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THE INVESTIGATION of the possible deleterious effects of blood group incompati-
bility between mother and fetus dates back almost to the discovery of the ABO
blood groups themselves (Dienst, 1905; von Dungern and Hirszfeld, 1909). Yet
certain aspects of the problem-the biological mechanism of selection, the inter-
action of different selection pressures, and the impact of these pressures on allele
frequencies in succeeding generations still remain a challenge today.
Even more interesting than the effects of incompatibility at single blood group

loci are the effects of the dual incompatibilities, ABO and Rh. As customarily
defined, Rh-incompatibility is the situation where the fetus is Rh positive (Rho
or D positive) and the mother is Rh-negative (really Rho or D negative); and
ABO-incompatibility, where the fetus carries an A or B antigen lacking in the
mother.
The keen observation by Levine (1943) that the Rh-negative mothers of

erythroblastotic offspring are less frequently ABO-incompatibly mated than
expected has been confirmed by numerous investigations in which a sample of
Rh-sensitized mothers and their families has been compared to random expect-
ancy or control groups, mainly or partly Rh-compatibly mated (Wiener, 1945;
Race, Taylor, Cappell and MacFarlane, 1943; Broman, 1944; van Loghem and
Spaander, 1948; Speiser and Jancik 1953; as well as Malone, 1949; Lucia and
Hunt, 1950 a, b, c; Brendemoen, 1952; Wiener, Nappi, and Gordon, 1953;
Heistd, 1955; Nevanlinna, 1953; Nevanlinna and Vainio, 1956; Reepmaker,
1956). While such studies yield evidence consistent with the hypothesis of a
protective action of ABO-incompatibility against Rh-sensitization, they do not
exclude other explanations. This investigation was therefore undertaken to
clarify the interplay of the two incompatibilities by utilizing a nonsensitized
Rh-incompatibly mated series as a control for the sensitized Rh-incompatibly
mated series- a different approach from other investigations.
The classification of population samples on the basis of Rh mating status is

given in Chart 1.
The ABO-compatible, ABO-incompatible, and potentially ABO-incompatible

combinations are listed in Chart 2. The percentages of ABO-incompatible off-
spring expected from various population segments (mothers, fathers, offspring)
are given in Table 1.
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ABO-Rh INTERACTION

CHART 1. Classification of Population Samples on the Basis of Rh Mating Status
Total Population [100]

(Rh mixed or Rh unselected)

Rh-compatibly mated [87.25] Rh-incompatibly mated
Rh+ X Rh+ [72.25] Rh- X Rh+ [12.751
Rh+ X Rh- [12.75]
Rh- X Rh- [2.25]

Rh-nonsensitized* Rh-sensitized*

without eryth- with erythroblas-
roblastotic off- totic offspring
spring

Rh mixed or unselected samples: L. and H. Hirszfeld and coworkers (1925, 1928); Levine
(1943); Waterhouse and Hogben (1947); Johnstone (1954a); Boorman and coworkers
(1945, 1949); Bryce, Jakobowicz, McArthur and Penrose (1950); Kirk, Kirk and Sten-
house (1953); Kirk, Shield, Stenhouse and Jakobowicz (1955); Reed and Kelly, (1958).

Rh+ X Rh+ (primarily because of the low frequency of Rh- in the Japanese population):
Matsunaga (1955, 1956, 1958, 1959).

Rh- X Rh- and Rh- X Rh+: Bresler (presented at 1959 meetings American Society of Hu-
man Genetics)

Rh-sensitized (Rh- X Rh+): Malone, 1949; Lucia and Hunt, 1950; Brendemoen, 1952;
Wiener, Nappi, and Gordon, 1953; Heistd, 1955; Nevanlinna and Vainio, 1956; Reep-
maker, 1956.

Rh-sensitized (with erythroblastotic offspring): Levine, 1943; Wiener, 1945; van Loghem
and Spaander, 1948; Speiser and Jancik, 1953.

* Rh-nonsensitized and Rh-sensitized (Rh- X lth+): This study.

MATERIAL

Source and Ascertainment
The group studied here is taken from the records of the Baltimore Rh Typing

Laboratory where cards of Rh-negative nonsensitized women and their pregnancy
histories (the Rh NS series) are filed separately from those of the Rh-sensitized
women (the Rh S series). The Rh-nonsensitized series (Rh NS), derived from
the laboratory records for the years 1945 through July, 1954, consists of families
of Rh-negative nonsensitized women whose husbands are known to be Rh-posi-
tive (with the exception of a few mother-offspring combinations included in
which the paternal blood type was unknown). The Rh-sensitized series (Rh S),
derived from the records for the years 1945 through July 1955, inclusive, con-
sists of families similarly Rh-incompatibly mated but in which, in addition, the
mothers have been shown to possess Rh antibodies.

It is to be noted that sizes of Rh NS and Rh S series are not in proportion to
one another as in the population, because ascertainment is clearly not equal in
the two series. Where Rh immunization or pregnancy difficulties are anticipated,
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CHART 2. ABO-Incompatible and ABO-Compatible Combinations
Mother-Offspring Combinations: ABO-Compatible ABO-Incompatible

Father-Offspring Combinations:

Matings:

0-0
A-0
A-A
B-0
B-B
AB-A
AB-B
AB-AB

ABO-Compatible

0-0
O-A
O-B
A-0
A-B
B-0
B-A

ABO-Compatible

OX O
A X A
B X B

AB X AB
A X °
B X 0

AB X 0
AB X A
AB X B

O-A
O-B
A-B
A-AB
B-A
B-AB

Potentially ABO-Incompatible

A-A
A-AB
B-B
B-AB
AB-A
AB-B
AB-AB

Potentially ABO-Incompatible

0 x
OX
0 X
A X
B X
A X
B X

A
B
AB
B
A
AB
AB

Note: The father-offspring and mating combinations are designated as "potentially"
ABO-incompatible since the same combination may be involved in either an ABO-com-
patible or an ABO-incompatible situation, e.g., A father-A offspring is ABO-compatible if
the mother is A or AB but ABO-incompatible if the mother is 0 or B.

TABLE 1. PERCENTAGE OF ABO-INCOMPATIBLE OFFSPRING EXPECTED* IN THE
Rh NS AND Rh S SERIES

Expected Percentage of ABO-Incompatible Offspring
Population Segment

Rh NS Series

Mothers
0
B
A
AB

Fathers
0
A
B
AB

Offspring
0
A
B
AB

32.50
24.15
8.17
0

0
33.00
44.25
70.85

0
32.06
43.01
80.59

Rh S Series

32.48
24.08
8.23
0

0
33.05
44.21
70.86

0
32.12
42.97
80.60

* Expected based on the Hardy-Weinberg equilibrium and ABO allele frequencies for
U. S. Whites and Negroes (Glass and Li, 1953). Because the racial composition was slightly
different in the matings recorded for the Rh NS and Rh 8 series, the expected values are
not identical.

182



ABO-Rh INTERACTION1

both the attending obstetrician and the family are more cooperative in regard
to laboratory and case history follow-up studies. Accordingly, no attempt will
be made to combine the Rh NS and Rh S series; instead each series will be con-
sidered separately and in comparison with other series. It is reasonable to as-
sume, however, that in neither series was cooperation by the physician or patient
biased by ABO blood group constitution, even if it was known.
The terms "multiple ascertainment." and "single ascertainment" refer to

parent-offspring combinations. Multiple ascertainment indicates that each off-
spring of known blood group and sex is entered in a separate parent-offspring
combination. Thus if one mother has several children of known blood group and
sex, the one mother is included several times, once in each mother-offspring
combination. Single ascertainment indicates that one mother can be included
in only a single mother-offspring combination, irrespective of the number of her
offspring. In single ascertainment the oldest child of known blood group and sex
has been used to represent the family in mother-offspring combinations.

Size of Samples
When multiple ascertainment is used, there are 3577 mother-offspring combi-

nations in the Rh NS series and 2998 in the Rh S series, representing 3037 and
1335 individual families, respectively.
The Rh NS series includes 2313 families with 5064 births. The births include:

2887 offspring of known ABO blood group
4842 offspring of known sex
2850 offspring of known ABO blood group and sex

The Rh S series includes 1383 families with 4160 births. These births include:
2778 offspring of known ABO blood group
3678 offspring of known sex
2631 offspring of known ABO blood group and sex

The above categories are not mutually exclusive.

Race
Mixed racial groups are contained in both the Rh NS series and the Rh S

series. Only white and Negro classifications were available. In the Rh NS series,
86.77 percent of the mothers are White, whereas in the Rh S series 90.20 percent
are white (based on mothers in appendix Table I). This slight difference is re-
versed when matings only are considered, the Rh NS series then yielding 93.27
percentvwhites and the Rh S series 92.18 percent whites. This reversal suggests
that the variation is not of biological significance but rather a function of socio-
economic factors.

In computing the Hardy-Weinberg expectancies, individuals of unknown race
were apportioned according to the proportion of races observed in the same
series.

Maternal Ages
The mean ages shown in appendix Table IV reveal no significant differences

among 0, A, B, and AB mothers, within either series. Moreover, the distribution
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of maternal ages (grouped in 5-year categories) analyzed by the mothers' ABO
blood groups or by mating category showed no significant differences within
either series.
A comparison between series, however, indicates a significantly greater mean

age (28.625 i .149) for the mothers of the Rh S series than for the mothers of
the Rh NS series (27.237 4t .106). Since almost all one-pregnancy Rh-incompati-
ble families and a large proportion of two-pregnancy families of this type are
not yet sensitized (Glass, 1949), the reason for a lower mean age in the Rh NS
series is apparent.

METHOD

Plan of Tabulation

The basic data have been tabulated in Appendix Tables I-VI. It will be neces-
sary to refer to these to comprehend the statistical analyses, and the analytical
tables. For the purpose of ready reference, the latter are indicated by section
letters and numerals.

Plan of Analysis

The plan of analysis included:
(1) Comparison of the observed ABO distribution of mothers, fathers, and

offspring, and their combinations, with the expected values for each series. Ex-
pected values are based on the assumption of a Hardy-Weinberg equilibrium,
taking into account the racial composition of the sample and the ABO allele
frequencies for U. S. Whites and Negroes, from Glass and Li (1953).
The expected numbers for each cell were computed separately for Whites

and Negroes and then summed to yield cell expectancies. For example, the
expected frequency of 0 X A matings Rh NS series =

Z [r2(p2 + 2 pr) X total Negro matings]
+ [r2(p2 + 2 pr) X total White matings]}

When the following allele frequencies are substituted for p, q, and r:

Negroes Whites

p= IA .180 .248
q = IB .132 .078
r = 10 .688 .674

and 156, for total Negro matings, and 2157, for total white matings, the equation
equals 408.3 matings or .17652 of all matings, after adjustment of the total is
made for rounding the final integer. Likewise, the offspring of 0 X A matings
are apportioned as:

A offspring of 0 X A, Rh NS = [pr2(p + r) X total Negro offspring
+ pr2(p + r) X total white offspring]

o offspring 0 X A, Rh NS = [pr3 X total Negro offspring
+ pr3 X total white offspring)
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ABO-Rh INTERACTION

Computations were made similarly for the expected numbers of other mat-
ings, offspring, and parent-offspring combinations (appendix Tables V, VI and
all other Hardy-Weinberg expectancies).

Complete tables with formulae, total frequency distributions, and computation
for each cell are available and deposited in Welch Library.

It should be noted that the figures for U. S. whites are actually an average of
frequencies for New York City (Tiber) and North Carolina (Snyder) and are
in all likelihood representative of the Baltimore area. Moreover, they are based
on 30,000 individuals and have almost no sampling error. On the other hand,
while the frequencies for Negroes, derived from a Baltimore paternity suit series
(cases of mother and offspring typed in connection with paternity suits at law),
are representative of the Baltimore area and are similar to figures given for
North Carolina and New York Negroes (Glass and Li, 1953), they are based on
a relatively small sample (600 individuals) and involve some sampling error.
However, since the Negro group represents such a small fraction of the popula-
tion expectancy, attachment of a sampling error to this group would not alter
the expected values to any degree.

(2) Comparison of population segments within each series.
(3) Comparison of the observed ABO distribution of the Rh S series with the

observed ABO distribution of the Rh NS series for each population segment and
set of combinations.
Note that comparisons of types (1) and (2) may be classified as comparisons

within each series. Type (3) constitutes comparisons between the two series (Rh
NS and Rh S).

TABLE Al. COMPARISON OF OBSERVED AND EXPECTED ABO DISTRIBUTIONS IN
SUBGROUPS OF THE Rh NS SERIES AND THE Rh S SERIES

Rh NS Rh S
d.f.

x2 p 2 P

Mothers (Table II) 3 4.704 >.10 24.305 <.001
Fathers (Table II) 3 8.145 <.05 21.779 <.001
Offspring Total (Table III) 3 3.530 >.30 50.637 <.001

Male 3 2.204 > 50 26.482 <.001
Female 3 1.366 > 70 25.631 < .001

Mother-Offspring Combinations, m.a. 13 32.781 < .01 172.615 <.001
Father-Offspring Combinations, m.a. 13 34.408 <.01 74.657 < .001
Matings 15 32.117 < .01 88.991 <.001
Mating-Offspring Combinations 39 71.956 <.001 288.788 <.0001

* Comparisons of the observed and expected ABO distributions were also made using:
Mothers derived from M-O combinations for each series
Fathers " " F-O " " " "
Mother-Offspring combinations based on s.a. for each series
Father-Offspring " " " " " " i

These yielded a similar pattern of differences and levels of statistical significance to those
tabulated above.
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Reliability of Sampling
Internal consistency of the samples has been tested by Fisher's method, ac-

cording to the procedure described by Dobson and Ikin (1946). All x2 values
obtained were non-significant. Consequently, it may be assumed that the sam-
pling is satisfactory.

Genetic formulae, statistical methods, and significance levels were computed
in accordance with the accepted recommendations for standard procedures
(Li, 1955; Cochran, 1952; Snedecor, 1950; Fisher, 1953).

RESULTS

For simplicity the results of the analysis of the data of Appendix Tables I-VI
are presented below in tabular and outline form with brief, summarizing com-
ments.
The following abbreviations will be used:

Symbol Meaning

+ Excess of
- Deficiency of
i ABO-incompatible
c ABO-compatible

NSD No significant difference or not significantly different
(i.e., not statistically significant)

SS Statistically significant
M-O Mother-offspring
F-O Father-offspring (likewise, A-O indicates A mother-O

offspring or A father-O offspring)
-x- Mating Category listed as Female ABO blood group X

Male ABO blood group
s.a. Single ascertainment
m.a. Multiple ascertainment
CPR Cross-product ratio

Analysis of the Complete ABO Distribution of Population
Segments and their Combinations

A. Comparisons within each Rh series
1. Comparisons of population subgroups with expectancy
To determine whether the ABO distributions of the Rh NS and Rh S series

fit the Hardy-Weinberg expectancies, each population segment and set of com-
binations is compared with the theoretical expected values, for each series sepa-
rately (Table Al).

2. Comparison between mothers and fathers within each Rh series
If, as is commonly assumed (Waterhouse and Hogben, 1947; Johnstone,

1955; Matsunaga and coworkers, 1955, 1956, 1958, 1959; Reed, 1956), there is a
similar distribution of adult males and adult females among the four ABO
blood groups in the general population, then it would be expected that, in the
absence of selective forces, mothers and fathers within the same series (Rh NS
or Rh S) would have a similar blood group distribution and that male and female
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ABO-Rh INTERACTION

TABLE A2A. COMPARISON OF THE ABO BLOOD GROUP DISTRIBUTION OF MOTHERS
WITH FATHERS WITHIN EACH SERIES

Rh NS Series Rh S Series

Mothers vs. Fathers Mothers vs. Fathers

From M-O, F-O Combinations (Table V)*

0 44.97 43.08 41.72 49.05
A 38.59 40.24 45.24 39.64
B 12.51 12.48 8.99 8.64
AB 3.92 4.20 4.04 2.68

Total Distribution:
[ = 2.334, .70 > P > .50 x2 = 15.473, .01 > P > .001

* Comparative distributions for Mothers and Fathers derived from Matings, which can
be obtained directly from Table II, reveal a similar pattern to those from combinations
tabulated above.
Rh NS Series: x2 = 1.598, .70 > P > .50
Rh S Sereies: x2- 18.914, P < .001

TABLE A2B. COMPARISON OF PROPORTION OF TOTAL* OFFSPRING PRODUCED BY MOTHERS OF
THE DIFFERENT ABO GROUPS WITH THAT OF FATHERS OF CORRESPONDING BLOOD GROUPS

Rh NS Series Rh S Series

FroMatin From M-O and F-O . From M-0 and F-0
Parental From Matlngs Combinations From MatIgs Combinations

Blood Group (Table II) (Table V) (Tabe ) (Table V)

Mothers Fathers Mothers Fathers Mothers Fathers Mothers Fathers

0 44.27 42.12 44.81 42.48 41.25 48.46 42.39 49.07
A 39.06 40.54 38.80 40.89 47.15 39.71 43.63 39.43
B 12.99 12.89 12.36 12.88 9.54 9.57 9.81 9.15
AB 3.67 4.44 4.03 3.75 4.21 2.26 4.17 2.34

X3 = 7.832, .05> X2= 4.070, .30> 3 = 62.242, P < X2 = 34.675, P <
P > .02 P > .20 .001 .001

* Offspring are classified on the basis of parental blood groups, not their own blood
groups.

parents of the same ABO blood group would produce a similar proportion of the
total offspring (Tables A2a and A2b).

B. Comparisons between series (Rh NS and Rh S) of the ABO distributions
of corresponding population segments and their combinations.
To determine whether the ABO patterns of the Rh NS and Rh S series are

similar, the ABO distributions of corresponding population segments (mothers,
fathers, etc.) and of sets of combinations (mother-offspring, matings, etc.) are
compared between the two series (Table B).
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TABLE B. COMPARISON BETWEEN SERIES: Rh NS VERSUS Rh S SERIES

Population Segment d.f.

Mothers (Table IL) 3
Fathers (Table II) 3
Offspring (Table III)

Total 3
Male 3
Female 3

Combinations
1\I-C Combinations

s.a. (Table V) 13
m.a. (Table V) 13

F-() Combinations
s.a. (Table V) 13

m.a. (Table V) 13

Matings (Table VI) 15
Mating-0ffspring (Table VI) 39

Deviation1 in ABO Distributions of Rh S
Series when Compared to Rh NS Series

Deficiency of:
13.210 <.01 i C andB mothers
26.160 <.001 i B and AB fathers

38.074
18.686
20.135

<.001
<.001
<.001

i B and AB offspring
i B and AB offspring
i B and AB offspring

119.063 <.001 all i combinations
165.042 <.001 all i combinations

43.483 <.001 all i combinations except AB-A
and AB-AB

71.752 <.001 all i combinations except AB-AB
contributing 1.3 to total x2.

92.268 <.001 all i categories
207.327 <.001 Deficiency most marked in i com-

l)inations () X A-A; 0 X B-B;
and () X AB-B

I For simplicity of comparison with analysis in Section A pattern of deviation is given in
terms of ABO-incompatible (i) components.

2 Statistical tests were also performed on mothers, fathers, and offspring (total, and
male and female separately) derived from M-O combinations (s.a. and m.a., Table V) and
F-O combinations (s.a. and m.a., Table V). All revealed a similar pattern of deviations at-
taining less than the .001 level of significance except the following groups of female offspring:

from M-() (s.a.) and (m.a.) .01 > p > .001
from F-() (s.a.) .05 > p > .02

TABLE CIA. COMPARISON OF OBSERVED AND EXPECTED ABO-INCOMPATIBLE
COMBINATIONS IN THE Ith NS SERIES

ABO-Incompatible Combinations

Combinations Total No. Observed Expected X2xl

No. Per Cent No. Per Cent

Mother-Offspring (Table V)

s.a.*
Father-Offspring (Table V)
m.a.
Sa.".

Matings (Table VI)
Mating-Offspring (Table

VTI)

3577
3037

2828
2284
2313
2887

820 22.92 746 20.85 9.374
697 22.95 633 20.85 8.379

1064 37.62
848 37.13
898 38.82
636 22.03

1046 36.99
845 36.99
827 35.76
598 20.73

.492

.020
9.317
2.981

m.a. = multiple ascertainment per family; s.a. = single ascertainment per family.

<.01
<.01

>.30
>.80
<.01
> .05
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TABLE CIB. COMPARISON OF OBSERVED AND EXPECTED ABO-INCOMPATIBLE
COMBINATIONS IN THE Rh S SERIES

ABO-Incompatible Combinations

Combinations Total No. Observed Expected xl

No. Per Cent No. Per Cent

Mother-Offspring (Table V)
m.a.* 2998 355 11.84 623 20.80 145.919 <.001
s.a.* . 1335 133 9.96 278 20.80 94.879 <.001

Father-Offspring (Table V)
m.a. 2645 839 31.72 978 36.96 31.154 <.001
s.a. 1158 352 30.40 428 36.96 21.450 <.001

Matings (Table VI) 1383 359 25.96 495 35.78 57.890 <.001
Mating-Offspring (Table VI) 2778 316 11.38 576 20.75 148.440 <.001

* m.a. = multiple ascertainment per family; s.a. = single ascertainment per family.

TABLE C2. COMPARISON RATIOS OF Rh NS AND Rh S SERIES AS TO PROPORTIONS OF ABO-
INCOMPATIBLE AND ABO-COMPATIBLE COMBINATIONS AND OFFSPRING GROUPINGS

Departure of CPR from unity

Set of Segments in Comparison (RhN'S:RhS) Cross Product 95 Per CentRatio' (X) Confidence Limits
xi P

Mother-Offspring (Table V) 2.214 1.933-2.535 132.212 <.001
Father-Offspring (Table V) 1.298 1.162-1.451 21.118 <.001
Matings (Table VI) 1.810 1.564-2.096 63.111 <.001
Offspring Groupings (Table VI)

i offspring; c offspring 2.201 1.901-2.549 111.454 <.001
Offspring of i categories; offspring 1.8490 1.651-2.070 113.652 <.001

of c categories

Cross Product Ratio =
(i combinations or i grouping RhNS) (c combinations or c grouping RhS)
(i combinations or i grouping RhS)(c combinations or c grouping RhNS)

C. ABO-incompatible versus ABO-compatible combinations within Rh series
and between Rh series

In the total distributions represented in sections "A" and "B" above, the ABO
blood groups and blood group combinations appear to depart from expectation
depending upon maternal-fetal ABO-compatibility (Chart 2).
To clarify these findings the various blood group combinations are pooled

into two classifications, the ABO-incompatible and ABO-compatible types
(Chart 2) and examined as follows:
Table C1. Comparison of the observed number of ABO-incompatible types

with the Hardy-Weinberg (H-W) expectancies within each Rh series.
Table C2. Comparisons between Rh series by estimation of the cross product

ratios of the proportion of ABO-incompatibles in the Rh NS series and the pro-
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portion in the Rh S series for corresponding combinations (Woolf, 1955). The
statistical significance of the cross product ratios depends on departure from
unity.

Tables C3. Comparisons with H-W expectancy within Rh series and between
Rh series, as to the distribution of ABO-incompatible and ABO-compatible
offspring of each parental type (Table C3a) and each mating category (Table
C3b) capable of producing both ABO-incompatible and ABO-compatible off-
spring.

Only those phenotypic parent groups and mating categories capable of pro-
ducing both ABO-incompatible and ABO-compatible offspring are included.
However, while 0 X AB matings, which can produce only ABO-incompatible
offspring, were excluded, no attempt was made to distinguish between homozy-
gosity or heterozygosity in A or B fathers in other tabulated categories. There-
fore, some of the 0 X A matings might well be of genotype 00 X AA and thus
incapable of producing ABO-compatible offspring.
The i:c ratios are given in terms of numbers of individuals (observed and

expected) rather than in the form of ratios based on unity. This affords a direct
comparison between observation and expectancy.

D. Reciprocal matings
A comparison of the reciprocal mating categories involving one parent of blood

group "O" necessarily constitutes a comparison of ABO-incompatible (or po-
tentially incompatible) mating categories with ABO-compatible mating cate-
gories containing parents of the same ABO phenotypes. The strategic mating
categories (mother X father) are 0 X A and A X 0; 0 X B and B X 0; 0 X
AB and AB X 0.

It will be assumed [as was done in the comparison of the blood group distri-
bution of mothers versus fathers (A,2)] that there are equal proportions of male
and female adults of corresponding blood groups and therefore that an equal
number of each category of any pair of reciprocal mating categories is to be
expected. The possible role of a differential sex ratio (Sanghvi, 1951; Johnstone,
1954; Cohen and Glass, 1956, 1959b) among the various blood groups and of
differential selection in infancy and childhood (Struthers, 1951) cannot be ruled
out. However, for the present, it is better to choose the simplifying assumption.
The following comparisons are made:
Table Dl. Relative frequency of families of reciprocal mating categories, in

terms of the ratio "ABO incompatible category: ABO compatible category."
Tables D2a,b. Comparisons within and between series involving blood group

distribution of offspring (O offspring and offspring not 0) of the categories in
"Dl" above.

SUMMARY OF RESULTS

A consistent pattern emerges from the analyses of the complete ABO distri-
bution of mothers, fathers, and offspring (population segments) and their com-

binations within series (A) and between series (B), the pooled ABO-incompatible
and pooled ABO-compatible combinations (C), and the reciprocal matings (D).
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TABLE C3A. DISTRIBUTION OF OFFSPRING OF POTENTIALLY ABO-INCOMPATIBLE
PARENTAL TYPES (TABLE VI)

Comparisons With Expectancy Within Each Series Comparisons Between Series

Rh NS Series i
offspring: c offspring

436:826 NSD
410:852
100: 1051 NSD
93:1058
100:258 NSI)
85:273

381:805 NSD
390:796
171:198 NSD
163:206
84:30 NSD
81:33

Rh S Series
i offspring:c offspring

228:932 P < .001
377:783
46:1169 P < .001
98:1117
42:240 P < .001
67:215

221:894 P < .001
367:748
70:187 P < .001
113:144
25:34 P < .001
42:17

Cross
Prod-
uct

Ratio'

95 Per Cent
Confidence

Limits

2.15811.637-2.844

Departure of
CPR from
Unity

x2 P

L29.795 <.001

2.41811.779-3.287 31.7611< .001

2.21511.483-3.307115.108 <.001

1.91511.582-2.318144.368 < .001

2.30711.638-3.249122.8931 < .001

3.80811.961->5.0 15.594 <.001

I'Cross Product Ratio (i offspring Rh NS) (c offspring Rh S)
(i offspring RhS)(c offspring Rh NS)

TABLE C3B. DISTRIBUTION OF OFFSPRING OF ABO-INCOMPATIBLE MATING
CATEGORIES (TABLE VI)

Comparison with Expe

Obs.
Exp.
Obs.
Exp.
Obs.
Exp.
Obs.
Exp.
Obs.
Exp.
Obs.
Exp.

Rh NS Series i
offspring: c
offspring

283:231 NSD
296:218
100: 77 NSD
94:83
71:76 NSD
78:69
98:88 NSD
107:79
28:20 NSD
24:24
2:6 NSD
4:4

actancy Within Each Series

Cross
Rh S Series i offspring: c Prod-

offspring uct
Ratio'

182:230 P < .001 1.548
238:174
37:68 P < .001 2.387
56:49
33:40 1.132,
39:34 .20 > P > .10

39:39 1.114
45:33 .20 > P > .10

13:21 2.2621
17:17 .20 > P > .10

3:6 > 667
4.5:4.5 .50 > P> .30 .6

Comparisons Between Series

95 Per
Cent
Confi-
dence
Limits

1.193-:
2.010
1.450-]
3.930

0.645-
1.989

0.656-
1.890

0.921-
>5.0

0.080-
>5.0

Departure of CPR from Unity

x2 P

10.792

1.694

1.873

1.589

3.167

0.141

< .001

<.001

.20 > P > .10

.30 > P > .20

.10 > P > .05

.80 > P > .70

Parental
Types

Mothers
(

A

B

Fathers
A

B

AB

Obs.
Exp.
Obs.
Exp.
Obs.
Exp.

Obs.
Exp.
Obs.
Exp.
Obs.
Exp.

Mating
Category

O X A

OX B

AXB

B X A

A X AB

B X AB

Cross Product Ratio = (i offspring, RhNS) (c offspring, Rh S)
(i offspring, RhS) (c offspring, Rh NS)

Expected values are rounded to nearest whole number.

-1-1

I.
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TABLE D2A. COMPARISON OF BLOOD GROUP DISTRIBUTION OF OFFSPRING OF
RECIPROCAL MATING CATEGORIES WITHIN EACH SERIES (TABLE VI)

Total No. CrossReciprocal Categories in Offspring Product 95 Per Centx2 PComparison Ratio per Ratio* Confidence Limits
Mating

Rh NS Series
O X A 514
and 1.036 0.811-1.325 0.081 .80 > p > .70
AX O 515

O X B 177
and 1.261 0.805-1.975 1.027 .50 > p > .30
B X O 136

Rh S Series
O X A 412
and -0.489 0.474-0.795 13.701 <.001
A X O 529

O X B 105
and -0.671 0.301-0.868 6.169 .02 > p > .01
BXO 128

* Cross Product Ratio =
(not-O offspring i mating category)(0 offspring c mating category)
(not-0 offspring c mating category) (O offspring i mating category)

TABLE D2B. COMPARISON BETWEEN SERIES OF BLOOD GROUP DISTRIBUTION
OF OFFSPRING BY MATING CATEGORY (TABLE VI)

Mating Category in Cross Product 95 Per Cent Confidence 2Comparison Ratio (Rh Ratio* Limits xiPNS an Rh S Series)

i categories
O X A 1.548 1.193-2.010 10.792 .01 > p > .001
O X B 2.387 1.450-3.930 11.694 <.001

c categories
A X 0 0.916 0.719-1.169 0.494 .50 > P > .30
B X 0 0.967 0.597-1.568 0.018 .90 > p > .80

*Cross Product Ratio = (not-0 offspring, Rh NS) (O offspring, Rh S)
(not-0 offspring, Rh S) (O offspring, Rh NS)

for each mating category specified.

In both the Rh-sensitized (Rh S) series and the Rh-nonsensitized (Rh NS)
series the ABO distribution of every population segment and every set of com-
binations (mother-offspring, father-offspring, matings and mating-offspring) is
different from expectancy, significantly in the former series (p < .001), though
not always in the latter series [Table All.
The Rh S series shows a deficiency of those elements that are ABO-incompatible

or most markedly associated with ABO-incompatibility, whereas the Rh NS
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series shows a trend toward an excess of ABO-incompatible types and combina-
tions [Chart 2, Table 1 (ABO-compatibility status); Appendix Tables II, III,
V, VI (observed distributions)].

In view of the opposite direction of the deviations of the Rh NS and Rh S
series from the Hardy-Weinberg expectancies, the contrast in the ABO distri-
butions of the two series is sharpest when comparisons are made directly between
them. Each of the comparisons involving population segments or sets of combi-
nations shows a highly significant difference between the two series [Table B
and Basic Tables II, III, V, VI].
That the aberrant ABO distributions are not a function of specific parental or

offspring blood groups per se but in fact result from the ABO-compatibility
status of combinations is illustrated in several ways.

First, the comparison of mothers with fathers within each series shows differ-
ences in their respective ABO-distributions (Table A2a) as well as differences in
the proportion of total offspring produced by mothers and fathers of correspond-
ing blood groups within each series (Table A2b). In the Rh S series there is a
smaller proportion of 0 mothers (potentially ABO-incompatible, Table 1) and a
larger proportion of A (relatively ABO-compatible) and AB (always ABO-
compatible) mothers as compared to the frequencies of fathers of the same blood
groups and opposite ABO-compatibility status P < .01. Likewise, in the Rh
S series there is a smaller proportion of total offspring produced by 0 mothers
and a larger proportion produced by A and AB mothers as compared to the
proportion of total offspring produced by offspring of fathers of corresponding
blood groups (P < .001).
The Rh NS series shows a tendency in the opposite direction both in the

maternal-paternal ABO-distribution and in the relative proportions of offspring
produced by the same maternal and paternal blood groups, although borderline
significance is attained only in the offspring derived from the tabulation of
matings.

Secondly, direct evidence of the role of ABO-compatibility status in the ob-
served pattern comes from the comparison of the pooled observed ABO-incom-
patible combinations with the Hardy-Weinberg expectancies (Tables Cla and
Clb). The deficiency of ABO-incompatible combinations in the Rh S series is
significant at the .001 level in all comparisons. In the Rh NS series the excess of
ABO-incompatible combinations attains statistical significance except for the
father-offspring and mating-offspring combinations.
When comparisons are made directly between the Rh NS and Rh S series

(Table C2), all sets of combinations (mother-offspring, father-offspring, matings,
and offspring groupings from matings) emphasize the significantly larger propor-
tion of ABO-incompatibles in the former series (P < .001). Cross-product ratios
range from almost 1.3 in father-offspring to more than 2.2 for mother-offspring
and mating-offspring sets.

Thirdly, the proportions of ABO-incompatible and ABO-compatible offspring
produced by mothers of each blood group and fathers of each blood group capa-
ble of producing both types of offspring (Table C3a), as well as by each mating
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category (Table C3b) capable of producing both ABO-incompatible and ABO-
compatible offspring, confirm the overall pattern. In the Rh S series 0, A, and
B mothers and A, B, and AB fathers (Table C3a) and 0 X A and 0 X B mat-
ings (Table C3b) all show a significantly smaller proportion of ABO-incompatible
offspring than expected. In the Rh NS series a tendency toward an excess of
ABO-incompatible offspring (not statistically significant) is observed when classi-
fication is based on individual parental types, although the individual mating
categories show some irregularities.

Accordingly, the contrasting pattern in the Rh NS and Rh S series is reflected
in comparisons of the relative proportions of ABO-incompatibles in the two
series. The cross-product ratios for offspring of corresponding parental types
indicate approximately twofold or greater (1.915-3.808) differences between the
two series. The trend shown by the offspring of mating categories is similar but
not so striking, with significance in comparisons between series only in the
o X A and 0 X B categories, which yield cross-product ratios of 1.5 to >2.3.

Fourthly, the reciprocal mating categories, both in their deviations from the
expected 1:1 ratio of relative frequency and in the blood group distributions of
their offspring, show a significant deficiency of ABO-incompatibles in the Rh S
series [deficiency of 0 X A, and 0 X AB matings (Table DI) and deficiency of A
offspring in 0 X A matings and B offspring in 0 X B matings (Table D2a) rela-
tive to the findings in their reciprocal mating categories]. In the Rh NS series
there is a trend (not statistically significant) in the opposite direction. The con-
trast in the relative frequency of reciprocal mating categories of the two series
(Table Dl) is highly significant for the 0 X A:A X 0 group (cross-product
ratio = 1.39) and for the 0 X AB:AB X 0 group (cross-product ratio = 4.76).
The striking ratio in the 0 X AB: AB X 0 might well be attributable to the

fact that the 0 X AB category is the only ABO-incompatible mating category
that is unconditionally ABO-incompatible-no ABO-compatible offspring call be
produced. In the collection of families of Rh-sensitized women reported by Levine
(1958) the ratio of 0 X AB:AB X 0 matings was 1:59 when transfused mothers
were eliminated. While no attempt has been made in the Rh S series of the present
study to separate all those matings where Rh sensitization may have been caused
or influenced by factors other than Rh-incompatible pregnancies in the particu-
lar mating recorded, it is noteworthy that all of the six 0 X AB matings listed
in the Rh S series involved women who had either been transfused (families
1279, 130:3, and 1542), or had been married at least once prior to the current
marriage (families 866, 922, and 1490).

In regard to the blood group distributions of offspring, the comparisons be-
tween reciprocal categories reach levels of statistical significance only in the Rh
S series, although the opposing trends in the two series are apparent from the
cross-product ratios of ABO-incompatibles to ABO-compatibles (more than
unity in the Rh NS and less than unity in the Rh S Table D2a). Comparisons
between series for offspring distribution in each mating category reveal, in the
ABO-incompatible categories 0 X A and 0 X B, a marked contrast between the
two series, whereas in the reciprocal ABO-compatible categories (in which both

195



alternative types of offspring 0 and not-O are alike ABO-compatible) there are
no significant differences between the two series in the blood group distribution
of the offspring (Table D2b).
A more detailed analysis of the reciprocal mating categories has been made and

is to be presented in the near future. It is noteworthy that when the data are
analyzed grouping observations by total number of pregnancies per mating and
by pregnancy order, the findings are consistent with the pattern indicated by
the pooled groups reported here. This suggests that the ABO blood group differ-
ences between the two series cannot be attributed to pregnancy order, or ma-
ternal age.

DISCUSSION

By approaching the data from many points of view the inner consistency of
the ABO-Rh relationship is repeatedly demonstrated. Even the nonsignificant
trends in the Rh NS series seem fairly well established by means of repeated
appearance under different methods of analysis. Clearly, the ABO distributions
of the fertile Rh-incompatibly mated population samples, as represented by the
Rh NS (not sensitized) and Rh S (sensitized) series not only deviate significantly
from one another, but, even more definitively, deviate in opposite directions from
theoretical (Hardy-Weinberg) expectancies.
The highly significant deficiency of ABO-incompatibles in the Rh S series of

this study is consistent with the findings of other investigators who have exam-
ined the families of Rh-sensitized women (Levine, 1945, 1958; Wiener, 1945;
Heistd, 1955; Reepmaker, 1956 and others). The opposite tendency, toward an
excess of ABO-incompatibles, here seen in the Rh NS series, is, on the other
hand, a deviation opposite in direction not only from that in the Rh S series of
this study, but also from those in every other Rh-sensitized, Rh-mixed (Water-
house and Hogben, 1947, Johnstone, 1954a), or Rh-compatibly mated (Matsu-
naga, 1959) series thus far reported.

Several theories have previously been proposed to explain Levine's original
observation of a deficiency of ABO-incompatibly mated Rh-negative mothers of
erythroblastotic offspring. All such theories will explain a deficiency of ABO-
incompatible types in the Rh-sensitized series. The use of a nonsensitized Rh-
incompatibly mated series (Rh NS) now makes possible a decision as to the
correct hypothesis.
The deviations from expectation observed in the present data are not explica-

ble on the basis of simple negative selection against A- and B-incompatible types,
as Fisher suggested (1944, according to Race, MRC Memorandum No. 27).
Such a theory would account for the aberrant ABO distribution in Rh unselected
and Rh-compatibly mated samples, but, because it postulates that ABO-in-
compatibility and Rh-incompatibility act independently of one another, this
theory would also require that the Rh NS series show a deficiency of ABO-
incompatibles similar to that in the Rh S series. For example, if ABO-incompati-
bility selected against 25 percent of the ABO-incompatible matings and Rh-
incompatibility independently caused 50 percent of Rh-incompatible matings to
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become Rh-sensitized, the following might be expected in the reciprocal ABO-
incompatible 0 X A and ABO-compatible A X 0 matings:

ABO-incompatible ABO-compatible
Rh-incompatible Rh-incompatible

0 X A Matings A X 0
100 100

-< ABO effect (25%)
75 100

- Rh-sensitization (50%) I

37.5 37.5 50 50
(remain in (to Rh S) (remain in (to Rh S)
Rh NS) Rh NS)

Thus the ratio of ABO-incompatible:ABO-compatible matings would be the
same in the Rh NS and the Rh S series, 37.5:50, or .75:1.00. That is to say,
both the Rh NS and Rh S series would show a relative deficiency-the same
deficiency of ABO-incompatible types.

Still another proposed explanation for the marked deficiency of ABO-incom-
patible matings among Rh-sensitized mothers attributes the phenomenon to
inherent, most probably genetic, differences in the ability to produce antibodies,
i.e., to differences among mothers in "sensitizability." According to this hypothe-
sis, Rh-sensitized mothers would be not only good Rh antibody-makers but also
good anti-A or anti-B makers also. Thus by selection for Rh-sensitized mothers,
selection would have been made simultaneously for a strong ABO-incompati-
bility effect.
The Rh NS series, on the other hand, since it is a group selected for non-

sensitization to Rh, would then be expected to be composed of poorly sensitiza-
ble or nonsensitizable mothers, showing neither ABO nor Rh response. However,
since all mothers are classified as nonsensitized until they produce antibodies,
the Rh NS series must be considered in a dual role: it is the "parent" population
of the Rh S series as well as a comparable "sister" population. As the parent
population, the Rh NS series must contain some families which are potentially
destined for the Rh S series, and these families not being true "nonsensitizables,"
would be expected to show an ABO-incompatibility effect similar to that of the
Rh S series. The resultant Rh NS series should therefore show "no difference"
from ey ectation or possibly a slight trend toward a deficiency of ABO-incom-
patible as in the Rh S series. On the basis of the sensitizability hypothesis,
therefore, one would not at all expect a consistent trend toward an excess of
ABO-incompatibles in the Rh NS series, such as actually occurs.
The only current theory that can explain both the deficiency of ABO-incom-

patibles in the sensitized Rh-incompatibly mated population (Rh S series) and
at the same time an excess of ABO-incompatibles in the nonsensitized Rh-in-
compatibly mated population is one that postulates an interaction of ABO-
incompatibility and Rh-incompatibility, most probably involving a protective
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CHART 3. The preferential shift in Rh-incompatible matings of ABO-compatible matings
in comparison with ABO-incompatible matings (after Cohen and Glass, 1959a)

Selection Pressures

ABO-Incompatible Matings ABO-Compatible Matings

(O female X A male) (A female X 0 male)
Rh Nonsensitized Series
ABO-Incompatible: ABO-Com-

patible

Before shift 3:4 + + + ABO Effect + + + +
I I

After shift 2:2 4 4
+ Rh Sensitization + +

Pressure l
Rh Sensitized Series 4 4

1:2 + + +

Each "+" represents an equal number of matings.
The primary ABO effect is represented by the reduction in number of +'s (fertile mat-

ings) representing the ABO-incompatible matings as compared with the ABO-compatible
matings (i.e. 3:4).

The differential in Rh sensitization pressure is represented by the number of +'s shifted
relative to the number belonging to the mating category before the shift (i.e., 1/3 for () X A
matings; 2/4 for A X 0 matings).

action of ABO-incompatibility against the Rh effect. A differential Rh-sensitiza-
tion pressure favoring ABO-incompatible over ABO-compatible matings would
produce a preferential shift of ABO-compatible matings from the Rh NS series
into the Rh S series. As a consequence, a deficiency of ABO-incompatible mat-
ings would occur in the Rh S series, whereas a backlog (or excess) of ABO-in-
compatible matings would be left in the Rh NS series [an hypothetical example
of this shift appears in Chart 3 (Fig. 1, Cohen and Glass, 1959a)].
By manipulating the assumed values for ABO and Rh selection pressures,

it. may readily be demonstrated that a difference in negative Rh selection pressure
superimposed on the negative AB selection pressure can actually yield either a
deficiency, excess, or equality of the ABO-incompatibly mated families in compari-
son with their reciprocal ABO-compatibly mated families in the Rh NS series,
while the Rh S series still shows a deficiency. Some of the factors that could
determine which of the three relations-deficiency, excess, or equality-will occur
are the following:

(1) The degree of negative selection against A and B imposed on ABO-incom-
patibles in comparison with ABO-compatibles from the effect of ABO-incom-
pat ibility alone.

(2) The difference between the Rh sensitization pressures for ABO-incompati-
bles and ABO-compatibles.

(3) The magnitude or level of Rh sensitization pressures.
(4) The magnitude of Rh sensitization pressures relative to the primary nega-

tive ABO selection pressure in (1) above.
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(5) The relative size of (a) the differential between the Rh-sensitization pres-
sures and (b) the AB negative selection pressure.
The findings of this investigation suggest an interaction of these five compo-

nents of the total selection pressure at such levels as to yield a marked deficiency
of ABO-incompatibles in the Rh-sensitized series and a slight borderline excess
of ABO-incompatibles in the Rh-nonsensitized series. This difference in degree of
the deviations as well as direction of the deviations in the two series is apparent
when the effects of the component selection pressures for each series are con-
sidered. In the Rh S series both the simple negative selection against A- and
B-incompatibles in early pregnancy and the protective action of ABO-incom-
patibility against Rh sensitization contribute to the size of the deficiency of
ABO-incompatibles. On the other hand, in the Rh NS series, these two com-
ponents of selection oppose one another. Selection against ABO-incompatibles
in early pregnancy tends to diminish the excess of ABO-incompatibles produced
by the protective action of ABO-incompatibility against Rh-sensitization.
From the present observations of the ABO-Rh interaction in the Rh NS and

Rh S series, the probable effects upon fetal survival and differential blood group
distribution of offspring in the total Rh-incompatibly mated segment of the
population may be postulated. The concept has been illustrated in a theoretical
example [see Chart 4 (Figure 2, Cohen and Glass, 1959a)] in which there is no
separation into nonsensitized and sensitized series, but instead the ultimate fate
of all Rh-incompatible zygotes is considered.
The illustration is based on the following simplifying assumptions:
(1) ABO-incompatibility tends to manifest its deleterious effects primarily in

early pregnancy, sometimes so early that pregnancy is unrecognized (Brambell
et al., 1951; Waterhouse and Hogben, 1947; Matsunaga 1955, 1956, 1958, 1959).
AB hemolytic disease is relatively so rare (1 in 1100 pregnancies) that it need
not be considered in comparison with the early ABO effect (1 in 25 pregnancies).

(2) Rh incompatibility manifests its harmful effects in late pregnancy and
early neonatal life, and not at all in the first half of pregnancy (Overstreet, Trent,
Hunt, and Lucia, 1947; Glass, 1949).
The effect of simple ABO-incompatibility in early pregnancy is postulated

to be such that 20 percent of ABO-incompatible zygotes are eliminated. Super-
imposed on this effect is a 20 per cent differential in Rh selection pressure favor-
ing the ABO incompatible zygotes; 70 percent of the ABO-compatible Rh-in-
compatible zygotes survive as compared to 90 percent of ABO-incompatible
Rh-incompatibles, which have passed the early 20 % negative A-B selection.
As a consequence of these selection pressures the model yields more survivors

in ABO-incompatible matings than in ABO-compatible matings: 72 percent sur-
vivors in 00 X AA matings in comparison with 70 percent in AA X OO, 71
percent in 00 X AO as compared with 70 percent in AO X 00. In addition,
there is a higher percentage of A survivors among total conceptions and among
all survivors in the progeny of ABO-incompatible matings than in the progeny
of ABO-compatible matings.
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Percentage of Type A

00 X AA
AA X 00
00 X AO
AO X 00

Among Total
Conceptions

72%
70%
36%
35%

Among Survivors Only

100% A only type possible
50.7%
50.0%

Thus with reasonable combinations of ABO-selection pressures and differen-
tials in Rh selection pressures for ABO-incompatible and ABO-compatible off-
spring it is apparent that the doubly incompatible zygotes, though selected

CHART 4. Opposing selection pressures in Rh-incompatible matings
(after Cohen and Glass, 1959a)
A simplified hypothetical example

Independent ABO Effect: 80

Rh Effect: Differential in Selection Pr
ABO-compatible zygotes
ABO-incompatible zygotes

ABO-Compatible Matings
AA female X AO female X Offspring
00 male 00 male Conceived

100 A

I
100A

70%

70 A sur-

vivors
70% sur-

vivors

100% A

70% A

IF

WA 50 0 '-(zygotes)->

50 A 50 0

I70% {70%

35 A 35 0

70% survivors

50% A

35% A

ABO
Selection

ABO
BARRIER

<-Rh Selection->

BIRTH

Survivors: % total
<- Conceptions--

<-% A among Total
Survivors->

)% (20% negative selection
against ABO-incom-
patible zygotes)

iessure = 20%
70% 30% negative selection
90% 10% negative selection

ABO-Incompatible Matings
00 female X AA

male

100 A

.I-

I80%

80 A

j90%

72 A

72% survivors

100% A

< % A among Total 72% A
Conceptions- T

00 female X AO
male

50 A 50 0
(ABO-com-

patibles)

80% 1
40 A 50 0

}90% {70%

36 A 350

71% survivors

50.7% A

36.0% A

-I--
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against by two negative selection pressures (ABO and Rh), can actually show a
higher rate of survivorship and a higher proportion of non-O survivors than the
singly incompatible (ABO-compatible, Rh-incompatible) zygotes.
The statistical findings presented in this investigation and other studies

(Grubb and Sjbstedt, 1955) support the view that the double heterozygote
(ABO-incompatible, Rh-incompatible) is, in fact, superior in fitness to the single
heterozygote (ABO-compatible, Rh-incompatible), as assumed in the model.
The evidence is furthermore consistent with the view that the selective disad-
vantage of ABO-incompatibility in early pregnancy is counteracted by the selec-
tive advantage of ABO-incompatibility in protecting against the deleteriousness
of Rh-incompatibility in later pregnancy (Cohen and Glass 1959a).

Several hypotheses have been advanced to account for the biological mecha-
nism whereby ABO-incompatibility between mother and fetus can protect an
Rh-negative mother against isoimmunization to Rh. For the most part the
weight of evidence seems equally favorable to each of two biological mechanisms,
competition between antigens (Wiener, 1945) and destruction of ABO-incom-
patible fetal erythrocytes, when they get into the maternal circulation, by the
maternal anti-A or anti-B present there (Race, 1952; Levine, 1958, and others).
Neither acquired tolerance (Owen et al., 1954), nor injections of ABO-incom-
patible Rh-incompatible and ABO-compatible Rh-incompatible blood (Stern,
Davidsohn, and Masaitis, 1956), nor the clinical cases of combined AB and Rh
hemolytic disease (Gunson, 1957) permit a definite choice between the two ex-
planations. Moreover, since the two theories are not mutually exclusive, it
remains possible, as a third alternative, that both are valid. It is feasible that
the protective action of ABO-incompatibility may itself be mediated in more
than one way and that quantitative as well as qualitative effects need to be con-
sidered.
That the ramifications of selective interaction involved in this phenomenon

are numerous and are not to be regarded as completely resolved is apparent.
In the present investigation of the ABO-Rh interaction, additional findings from
the detailed analysis of reciprocal matings, including data on pregnancy wastage
and the blood group distribution of offspring classified by pregnancy order and
total number of pregnancies, remain to be presented. Emprical estimates and
mathematical models of the protective action of ABO-incompatibility against
the Rh effect are being formulated. We may hope that other populations will be
studied by biometricians, epidemiologists, serologists, and clinicians, as well as
by geneticists, for the purpose of clarifying the biological mechanisms involved,
refining the estimates for the clinical outcome of pregnancies, and indicating the
role of the dual incompatibility phenomena on evolution. The effect of Rh-
incompatibility on Rh-rh frequencies in future generations has already been
studied by Haldane (1942), Wiener (1942), Glass (1950), and Levine (1958).
Nevertheless, it is even now apparent-though still too soon to make precise
estimates-that the interaction ABO-incompatibility and Rh-incompatibility
must be considered in evaluating the evolutionary trends of allele frequencies
at both the ABO and the Rh loci.
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SUMMARY

1. The ABO distributions of Rh-nonsensitized and Rh-sensitized Rh-incom-
patibly mated population samples not only deviate significantly from one another,
but also deviate in opposite directions from Hardy-Weinberg expectancies.

2. Several theories previously proposed to explain the deficiency of ABO-
incompatibles in Rh-sensitized samples may be excluded through the utiliza-
tion of an Rh-nonsensitized as well as an Rh-sensitized series. The only hypothe-
sis which can explain simultaneously both the deficiency of ABO-incompatibles
in the Rh-sensitized series and the excess of ABO-incompatibles in the Rh-
nonsensitized series is an interaction between ABO-incompatibility and Rh-
incompatibility, such that ABO-incompatibility tends to inhibit Rh-isoimmuni-
zation, and possibly also modifies its consequences.

3. The theoretical basis of the superiority of the double heterozygote (ABO-
incompatible, Rh-incompatible) over the single heterozygote (ABO-compatible,
Rh-incompatible) is considered along with hypothetical models to illustrate (a)
the preferential shift of ABO-compatible matings from the Rh-nonsensitized
series to the Rh-sensitized series; and (b) differential fetal survival and blood
group distribution of offspring as a result of the ABO-Rh interaction.

4. The possible biological mechanisms underlying the ABO-Rh interaction
and its possible impact on allele frequencies in future generations are discussed.
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TABLE V. DISTRIBUTION OF PARENT-OFFSPRING BLOOD GROUP COMBINATIONS

Offspring Series Ascertainment

0 Rh NS Single
Multiple

Rh S Single
Multiple

A

B

AB

Total

Rh NS Single
Multiple

Rh S Single
Multiple

Rh NS Single
Multiple

Rh S Single
Multiple

Rh NS Single
Multiple

Rh S Single
Multiple

Rh NS Single
Multiple

Rh S Single
Multiple

Mothers

0 A B AB Total

876
1027
462
1024

344
407
74
204

146
169
21
43

1366
1603
557
1271

365 133
432 148
183 52
395 97

695 49
828 57
395 7
850 20

62 152
69 178
13 56
32 152

50 46
59 59
13 5
31 25

1172 380
1388 442
604 120
1308 294

54
64
23
50

46
60
20
50

19
20
11
25
119
144
54
125

1374
1607
697
1516

1142
1356
499
1124

406
476
110
277

115
138
29
81

3037
3577
1335
2998

Fathers

0 A B AB

654
805
383
880

254
306
148
324

76
90
37
94

286
348
170
354

544
695
261
629

44
59
14
31

45
54
14
29

984 919
1201 1156
568 459
1298 1043

88
114
39
90

34 35
42 42
15 20
33 31

125 50
162 54
39 6
101 15

38 11
46 11
7 5
18 16

285 96
364 107
100 31
242 62

Total

1028
1267
592
1324

867
1085
444
1017

295
365
96

241

94
111
26
63

2284
2828
1158
2645
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