The value of r can al o 1 e dern ed geometrienily The frequency p
for population \ 15 erected on one vertical ke and the frequency ¢
for populatsion B on another vertical me The interval between the
two vertieal ines A nnd B 13 dnvided 1n inverse proportion to z and
¥ and a new vertical me C erected A strught lme 1s then drawn
conpectm the powts p and g and the pont at which 1t interscets hine
C represents the frequency of the gene i the mwxed population
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Conversely 1f 1t 15 hnown that » certun muxed population C re ulted
from a cross between two other populitions A and B the proportion
of mdnrduals from populations A and B which entered the cross ¢an
be determined if the frequencies of the gene for any agzlutmogen 1»
known for all three populations One first marks the frequency p for
populition \ on one vertieal lne and the frequeney ¢ for population
B on 2 <econd vertical hne ind « strught Ime 1« drawn Lctween the ¢
two pomts A ~econd hne 15 then drawn parallel with the horizental
ws at distance r from it At the pomt of intersection of the two pomnts
4 thind ke 15 erected  and thus repre ents the compo ttian of the
populition C

An example of the practical application of the method 1~ given m
figure 4 from the “tudy of Chilmers et al * In constructing this
dragram the frequencies of genc 7 were u ed s the baas A strught
hne was drinn connecting the pomts repre entmg the frequencies
of gene r 1 B ques on the one hand and “iame ¢ on the other
Then the horzontal hines were drawn representmg the frequencies
of gene rm Iingland Latyit ind India nd through points of inter
ection obtuned sertrexl lines were then erccted for the e three
populations On the five vertical hnes powts representing the fre
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quencies of genes B! R2, R?, I” and L™ were marked and the corres
ronding points on the five lmes connected producing the results shown
1n the figure If the populations in England Latvia and Indm 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 strught As a matter of fact the lines are not all straight which
15 to be expected wnce the populations m question are not merely
such simple mistures

The purpose of this chapter has been to present the broad primeiples
miolved 1n the application of blood groups mn anthropology Mo
attempt has been made to tabulate the pumerous studies that have
been reported Reders who have occasion to consult the orgmnal
sources should bear 1n mind that <ome of the data m the bterature
suffer from errors 1n blgod ty ping and this possibihity should always
be borne 1n mind especially when the findings appear to be izarre
or unique The first compendium of the literature was prepared hy
Boyd¥t and mcluded prncpally the carher studies on the ABO
groups In Wiener’s book 7 a less complete compilation was given
but this souree al o hsts findings on the <ubgroups of A and the
M N types The most comprehensite and mo t saluble source 1s the
Tecent hook by \ourant # which meludes the volummous data
¢ pecually on the Rh Hr blood types and al o on other bloed group
<ystems mcludmg P Twell Duffy Tudd and Lutheran One of the
mo t important 1 estigators wn thus field 1 R T Simmons
who ¢ numerous 1 alugble contributious should e ~tudied and u ed
a5 models by those mterested m the subject
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