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OINCIDENTALLY with the beginning of modern genetics in 1900, anti-

genic differences in the erythrocytes of members of two species of animals
were discovered. LANDSTEINER (1900, 1901) made his now famous discovery of
the blood groups of man. EErLICE and MoRGENROTH (1900) demonstrated the
existence of individual differences in the antigenic constitution of goat eryth-
rocytes. Later, Topp and WHITE (1910) proposed on the basis of their work
with the cellular antigens of cattle that the red cells of almost every individual
could be distinguished from those of any other individual.

LANDSTEINER and MiLLER (1924) were the first to detect individual dif-
ferences in the antigenic constitution of the erythrocytes of chickens. By
absorbing rabbit anti-chicken serum individually with the cells of various
chickens and testing the resulting fluids with the cells of ten individuals, eight
different cell types were recognized. Following the injection of the blood of one
chicken into another (iso-immunization), Tobp (1930) found that iso-ag-
glutinins were produced against the cells of the donor as well as against the
cells of many other individuals. By using highly polyvalent antisera, produced
by pooling the sera from several chickens which had been previously injected
with the pooled cells of as many as 22 other chickens, Topp was able to show
that the cells of any chicken, with the exception of close relatives, could be
differentiated from the cells of every other individual. Further, he demon-
strated that any cellular antigen possessed by an individual was present in
the cells of one or both of its parents. Later Topp (1931) reported that the
cells of each chick in each of three families appeared to have different absorp-
tive or reactive capacities from the cells of every other chick, although some
were quite similar. In accounting for the probably genetic relationships of
the genes responsible for these observed antigenic differences, WieNER (1934)
hypothesized the existence of three or more alleles at some loci.

Kozerka (1933), using absorbed rabbit anti-chicken sera, found marked
similarity in the corpuscles of individuals belonging to different breeds. This
led him to believe that the apparent multiplicity of antigenic differences pre-
viously reported in chickens by Topp could be explained “by a variable
assortment of a limited number of factors”.
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Normal cattle serum was found by LANDSTEINER and LeviINE (1932) to
agglutinate differentially the cells of various chickens; also, antisera prepared
against the Forssman antigen allowed a second independent classification of
the cells of individual chickens. It was reported in the same paper that one
of the authors, working with L. C. Dunn, had used rabbit anti-chicken
serum to detect a single agglutinogen. Studies on several families had indicated
that the antigenic character was controlled by a single dominant gene.

That agglutinogens may result from the action of recessive genes or from
the complementary effect of non-allelic genes was suggested by the work of
THOMSEN (1934, 1936) and Boyp and Arrey (1940) in which agglutination
of the red cells of a few individuals was obtained with a specific test-fluid even
though the cells of both parents failed to react.

This paper describes the serological and genetic identification in chickens
of cellular antigens, seemingly effected by two independent autosomal series
of alleles.

MATERIALS AND METHODS.

Most of the chickens used in these studies were Barred Plymouth Rocks,
although New Hampshires and Single Comb White Leghorns were utilized
to a limited extent. The Barred Plymouth Rocks will be indicated by number
only; otherwise the breed or breed derivation will be given.

Iso-immune sera were prepared by injecting citrated whole chicken blood
or washed red blood cells into closely related individuals. Approximately one
cc of whole blood or 50 percent cell suspension was injected intravenously at
three to four day intervals until the antibody titer was satisfactory—usually
three to four injections were necessary, although occasionally excellent anti-
sera resulted from a single injection. In the beginning of this study, the anti-
sera were stored in a refrigerator (2 to 6°C) after merthiolate solution (1:100)
had been added in sufficient quantity to give a final concentration of 1:2000.
More recently the antisera have been stored in a deep freeze box (—18 to
—32°C) without the addition of a preservative.

To prepare test-fluids or reagents specific for each antigenic factor, an anti-
serum was diluted with saline (according to its titer) and mixed with a suitable
quantity of washed cells (usually 1 cc of cells to 1.6 cc of diluted antiserum).
The mixture was allowed to stand at room temperature (22 to 26°C) with
frequent agitation for 20 to 30 minutes, after which it was centrifuged. The
resulting supernatant was mixed with a second portion of cells, and further
absorption of the antibodies was allowed to take place for a period of one to
two hours. Each subsequent absorption was similarly made except that one
of the absorptions, usually the last, was placed in the refrigerator (2 to 6°C)
overnight. The absorptions were repeated until the supernatant ceased to pro-
duce agglutination with the cells used in absorption. When not used immedi-
ately, the reagents were stored at —18 to —23°C.

The agglutination tests were performed by adding one drop of a two percent
cell suspension in saline to two drops (0.1 cc) of a reagent in appropriate dilu-
tions, usually made serially. Each mixture of cells and reagent ‘was observed
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for the presence of agglutination after standing for one and one-half hours at
room temperature; confirmatory readings were made after storage of the test
overnight in the refrigerator. Doubtful readings and negative controls were
checked microscopically.

TERMINOLOGY

To facilitate the presentation of results, it seems advisable at this point to
indicate the terminology used in designating the antigenic characters, their
causative genes, and the test-fluids used in characterizing them. The antigens
so far detected appear to be determined by genes belonging to one or the other
of two series of alleles. The type of action displayed by the alleles of each series
indicates a complete lack of dominance, so that each allele always produces its
particular antigenic substance, regardless of the other alleles present. One series
has been given the locus designation 4 and consists of nine alleles tentatively
designated as follows: 4123 41236 A28 A237 2346 23456 43456 48 and a. The
letter @ indicates an allele for which no antigenic effect has been detected with
the reagents employed. Each digit in the superscript indicates the ability of
the antigenic substance determined by that allele to react with the respective
reagents designated by digits preceded by a standard capital letter indicating
the locus of the gene producing the homologous antigen or antigenic factor.
Thus, the reagents employed to designate the A series of antigens are Al, A2,
A3, A5, A45, A456, AT and A8. The reagents are simply test-fluids containing
agglutinins whose specificities have been found to be limited to the antigenic
component or components indicated by the digits following the capital letter.
The antigenic unit determined by each allele is given a subscript designation
in contrast to the superscript symbol assigned to the gene. The antigens pro-
duced by the above series of alleles are thus designated respectively as Ajq,
Ajsss, Ass, Asgr, Asss, Asasss, Assse and As.

A second series, given the locus designation B, consists of five alleles— B!5,
B, B% B*and b. The antigens produced by the B series of alleles are identified
by means of the separate reagents B1, B15, B2, B3 and B4.

In general, an antigen is usually defined simply as any substance which,
when introduced parenterally into an animal, stimulates the production of
antibodies with which it will react. In discussing the results obtained in this
study the term antigen will be used only in referring to the total antigenic prod-
uct of an allele, while the term antigenic factor will be used in referring to the
“serological components” of which the antigen appears to be composed. For
example, the total antigenic product of the allele B'5 is referred to as antigen
Bi5, which is composed of antigenic factors B; and B;. These designations are
made for the sake of convenience in discussion and should not be viewed
necessarily as representing natural units.

PREPARATION OF REAGENTS

The various reagents resulted from the serological fractionation by selective
absorption of the agglutinins present in iso-immune sera. As all of the reagents
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were obtained in essentially the same manner, the preparation of reagents
from only two antisera will be discussed as illustrative of the general method;
however, the authors will supply on request the detailed procedure followed in
obtaining any of the other reagents. The antisera to be used as examples do
not necessarily correspond to the order of the discovery of the various anti-

genic factors.

The serological analysis of antiserum E962(E965), resulting from the in-
jection of the blood of bird E965 into E962, is presented in table 1. The general
procedure in carrying out an analysis of this kind was, first, to absorb the
antiserum individually with the cells of birds selected at random or because of

TasiE 1

Differential agglutination of test cells by test-fiuids resulting from
the absorption of antiserum E962(EIG5) with selected cells.*

ABSORBING CELLS

PROPOSED 1020 1903 P143 P144 W29 W30 W33 W70 W29
-TEST ANTIGENIC
CELLS FACTORS (OR AND
UNAB- 1993
IN CELLS
SORBED) AGGLUTININS REMAINING IN RESPECTIVE TEST-FLUIDS

A2,A4 A2 None None A4 A4 A4 A4 None
2712 Ay Ac ++ 0 0 ++ ++ 4+ ++ 0
1977 None 0 0 0 0 0 0 0 0 0
1988 None 0 0 0 0 0 0 0 0 0
1989 None 0 0 0 0 0 0 0 0 0
1992 A ++ 0 0 0 ++ ++ 4+ ++ 0
1993 Ay 44+ 0 0 0 4+ ++ ++ ++ 0
P72 None 0 0 0 0 0 0 0 0 0
P107 None 0 0 0 0 0 0 0 0 0
P142 None 0 0 0 0 0 0 0 0 0
P143 Ay A ++  F 0 0 ++ ++ ++ ++ o0
P144 A A 4+ 0 0 ++ ++ ++ ++ o0
P178 None 0 0 0 0 0 0 0 0 0
P179 None 0 0 0 0 0 0 0 0 0
W28 A, ++ 4+ 0 0 0 0 0 0 0
W29 As ++ 4+ 0 0 0 0 0 0 0
W30 Ay ++ ++ 0 0 0 0 0 0 0
W31 As ++ 4+ 0 0 0 0 0 0 0
W32 As ++ ++ 0 0 0 0 0 0 0
W33 As +4+ ++ 0 0 0 0 0 0 0
wet AnbAi  ++ ++ 0 0 ++ ++ ++ ++ 0
w62 Ao ++ 4+ 0 0 0 0 0 0 0
W70 As ++ ++ 0 0 0 0 0 0 0

* The serum was diluted 1:2 for the absorptions; the test-fluids were diluted again 1:2 for the
agglutination tests, except for the absorption controls, where no dilution was made.
Symbols: + -+ =strong agglutination, -+ =definite agglutination observable macroscopically,

0=no agglutination.
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their antigenic constitution and, second, to test the absorbed fluids with the
cells of selected individuals. After the agglutination results were obtained fol-
lowing the exploratory single absorptions, it was frequently necessary to make
absorptions with the pooled cells from two or more individuals in order to
complete the analysis.

It may be seen in table 1 that there were four kinds of cells among those
tested for agglutination. The first type of cell (1977, 1988, 1989 and others as
listed in the first column) failed to react with the unabsorbed antiserum or
with any of the absorbed fluids prepared from this antiserum.

When cells from this non-reactive group (that is, 1989) were used in absorb-
ing this antiserum, agglutinins remained for the cells of various individuals,
which subsequently could be divided into three groups. The cells of the second
group (W29, W30, W33, W70 and others) reacted with the test-fluid prepared
by absorbing this antiserum with the cells of 1993. To account for the reaction
of these cells with this test-fluid it was necessary to postulate at least one anti-
genic factor for the cells and a corresponding agglutinin for the fluid, which
were given the symbols A; and A2, respectively.

When the cells possessing the A, factor (W29, W30, W33 and W70) were
used in absorbing the anti-serum, agglutinins were left for the third and fourth
classes of reactive cells. The reaction of one of these classes of cells (1992 and
1993) requires an antigenic factor different from A., and a corresponding ag-
glutinin for the test-fluids; this second antigenic factor and its homologous
antibody were given the symbols A, and A4 respectively. The fourth class of
cells (2712, P143, P144 and Wo61) reacted with both the A2 and A4 test-fluids.
Further, when the cells of two of these, P143 and P144, were used separately
in absorbing the antiserum, the agglutinins were removed for all of the test
cells (table 1). Therefore, it is reasonable to conclude that the cells of these
two birds possessed the two antigenic factors A, and As in foto. Because of the
similarity of the reactions of the cells of these two individuals and those of
2712 and W61, it is reasonable to assume that the cells of the latter two birds
also possessed the A; and A, factors. Evidence that the antiserum did not
contain more agglutinins reactive with the test cells than those represented by
the A2 and A4 antibody fractions is afforded by the ability of pooled A; (W29)
and A4 (1993) cells to exhaust this antiserum of antibodies (table 1).

The A2 reagent used in detecting the A, antigenic factor referred to in
subsequent sections of this paper was prepared by absorbing antiserum E962
(E9635) with the cells of bird 1993. Because of its special value as a source of
A2 reagent, this antiserum was not utilized subsequently as a source of A4
reagent.

Additional immunizations were made to obtain a second source of A4 re-
agent using as donors birds whose cells possessed the A, antigenic factor and
as recipients, birds whose cells lacked it. One antiserum—resulting from the
injection of the blood of male R439, with factors A;, Az, A; and Ay, into male
R428, with factors A, and Agy—contained A4 antibodies in relatively high con-
centration. The antigenic factors A; and A;, involved in this immunization,
were detected by reagents prepared in essentially the same manner as the A2
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reagent just considered. When this antiserum, R428(R439), was absorbed with
selected cells, a fluid was produced which reacted only with the cells of those
individuals previously shown to possess the A, antigenic factor.

Since this absorbed fluid appeared to contain only antibodies reactive with
the Asantigenic factor, it was designated as an A4 reagent. However, as a result
of employing this reagent in testing the cells of the progeny from appropriate
matings, it was later shown that this A4 reagent contained at least three
fractions of antibody-—A4, A5 and A6. The procedure used in detecting sero-
logically these antibody fractions and in identifying simultaneously the genetic
relationships of the homologous antigenic factors follows. Birds possessing
both the A; and A, factors were mated to individuals possessing neither of
them. The birds involved in these matings were Barred Plymouth Rocks,
except for one New Hampshire male, 2738, whose cells were reactive with both
the Al and A4 reagents. The progeny of the Barred Plymouth Rocks showed a
1:1 segregation of the genes determining the A; and A4 antigens, suggesting
that the two antigens were determined by allelic genes. However, the cells of
all the progeny resulting from the New Hampshire male reacted with the A4
reagent, while the cells of only half of his progeny reacted with the Al reagent.
This difference in segregation indicated that the genes or gene combinations
effecting the A; and A, antigenic factors in this male (2738) and in the Barred
Plymouth Rocks were different. It was noticed that the cells of the A; progeny
of male 2738 reacted more weakly with the A4 reagent than did the cells of the
non-A; segregates. This suggested that this male possessed two allelic genes
each of which produced similar but not identical antigens; that is, while the
two antigens produced by the A alleles contributed by this male were ag-
glutinable to a different degree by the A4 reagent, only the antigen least reac-
tive with A4 possessed the ability to react with the Al reagent. To test this
possibility, A; and A4 progeny from the Barred Plymouth Rock matings and
the two kinds of segregates from the New Hampshire male were used indi-
vidually in absorbing antiserum R428(R439). As can be seen from examining
table 2 it was necessary to postulate two additional antigenic factors, Ay and
As, to explain the reactions obtained in the analysis of this antiserum.

In interpreting the data obtained from the differential absorption of a com-
plex antiserum, as shown in table 2, it is advisable to group together cells
showing the same reaction pattern and to consider the cell-groups in the order
of their reactivity; that is, the group or cell-type showing agglutination with
the smallest number of absorbed fluids (or with none of them) is considered
first, followed by the consideration of the next most reactive cell-type, etc.
The cell-type to be considered first in table 2 is R2094, representing the A;
segregates from the Barred Plymouth Rock matings; this type of cell did not
react with any of the absorbed fluids. The second cell-type in order of reac-
tivity is represented by those of chicks R2100 and R2102-—the A; segregates
from New Hampshire male 2738. Cells of this type were agglutinated only by
the absorbed fluid indicated by code number 6. Since the cells of bird R2094
used in absorbing fluid 6 contained A;, any antibodies remaining must have
reacted with an additional antigenic factor, arbitrarily assigned the symbol As.
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The third cell-type in order of reactivity is represented by R2071 and R2076—
the non-A; segregates from the New Hampshire male. To explain the reactions
of this type of cell with fluids 7 and 8 it was necessary to hypothesize an addi-
tional antigenic factor; since this factor segregated with respect to A; in the
progeny of male 2738, it was given the symbol A4 in accordance with the be-
havior of the A; and A, factors present in the Barred Plymouth Rocks. The
most reactive cell-type is represented by birds R2090, R2092, R2093 and
R2117—the non-A, segregates from the Barred Plymouth Rock matings. To

TABLE 2

Differential agglutination of test cells by test-fluids resulting from the
absor ption of antiserum RA285(R439) with selected cells.*

ABSORBING CELLS
PROPOSED —

TEST anTIGENIC  R2071F  R2076f R2090 R2092 R2093 R2094  R2100+ R2102f R2117
CELLS FACTORS IN AGGLUTININS REMAINING IN RESPECTIVE TEST-FLUIDS
TEST CELLS ——

AS As NONE NONE NONE A4,A5,A6 A4,AS A4,A5 NONE
R2071f Ay, As 0 0 0 0 0 ++ + + 0
R2076t A, As 0 0 0 0 0 4+ + + 0
R2090 A, As, As ++ ++ 0 0 0 ++ ++ ++ 0
R2092 As, As, As ++ ++ 0 0 0 ++ ++ ++ 0
R2093 Ay, As, Ag ++ ++ 0 0 0 ++ ++ ++ 0
R2094 A 0 0 0 0 0 0 0 0 0
R2100% Ay, As 0 0 0 0 0 ++ 0 0 0
R2102} Ay, As 0 0 0 0 0 ++ 0 0 0
R2117 Ay, As, As ++ ++ 0 0 0 +4+ + 4 ++ 0

Code number of
test-fluids 1 2 3 4 5 6 7 8 9

* The serum was diluted 1:8 for the absorptions; test-fluids were used undiluted.

T These birds resulted from the mating of New Hampshire male 2738 with Barred Plymouth Rock hens; the re-
mainder of the birds were Barred Plymouth Rocks.

For explanation of symbols, see table 1.

account for the reactions of this type of cell with fluids 1 and 2 a third anti-
genic factor, A;, was hypothesized. Thus, a minimum of three antigenic factors
was necessary to explain adequately the agglutination reactions obtained after
this antiserum was individually absorbed with four serologically distinct cell-
types.

To determine the combinations of antigenic factors comprising the different
cell-types, it was necessary to ascertain what antibody fractions remained in
the antiserum after absorption by each of the cell-types. At this point it is
preferable to consider first the simplest or least reactive test-fluid just as above
the least reactive cell-type was considered first. Test-fluids designated in the
table as code numbers 3, 4, 5 and 9 contained no antibodies; this means that
the cells used to absorb the antiserum in producing these fluids contained all
three of the antigenic factors—A,, As and Ag—for which the antiserum con-
tained specific antibody fractions. The simplest type of test-fluid having anti-
bodies remaining after absorption is represented by code numbers 1 and 2. The
agglutination reactions produced by these fluids were previously accounted for
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by antigenic factor As; therefore, the antibody fraction remaining in this fluid
was designated AS. In order for the A5 antibody fraction to have remained
after absorption, the cells of R2071 and R2076 must have removed antibody
fractions A4 and A6; therefore, the cells of these two birds were assigned anti-
genic factors A4 and Ag. The third type of test-fluid in order of reactivity is
represented by code numbers 7 and 8. These fluids contained antibody frac-
tions A4 and AS5 since the cells used in absorbing the antiserum to prepare
these fluids had been previously shown to possess only the antigenic factor As.
Finally, the absorbed fluid producing agglutination with the greatest number
of cell-types is that designated by code number 6. Since the cells of bird R2094,
used in absorbing this fluid did not react with any of the test-fluids, it would
not be expected to remove any one of the three antibody fractions—A4, A5
or A6—irom the antiserum. This result was actually obtained when the cells
of this bird were used in absorption; that is, when the resulting fluid was
subjected to further individual absorptions with the three reactive cell-types,
the presence of the three antibody fractions could be demonstrated (in the
same manner as for the original antiserum in table 2).

Apart from their association with other antigenic factors, A4, As and Ag have
been found to exist only in certain combinations; namely, As, Al and A A5As.
(table 2), henceforth designated as antigens Ag, Ag and Ags. By absorbing
antiserum (R428(R439) with the cell-types possessing known antigenic combi-
nations it was possible to prepare only three reagents—AS, A45 and A456. Re-
agents specific for the A4 or Ag antigenic factors could not be prepared from
antiserum R428(R439) because the cell-types or combinations of types, AsAs
and A4A;, with which absorption would be necessary for the preparation of
such reagents, have not been found.

The remainder of the reagents used in testing the cells of the progeny from
the matings to be presented subsequently were all prepared in a manner es-
sentially the same as that discussed above, and the presentation of the details
of their preparation does not seem warranted in this report.

GENETIC RESULTS

The Genetic Relations of the Genes Effecting the A Group of Antigens

Initially, when the work involved primarily serological techniques, each re-
agent was designated by a different letter of the alphabet, on the assumption
that the various reagents were reacting with independently inherited antigens.
However, as soon as data on genetic segregation were obtained, it was found
that the antigens with which the reagents reacted were frequently associated
in complexes; that is, the ability of the cells of the progeny from certain mat-
ings to react with one reagent.was perfectly correlated with their ability to
react with a second reagent. For example, when male 2758, whose cells reacted
with both the A2 and A3 reagents, was mated with hens W30, W31, W32, W65
and W68, whose cells likewise reacted with the A2 and A3 reagents, two kinds
of progeny resulted—35 individuals whose cells reacted with both of the re-
agents and 13 individuals whose cells failed to react with either of the reagents.
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Each dam produced at least one chick whose cells were non-reactive. The
mating of these hens with this male constitutes mating 1 of table 3. A single
pair of allelic characters and therefore, a single pair of genes is sufficient to
account for this simple 3:1 ratio. These proposed alleles were given the locus
designation 4, and the two reagents were thereafter designated A with num-
bers following the letter to distinguish them—A2 and A3 being used as symbols
to represent these two serologically distinct reagents. The allele having the

TABLE 3

The distribution of the progeny resulting from parents selected on the
basis of the reaction of their cells with the A reagents.

ANTIGENS POSSESSED BY THE PROGENY
MAT- PROPOSED GENOTYPE

NG OF PARENTS a Az Az Aume Asus Aosse Ay Ag
1 A®/aXA%/a 303 - - — - —
2 AMO*/aXa/a 4 — - — - 6 - -
3 A®%/gXa/a 11 _ - - = 9 -  —
4 A@E[gX A /A or AB /g 8] — — — — 84—
5 A AOuRN ADI/A@3or A®3/g —  — 26 — — 25  —
6 Am/AmXa/a - 2 4 - — — - -
7 ANOBIAGUSK A /gor AGYA®Y — 37 48—
8 A/ AONTN A 4D — — — — — 43 46 —
9 ACHS/ Q8% O /400 - 11 . 10

* When a digit of the superscript is enclosed in parenthesis, it indicates that the reagent de-
tecting that particular antigenic component in the parent was not used in testing the cells of
the progeny.

recognizable antigenic effect was given a numerical superscript indicating the
reagents with which its antigenic product reacted; for example, since the cells
of male 2758 and each of the hens W30, W31, W32, W65, and W68, reacted
with the reagents A2 and A3, they were assigried the genotype 423/q, a being
the designation for any gene or genes at the 4 locus for which no antigenic
effect had been recognized.

During this same early stage of the work, evidence was obtained that the
ability of cells to react simultaneously with the A2, A3 and A4 reagents was
probably also determined by a single gene, or at least by a chromosome unit
failing to fractionate at segregation. This evidence consisted of the agglutina-
tion reactions obtained with ten progeny resulting from the mating of male
2712 (whose cells reacted with reagents A2, A3 and A4) with females P178
and P179 (the cells of neither of which were reactive with any of the three
reagents). Mating 2 of table 3 represents the data obtained from these two
matings. Among the ten progeny only two types were obtained; six whose
cells reacted with all three of the A reagents (A2, A3 and A4) and four whose
cells were not agglutinated by any of them. Thus, tentatively at least, it
seemed plausible to assign all three reactions to the product of a single gene;
this gene was designated 4?4, Further work disclosed the ability of the pre-
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sumed antigenic product of this gene, 423, to react with the two other fractions
of antibody, A5 and A6. From the same type of mating as that just considered,
male R426 (A2%45%/4) mated to female P827(a/a) (mating 3 of table 6), there
resulted 20 progeny, which, when tested with reagents A2, A3, A5, A45, and
A456, fell into two distinct classes—nine individuals whose cells reacted with
all five reagents and 11 whose cells did not react with any of them. The 11
negative individuals are of special importance since they represent gametes
resulting from simultaneous segregation toward one pole during the reduction
division of genic material having to do with the production of the five antigenic
components. If any breakdown had occurred in the apparently constant as-
sociation of the five antigenic components, individuals would be expected
whose cells were capable of agglutination with only a portion of the five re-
agents employed. The nine individuals of the “positive” class resulting from
this mating showed definitely that the A, A; and Ajs factors segregated to-
gether, but whether or not the factors A, and As were also present could not be
determined, due to the fact that the reagents A45 and A456, available for the
detection of these factors, also contained antibody for the Aj factor. For
example, if the antigenic complex Ags had appeared in the cells of certain
progeny, it would have reacted with reagents A45 and A456 by virtue of the
Aj antigenic component. However, any of the progeny whose cells contained
factors A4, Ag or Ay in the absence of As would have been readily identified as
antigenic variants by the reagents employed in testing the progeny.
Additional progeny from the mating of heterozygotes (4%*4%%/4) with homo-
zygotes (a/a) were not obtained, seemingly due to the low fecundity of the
homozygous type. However, numerous individuals carrying the A%® allele,
usually in the heterozygous condition, were available for use in matings with
individuals of the A2%45%/q genotype. Mating 4 of table 3 gives the data ob-
tained from testing the progeny resulting from the mating of male R426
(A423458/g) to hens whose cells reacted only with the A2 and A3 reagents. Three
of these hens carried the 4% allele in heterozygous condition (4%/a) while two
appeared to be homozygous for A%, The cells of all of the progeny were tested
with reagents A5, A45 and A456, but they were not tested with reagents A2 or
A3 (in table 3 any antigenic factor possessed by a parent and not tested for in
the progeny is enclosed by parenthesis in the proposed genotype of the parent).
As a result of testing their red cells for agglutination, the progeny fell into two
classes—87 non-reactors and 84 whose cells reacted with all three reagents. As
pointed out above, in direct agglutination tests employing the available re-
agents the antigenic factors A, and Ag could not be detected in the presence of
the As factor; therefore, in order to determine the extent to which the “posi-
tive” segregates of mating 4 received all three of the components (A4, As and
Ag), the cells of 26 of these segregates, chosen at random, were used individu-
ally to absorb the A456 reagent. In every instance the cells of each of the 26
positively reacting segregates removed the three antibody fractions, as evi-
denced by the failure of the absorbed fluids to agglutinate the cells of male
R439, against which these antibody fractions were originally produced in
immunization. Therefore, the cells of at least 26 of the 84 positively reacting
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segregates contained in fofo the antigenic factors Ay, Ay and As.

In mating 5 (A4123/ 434563 428/ 423 or A%/q) of table 3 the allele 42 is
introduced. The cells of the 51 progeny resulting from this mating were tested
with reagents Al, A3, A5, A45 and A456. (The reagent A2 was not available
in sufficient quantity to allow its use in testing these birds.) Here again, al-
though tested with five serologically different reagents, the progeny fell into
only two groups; 26 of them reacting with reagents Al and A3 and 25 reacting
with reagents A3, A5, A45 and A456. Of the 25 individuals belonging to the
latter class, 17 were used in absorbing the A456 reagent in the same manner
as was done with a portion of the positively reacting progeny from mating 4.
Here, also, no antibodies remained after absorption, showing that the blood of
each individual used in absorption possessed the entire Ay complex. The data
from matings 4 and 5 indicate strongly that the genic material responsible for
the appearance of the Ae antigenic complex is unitary—presumably a single
gene.

Further serological characterization of the antigenic substance produced by
the allele responsible for the A, factor is afforded by the agglutination reactions
obtained with the cells of the progeny resulting from mating 6 (4'*/4% X a/a).
The ability of the four chicks receiving the A, factor, presumably of the geno-
type A'?%/a, to react also with the A2 and A3 reagents indicates that the anti-
gen produced by this allele also possessed the capacity to react with the A2 and
A3 reagents. Additional evidence for the multiple serological properties of the
substance produced by the 412 allele is afforded by hen P720, whose cells were
agglutinable by reagents Al, A2 and A3 and who was proven to have the
genotype 4'2%/a. When mated to male 2776 (A423458/42%), this hen produced
among her progeny three females R407 (A423/a), R408 (A2¥56/4) and R411
(A%458/4). Each of these three birds was shown to carry the g allele by virtue
of the ¢/a progeny which resulted when they were mated to male
R426(A%4%¢/g). In view of these findings it seems reasonably certain that the
allele 4% produces an antigen capable of reacting with the reagents Al, A2
and A3’

Two additional antigenic complexes probably effected by genes at the 4
locus were derived from New Hampshire male 2738. As given in mating 7 of
table 3, the probable genotype of this male was A4'%3%/42346, This male was
placed in a mating pen with ten females, five of which were known as a result
of a previous progeny test to possess the genotype A23/q; the remaining five
hens could have had either genotype 4%3/a or A%/ 4%, although none of them
were proven to be of the latter type. The ten dams were either sibs or half
sibs, and since all those adequately progeny-tested had been proven to be
heterozygous, it is likely that most, if not all, of those with indefinite genotypes
were also of the 4%/a type. The progeny from this mating were tested with
reagents Al, A3, A45 and A456. Since at least half of the dams were trans-
mitting the ¢ allele, it is not likely that the universal presence of the A;factor
in the cells of the 85 progeny could be accounted for by the 4?® allele derived
only from the dams; it is highly probable that both alleles transmitted by male
2738 were capable of producing the A; factor. Rather conclusive evidence that
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both of the alleles carried by the male 2738 produced antigens capable of re-
acting with the A2 and A3 reagents consists of data collected on four chicks
before the A; and A factors had been recognized. These chicks resulted from
the mating of male 2738 (A4!238/4234%) with a hen of the genotype e¢/a. All four
of the chicks reacted with both the A2 and A3 reagents; the cells of two of the
chicks were positive with the A4 reagent while those of the other two were
positive with the Al reagent. These results can most satisfactorily be ac-
counted for by assuming that the genotypes of the chicks were either 423® /g
or A%4® /g; as shown above these appear to constitute the two segregating
genotypes found among the progeny of male 2738.

Due to the serological similarity of the antigens produced by the alleles
A6 and A42%4¢ with the antigens produced by the 4 alleles, it is highly prob-
able that they also occupy the 4 locus, but because of the lack of matings be-
tween birds of appropriate genotypes genetic proof of the allelic relationship
has not been obtained.

The most recently identified alleles of the A series are 4%*" and A% From
mating 8§ (A423458/ 427 423/ A2%) there resulted 43 progeny whose cells were
reactive with the A456 reagent and 46 progeny whose cells were reactive with
the A7 reagent, indicating that the genes responsible for the presence of these
two serologically distinct substances were segregating in a manner character-
istic of alleles. Likewise, in observing the antigenic constitution of the 21
progeny from mating 9 (A23458/ 48X 4237/ 4%) it is evident that the 11 progeny
positive with the A456 reagent and the 10 progeny positive with the A8 re-
agent indicate an allelic relationship of the causative genes. That the antigenic
substance reactive with the A7 reagent is also capable of reacting with the A2
and A3 reagents is indicated by the positive reactions of these reagents with
the cells of three individuals of the genotype A2%7/A4°8 resulting from mating 9.
Since the reagent detecting the presence of antigen As was not available until
recently, the gene responsible for the production of this antigen previously
constituted one of the alleles designated by the symbol @, given to any 4 allele
for which no antigenic effect has been detected. .

The antigenic combination Az has been found in only two sisters, 1992 and
1993, neither or which produced progeny; genetic proof, therefore, that this
antigenic combination is due to a gene of the A4 locus is lacking. However, in
view of the particular absorptive capacity and cross reactivity of this antigen
with the A reagents, it is clear that these two birds possessed an A allele dif-
ferent from those present in the cells of the other birds utilized in these studies.

Genetic proof that the antigenic complex Ay is produced by an A4 allele is
also lacking at the present time, largely due to the difficulty of setting up ap-
propriate matings for testing allelism when the antigenic factors A; and As
occur in most of the antigens produced by this series of alleles. With the recent
discovery of the allele 48 it is likely that the desired segregation data can be
obtained. However, the serological similarity of the As; antigenic substance
with those produced by the other members of the 4 locus indicates strongly
that its causative gene is a member of the A series of alleles.
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The Genetic Relations of the Genes Effecting the B Antigens

A second series of antigens, effected by genes occupying a locus different
from that of the A alleles, has been tentatively designated by the symbols
Bis, Bes, B; and By Evidence indicating the allelic nature of the genes effecting
these antigens is presented in table 4. In each mating listed in the table the
cells of one of the parents gave positive reactions with each of two B reagents,
that is, one parent carried genes effecting two B antigens; while the other
parent of each mating, represented by the genotype b/b, was negative with the

TABLE 4

The distribution of the progeny resulting from parents selected on
the basis of the reaction of their cells with the B reagents.

ANTIGENS POSSESSED BY THE PROGENY
PROPOSED GENOTYPE
MATING

OF PARENTS b B15 st Bs B4
1 BI&*/Br®) X b /b — 41 40 —_— —
2 Bi®/B¥Xb/b — 118 — 111 —
3 B26)/B3%b/b — — 73 97 —
4 B3 /BYXb/b 1(?) — 16 — 24
5 B3/BtXb/b — — — 26 24
6 B®/B3Xb/b — — 14 10 —

* When a digit of the superscript is enclosed in parenthesis, it indicates that the reagent de-
tecting that particular antigenic component was not used in testing the cells of the progeny.
(?) The parentage of this chick was doubtful; for explanation, see text.

same two reagents. Neglecting for the present the doubtful exception to be
considered later, it may be seen that from each mating listed in table 4 there
resulted only progeny possessing one or the other of the two antigens charac-
terizing the first parent. For example, when the cells of the progeny of mating
1 (BY®/B*Xb/b) were tested with reagents B1 and B2, 41 offspring were re-
active with the B1 reagent and 40 were reactive with the B2 reagent. The ap-
pearance of the two contrasting classes among the progeny indicates that the
genes controlling the ability of the cells to react with the reagents were segre-
gating in a manner characteristic of alleles. Likewise the progeny resulting
from mating 2 (B'%/B*Xb/5) fell into two classes when tested with the B1 and
B3 reagents. Of the 229 offspring from this mating, 118 possessed the antigen
Bys and 111 possessed the antigen By—again indicating an allelic relationship
of the causative genes. From these allelic relationships of B'3 with both B? and
B3, it can be concluded that B?® and B3 are allelic. The classes of offspring re-
sulting from mating 3 (B?/B3*Xb/b)—73 progeny reactive with the B2 re-
agent and 97 reactive with the B3 reagent—support the above proposal that
the genes effecting antigens Bys and Bj belong to the same allelic series. In the
same manner the classes of progeny resulting from matings 4 (B%5/B*Xb/b)
and 5 (B%/B*Xb/b) indicate that the gene producing the B4 antigen also be-
longs to the B series of alleles.



646 W. E. BRILES, W. H. McGIBBON AND M. R. IRWIN

Among the progeny resulting from mating 4 of table 4, there was one bird
which failed to react, even after repeated testing, with either the B2 or B4 re-
agents. If it could be proved that this individual actually resulted from the
mating to which it was assigned, the validity of the hypothesis regarding the
allelic relationship of the genes producing the B antigens would be doubtful.
Hen R409, the supposed dam of this chick, was the only hen of genotype
B?/B* in a pen mating of seven birds. By assigning an egg of any other hen
to R409 the discrepant chick could be accounted for. Furthermore, if the chick
had hatched from an egg laid by R409, it would have had a probability of 0.5
of receiving the A* allele from the dam since she was heterozygous for this
allele; however, when tested with the Al reagent, the cells of this chick were
not reactive. Had this chick possessed the antigen Ajs;, thus confirming that
R409 was the dam, it would have constituted serious evidence against the
proposed allelic relationship of the genes producing the antigens By and B,.

Until recently, largely due to the manner in which the B reagents were pre-
pared, each allele of the B series of antigens appeared to produce only one
antigenic factor. This apparent simplicity probably resulted from the par-
ticular combinations of birds used in producing and absorbing the antisera. For
example, in preparing the B4 reagent, cells containing antigen By were in-
jected into an individual possessing antigen Bs; this meant that no antibodies
could be produced against any antigenic factor common to both the B; and
B, antigens, since a recipient can not produce antibodies reactive with antigens
present in its own cells. Further, in the preparation of the B4 reagent from the
above antiserum, any antibodies engendered against B, which were also cross-
reactive with the B; and B; antigenic factors were removed by absorption with
the cells of a bird of the genotype B!/ B2 As a result, any antibodies present in
the B4 reagent were highly specific for the antigen determined by the B* allele.

The only component thus far shared between antigens produced by alleles
of the B locus is the Bj; factor which is common to By; and By, This common
component or factor was detected with antibodies produced as a result of the
injection of cells containing the antigen originally termed B, into a bird
possessing the antigen B;. When this antiserum was absorbed with the cells of
certain individuals, antibodies remained which were reactive with cells con-
taining both antigens B, and B., as they were then designated. When the cells
from an individual possessing the homologous antigen B; were used in absorb-
ing this fluid, no antibodies remained. However, when this fluid, reactive with
both the B; and B; antigens, was absorbed with cells possessing the B; antigen,
there remained only antibodies for the B, antigen. Thus, the reagent B15 con-
tained an antibody fraction, designated as B5, which was reactive with both
antigens B; and B, as well as a fraction specific for the antigen B;. To indicate
the common antigenic component, the symbols for the antigens B, and B; were
changed to Bj; and Bg; respectively.

Birds of the same genotype as proposed for mating 3 were used in mating
6 (B2/B*Xb/b), but they are listed separately in table 4 because the progeny
were tested with the B15 reagent in addition to the B2 and B3 reagents. When
tested with the three reagents, the progeny from mating 6 were found to con-
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sist of 14 birds whose cells were reactive with both the B15 and B2 reagents
and 10 birds whose cells were reactive with only the B3 reagent. This is tenta-
tive evidence that the By and B antigenic factors are produced by a single
gene. Further investigation may reveal other antigenic factors common to the
antigens determined by the various B alleles.

The Genetic Relationships of the A and B Loci

The chromosomal relationship between the 4 and B loci is indicated by the
data presented in table 5. This table shows the distribution of the classes of
progeny resulting from the mating of male R426 of the genotype A2343¢/4
B'3/B? with females which can be represented by the genotype a/a 5/8, since
the dams were negative with the reagents AS, A45, A456, B1 and B3 with
which the progeny were tested. That is, even though the dams carried the
allele A%3, they can be represented as a/a for the sake of convenience since the

TABLE 5§

The progeny resulting from the mating of male R426 of genotype
AR5/ g BI85/ B3 with females of genotype a/a b/b.*

AGGLUTINATION OF CELLS OF

PROGENY WITH REAGENTS: NUMBER IN
PROPOSED GENOTYPES
— EACH CLASS .

A5 A45  A456 B B3

+ + + + 0 45 A%58/q B/}

+ + + 0 + 43 A5/g B/b

0 0 0 + 0 49 a/a B%/b

0 0 0 0 + 48 a/a B3/b

* The genotype a/a b/b indicates that the cells of the dams did not react with any of the
reagents (A5, A45, A456, B1 and B3) used in testing the progeny. The actual dams and their
genotypes were R407 and R408 (4%/a B4/b), R443 and R450 (42/4% b/b), and W65 (42%/a b/b).

The symbols (4) and (0) indicate the presence and absence of agglutination, respectively.

progeny were not tested with the reagents A2 or A3. Also, two of the hens
actually carried a third B allele, B¢, for which the progeny were not tested.

The 185 progeny from the above mating fell into four equally frequent
classes, presumably of the following genotypes: 423436/q B'S/p, A23456/q B3/p,
a/a B'3/b, and a/a B*/b (table 5). These data indicate that the genes at the
4 and B loci segregated independently. This means that the loci are on dif-
ferent chromosomes or that the two loci are separated on the same chromo-
some by 50 or more cross-over units. Because of the large number of chromo-
somes (40 pairs, reported by MILLER, 1938) and the small size of most of them,
the possibility of loose linkage is relatively remote, and until both of these loci
can be shown to be linked to a third locus, it may be assumed that they are
located on different chromosomes.

Table 6 gives the reactions obtained with the cells of individuals possessing
representative genotypes, which in each instance were determined by progeny
test. However, by considering the pedigree in conjunction with the agglutina-
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tion tests on the cells of the progeny, it was frequently possible to establish the
presumed genotype of the offspring without resorting to the progeny test. For
example, the genotypes of the progeny from the mating of male
2776 (A4%3458/ 428 B3/B4) with female P827 (a/a B'5/B%%) could be determined
by simply testing their cells with the appropriate reagents (A2, A3, A456, B1,
B2, B3 and B4). At the 4 locus the offspring would be either 42%458/g or 423/4,
and at the B locus they would be heterozygous for alleles effecting independ-
ently recognizable antigens—B15/B%, B'%/B* B?/B3 or B**/B*. Thus, by mak-
ing appropriate matings it was possible to determine directly the genotype of
the progeny by testing their red cells with suitable serological reagents.

The A and B loci are autosomal; this was shown by the ability of either

TABLE 6

Tke reactions obtained when the cells from birds of various genolypes
were tested with the A and B reagents.

AGGLUTINATION OF CELLS WITH REAGENTS:

BIRDS PROPOSED GENOTYPE

Al A2 A3 A5 A45 A456 Bt B2 B3 B4 Bis
2712+ A6 /g Bis/B% 0 + + 4+ + -k + + 0 0 +
2738* A28/ 42348 b /b + + + 0 +  + 0 0 0 0 0
2758* A®/a Bi5/b 0 + 4+ 0 0 0 + 0 0 0 +
2776* A48/ 425 B3/ Bt 0 + + 4+ + o+ 0 0 + 4 0
P178 a/a Bu/b 0 0 0 0 0 0 0 + 0 0 +
P827 a/a BB/B% 0 0 0 0 0 0 + + 0 0 +
R404 A/ An8 B3 /b + + + + + + 0 0 + 0 0
R405 A%/q Bls/B4 0 + + 0 0 0 + 0 0 + +
R407 An/a Bs/b 0 + + 0 0 0 0 0 0 + 0
R409 Atz / A48 B2 /B4 + + + + + . + 0 + 0 + +
R426* Az /g BIS/B3 0 + 4+ o+ 4+ o+ + 0 + 0 +
R427* A%/A% B% /B3 0 4+ + 0 0 0 0 4+ + 0 +
R439* A1/ A%8 Bi/b + + +  + + + 0 0 0 + 0

* Indicates that the bird is a male.
The symbols (+) and (0) indicate the presence and absence of agglutination, respectively.

parent to transmit with equal frequency the genes at either locus to both sexes
of the progeny, as indicated by the genotypes (determined by progeny test) of
the males and females of table 6.

Possible linkage relationships between the 4 or B loci and the loci of other
known autosomal marker genes have been investigated only with regard to
dominant white (Z). From the mating of a white crossbred female of the
genotype 423456/ 428 B4/b 1/7 to a Barred Plymouth Rock male of the genotype
A%/ A® B'3/b i/i there resulted 36 progeny in which dominant white () segre-
gated with respect to the 4 and B loci in a manner not significantly different
from that expected as a result of independent assortment. Thus, even though
the number of progeny was small, it can be tentatively concluded that the
locus for dominant white is on a third independent chromosome, although the
present data do not exclude the possibility of loose linkage.

DISCUSSION

The apparent serological complexity of the “A” series of agglutinogens
(Ags, Az, Aguse, etc.) may be accounted for, according to one explanation, by
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assuming that the antigenic factors (Ay, Ay, As, etc.) are each due to individual
genes, very closely linked so that the various antigenic factors appear to be
inherited in certain constant combinations. For example, the “antigenic com-
plex” A may be inherited as a unit because of very close linkage between
the genes producing each of the antigenic factors Ay, Az and As. This hypothesis
presupposes that crossing over does occur between the genes responsible for
these antigenic factors and should eventually be observed. Cases of closely
linked genes having similar effects have been reported in Drosophila (Lewrs
1945, 1948; and GrREEN and GREEN 1949), maize (LAUGHNAN 1949), cotton
(SteprENS 1948, YU and CHANG 1948) and mice (DunN and Caspar1 1945).
On the other hand, the data obtained in these studies may be explained rather
simply by hypothesizing that each “antigenic complex” is produced by one of a
series of alleles. For example, the single gene, 4123, produces an antigenic sub-
stance or substances capable of reacting with each of the serological reagents—
A1, A2 and A3.

The multiple allele hypothesis could account for the antigenic complexity in
either of two ways, depending on the type of gene action presumed to be pre-
dominant. Pleiotropic activity on the part of the individual alleles of the series
may be assumed; that is, each allele is capable of producing several particulate
antigenic substances. For example, allele 4'*® could be viewed as producing
three separate antigens—A;, As and Ay—each of which is reactive with a differ-
ent reagent. The other type of gene action by which a series of alleles could
account for the A series of agglutinogens is based upon the assumption that
each allele produces a particulate antigenic substance which is very similar to,
vet chemically distinct from, the antigenic substances produced by the other
members of the series. This means that a reagent prepared against the anti-
genic substance produced by one member of the allelic series will frequently
cross-react with the antigens produced by one or more of the remaining alleles.

Fundamental work on the specificity of antigens and antibodies (reviewed
by LANDSTEINER 1945) shows that in response to the injection of a relatively
simple conjugated antigen there results a multiplicity of antibodies of varying
specificity, all of which are reactive with the homologous antigen, but show
graded affinity for chemically related substances. That an array of antibodies
of varying specificity may be produced against a natural antigen is clearly
demonstrated by the results obtained by PERLMAN and GOEBEL (1946) with
highly purified somatic antigens of the Flexner group of dysentery bacilli. Con-
sidering these findings along with the similar effects characteristically pro-
duced by allelic genes, it is reasonable to expect that certain portions of the
array of antibodies formed against an antigen produced by one allele would
frequently cross-react with antigens determined by other alleles of the same
series. For example, as a result of the injection of red cells containing antigen
Aszse into an individual whose cells possessed Ay, there were formed antibodies
which, in addition to agglutinating cells possessing the immunizing antigen
Avgase, reacted with cells possessing the antigen Ajsss or Assse. Thus, the apparent
antigenic complexity of many red cell antigens may simply reflect the sero-
logical phenomena associated with the production of antibodies and their en-
suing cross-reactivity with similar, yet chemically distinct, antigens.
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Groups of antigens resembling in serological complexity those reported here
for the chicken are known to exist in other species of mammals and birds. In
man the linked gene hypothesis has been advanced by FisHer (1944) and
FiseEr and Race (1946) to account for the serological complexity of the Rh
blood group factors. On the other hand, the complexity of the Rh group has
been accounted for on the basis of multiple allelic genes by WIENER and
LANDSTEINER (1943) and WIENER (1943, 1944, 1949). The recent studies of
WIENER and GorDON (1949) and WIENER, UNDER and MazzArRiNO (1949) on
the rh factor, a new variant of the Rh group, strongly indicate that the type
of serological and genetic diversity displayed by the Rh factors is very similar
to, if not identical with, the antigenic characters reported in this paper. The
discovery of a third antigenic factor (S) belonging to the MN group of ag-
glutinogens of man (WaLsH and MONTGOMERY 1947, SANGER and RACE 1947)
has prompted RACE, SANGER, LAWLER, and BERTINSHAW (1949) to prefer the
linked gene hypothesis over the multiple allele explanation in accounting for
the four constantly inherited antigenic combinations M, MS, N and NS, al-
though the latter hypothesis appears to be simpler and adequate to explain the
results obtained.

In cattle there exist at least two series of serologically related antigens for
which either the linkage or multiple allele hypothesis could be advanced ; how-
ever, in view of the consistency with which the various combinations of anti-
genic factors are inherited as units the multiple allele hypothesis has been given
preference by StorMoNT, IRWIN and OwWEN (1945) and StorMoNT, OWEN and
Irwin (in press). McGiBBoN (1944, 1945) has reported that a group of sero-
logically related antigens also exists in Muscovy ducks. Here, as with the other
species mentioned, the antigenic factors appeared to be inherited only in cer-
tain combinations, indicating that unitary inheritance, regardless of species,
of antigenic factor combinations seems to be a universal rule applicable to all
of the extensively studied groups of serologically related red cell antigens.

In view of this common finding, together with the known facts relating to
the diversity of antibody production and the cross-reactivity of antibodies with
substances similar to the homologous antigen, it is felt that the multiple allele
interpretation offers the most acceptable working hypothesis on which to base
future work on the cellular antigens of the chicken.

SUMMARY

These studies show that two independently inherited groups of agglutino-
gens are present in the erythrocytes of the chicken. In view of the serological
and genetic data presented, it has been hypothesized that the antigens so far
detected are determined by genes belonging to one or the other of two auto-
somal series of multiple alleles. One of these consists of 9 and the other of 5
members. The type of action displayed by the alleles of each series indicates a
complete lack of dominance, in that each allele produces its particular anti-
genic substance, regardless of the other alleles that may be present.

The antigenic products of many of the alleles have multiple serological prop-
erties. To facilitate discussion of this complex situation the total antigenic
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product of each allele has been uniformly referred to as an antigen and the
serological components which appear to constitute the antigens are designated
as “antigenic factors.” It is thought that these factors as they appear in the
antigens produced by various alleles are probably indicative only of serological
similarity existing between respective gene products and do not in themselves
represent separate and discrete antigenic units.
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