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Réagents made from rabbit anti-pigeon red blood cell sera
detected differences in erythrocyte antigens among individual piéeons,
The differences detected by several of the reagents are inheritéa in a
regular Mendelian manner, the positive reaction always dominént to
absence of a reaction.

A graded series of reactivities in pigeon red blood cells was
observed in the use of rabbit Reagent A. All the cells tested were
found capable of absorbing all agglutinins from this reageﬁt: Positive
cells differing in intensity of reaction all absorbed activity at the
same rate, indicating that the differences between them are quéﬁtitative
rather than qualitative in nature. These quantitative differenceé are
inherited in a reasonably stralightforward manner.

Rabbit Reagent E was shown to be composed of séveral.qualita—
tivély’distinct fractions. Three subtypes were detectedibyrthe use of
several E sub-reagents. |

Six isoimmune sera were produced, two of which (RC and H)vwere
analyzed in detail. Bach serum was shown to be‘cémplex;'but the different
antigens detected by each were probably related. Matings'of'positives X
negatives which had positive and negative offspring produced fhem in
approximately equal numbers.

The E subiypes and the antigens recognized by the isolumune sera
were seen to be closely related in-éome as yet unexplained manner. The
possibilities that these relationships consiéted of linkagé or allelism
of the causative genes are discussed. |

Positivity to Reagent A was found in 1h-day pigeon embryos.



Antigen C was detected on the cells of some newly-hatched squabs, but
the antigens recognized by Reagents E and H were first detecﬁed on the
cells of T-day-old squabs. Cells of positive squabs reached maximum

intensities of reaction to all the reagents in one to three weeks after

hatching.
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1. INTRODUCTION

The modern science of immunogenetics was established by the
discovery of the blood groups in man in 1900 (1, 2). Landsteinerks
discovery was based on lscagglutinins normally present in human sera,
but during the past few decades the techniques of immunization have
vastly extended the range of known blood groups in animalskand man.
Individual differences in erythrocyte antigens have been found in
cattle, chickens, ducks, sheep, horses, dogs, goats, rabbits, rats and
mice. Discussions of the findings with several of these species:may
be found in Wiener (3). Some of the latest publications in which
references to other work performed since the publication of Wiener‘s
book may be found, include: man (4), cattle (5, 6), chickené_(?),
dogs (8, 9), rats (10, 11), and sheep (12). In most of these species,
genetic studies indicated that each antigen was inherited as if it
were controlled by a simple Mendelian gene and that presence of the
antigen was dominant to its absence. Two exceptions, inheritance by
recessive genes, are known to the writer (12, 13). .

- Landsteiner and van der Scheer (1L, 15) demonstrated that the
inheritance of' species-gpecific antigens could be investigatédbby Studying
cells of inferspecific hybrids. These authors found that the cells of
the mule contained antigenic elements which were charactefistic of each
of its parent species. It was also shown (16) that immunization of one
species (domestig guinea pig) with the cells of another felated,species
(Brézilian guinea pig) produced an antiserum that reacted more étrongly
with fhe cells of the parent used as donor in the immunization, than
with the cells of an Fl hybrid between the two species. It was early
pointed out (14) that "...several possibilities seemed to exist with
‘reference to the properties of the hybrid cells. They could correspond
to those of one of the parents or they might contain eléments of both
parents, entirely or in part. Finally, the appearance of a new substance
might have occurred.™ |

Three investigations of species hybrids, two in’pigeohs (17, 18)

and one in ducks (19, 20) have yielded results consistent with the assumption

* p. 21k
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that a "hybrid substance" not found in either parent species was present
on the red cells of the hybrids. This phehomenon has been variously
interpreted as an interaction of the genes from the parents (18), a
steric effect (21), control of an agglutinogen by a recessive gene (7)
and a physiological compensation exhibited by the hybrid (22).

The findings reported in the present study resulted from at-
tempts to determine whether intra-specific differences in erythrocyte
antigens could be found in pigeons; in contradistinction to the many
species-specific antigens known in pigeons and doves. (See Irwin (23, 2k4)

for descriptions of the specles-specific antigens of various Columbidae.)
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II. MATERTALS AND METHODS

A, Pigeons:
1. Source

' The pigeons used in this study were "wild~-type" blue bars and

blue checkers and some Carneaux and White Kings, all of Columba Iivia.
Some twenty birds were on hand at the time the problem was begun and
were used as a matter of convenience. These formed the group on which
all the preliminary analyses were performed, and also constituted the
breeding stock with which the genetic program was undertaken.b

2. Bleedings

Bleeding of the pigeons was done by making & small incision
with a razor blade in the brachial vein and bleeding directly into a
tube of isotonic sodium citrate (formula: 0.5% NaCl + 2% Na5C6E5Q>,‘
EHEO). Approximately 4 ml. of blood was taken from one individual at
each‘bleeding. Care was taken to be certain that all bleeding had stopped
before releasing the bird. Repeated bleeding (e.g., certain birds were
- bled once a week every week for more than a year) had no evident ill
effects on the pigeons. o

Toward the end of the study, the technique of cardiéc puncture
was used with some success. A V-shaped platform was constructed tb which,
on opposite sides, were nailed two 2" wide leather strapé; The bird to
be bled was placed on its back in the V with its head and neck hanging
over the edge'of"the platform. One strap was passed over the keel ‘and
fastened on the other side of the platform, effectively pinning the
wings. The other strap passed in the other direction, restraining the
feet. The area bordered by the clavicles and the crop was swabbed with
alcohol. The bird's neck and head were held down with thevléft hand,
and with the right hand a 21 gauge, 1 1/2" long needle on a 10 ml,., syringe
was ingerted so that the needle passgd between the élavicles and cora-
coids. The path of the needle was parallel to the long axis of the bird.
As much as 8 ml. of blood wag withdrawn at a single bleeding with no evi-
dent harmful effects.‘ This technique has been used aboUt 200 times with
no fatalities. » '

% Immunizations

At various times, pairs of pigeons were cross-imminized with

each other's red blood cells, for several courses of injections. A



-

course of injections was as follows:
1) 0.5 ml. of a 50% red blood cell suspension intra-muscularly
‘ (into the breast muscle);
2) two days later, 1.0 ml. of a 50% red blood cell suspension
intra~peritoneally, and '
3) four days after the first injection, 0.5 ml. of a 59% red
blood cell suspension intravenously (into the brachial Vein).
The birds were immunized one week and trial-bled the next. If
no antibodies were present, the following week another course was begun.
This routine was continued for three courses of injections, after which
time, if no agglutinins could be found, the immunization Was discontinued.
Blood collected for isoimmune sera was put into dry tubes and
. stirred rapidly with a thin hardwood splint until clofting'was complete.
If the clot were broken into small pieces as soonias it forméd, much
better recovery of the serum was obtained than would have been possible
by allowing the clot to stand and shrink as is customarily done:With
rabbit sera. The latter method would permit recovery of only about
50-70% of the serum. Bleeding in quantity was done on two successive
days, a total of about 15 ml. of blood being taken, yieldihg about 6
to 6 1/2 ml. of serum. The birds survived this treatment in apparently
good health, : :
~ Iso-antisera collected on two days were pooled and stored in
1 ml., aliquots in 1 dram shell vials without heating. When serum was
needed, only the contents of one vial would be thawed. Some of the
serum was removed, and the remainder was replaced in the freezer. The
maximum number of times the comtents of any one vial was frozeﬁ and
thawed ranged from seven to ten. In contrast to the serarof other birds
(25) pigeon sera remain clear during storage under these circumstances;
at no time was any flocculation observed. | |
4, Bexing
Birds of unknown sex were sexed by laparotomy. An incision
was made in the left ventrolateral'body wall; the dorsal mesentery was
pierced and the left gonad directly observed. Neither‘aneSthesia nor
asepsis were required for this operation. ’
Some pigeons were sexed by observation of theif nesting be~

havior; a female would remain on the nest most of the day, giving up

her place to the male only in the late afterncon and evening.



5. Matings

All matings were rigidly controlled. Fach pair of birds to be
mated was put in a separate cage and effectively isolated for as long as
the mating was in progress. REggs laid during the firstxeight days were
discarded, since the paternity of squabs from such eggs might be ques-
tioned. Four days after the second egg of each clutch was laid, both
eggs were candled for fertility. Eggs not showing signs of é de%eloping
embryo were discarded by the sixth day. All squabs, before being removed
from the cage and placed in a large holding room, were banded and their
descriptions recorded, so that in no case could parentage be in doubt.

'All birds were kept in a below-ground-level building, under
artificial light. Those not used in matings were kept encaged in a
9' x 19' room under a 10 hour day-length schedule. They Were-fed standard
polished mixed-grain pigeon feed. Although the number of'birds kept‘in
this room increased constantly to a maximm of 250, over a two,yearn
period\ only 12 died. Fourteen breeding cages, in a different féam,
were kept in use at all times. Bach cage was 30" in all dimensiohs,'
with a platformAplaced about 18" off the floor on which were two nests.
Feeders and watering cans were suspended outside the cage at cage-floor
level. The feeders were divided into three compartments; oheiheld_a
mixture of treated (mineralized) pigeon grits, charcoal and steamed
oyster shells; the second held recleaned wheat grain and'in the third
was a commercial all-purpose chicken feed in pellet form. Birds in
matings were subjected to a 13 hour day of artificial lighting. Produc-
tivity was high under these conditionms, almost all matinés producing a
‘cluteh of two eggs every four to six weeks. Approximately 75% of the
eggs produced living squabs (Table 1).

6., Numbering

The original birds (birds hatched before the beginning of
‘this study) were numbered 1 to 17, 27, 28, and 30 to 35. These were
the parents in most of the first set of matings. The numbers missing
from this series were assigned to the first offspring to be produced;
these were later renumbered according to the following procedure:

As the eggs were laid in each mating, they were lettefed con-
secutively. If the egg hatched, the squab was designated by both the
number of the mating and the letter of the egg (e.g., the fourth egg
to hatch in mating 5 would be squab 5D).
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Table 1

Productivity of the Pigeon Matings Under
Conditions Described in the Text.

Duration ' Squabs

No, of Matings of Mating BEggs Produced | Produced
1 12 mos. 20 12
L 13 " 73 61
i 10 " 66 53
2 9 " 28 22
2 g " 26 ' 21
2 7" 25 1T .
5 6 " 56 ko
9 5 " 80 63 .
6 oo 50 31
Totals 2L Lol : 322

Figure 4 (page U45) is a dlagrammatic representation of all the
productive matings made (the matings numbered 4, 13, 15 and 16 wéfe not
included because they were non-productive), and illustrates ali the lines
of descent. Female and male parents of each cross are represented by
dotted and solid lines respectively, drawn from the parent in question
to the mating number. This form of presentation of matings is derived
from Hollander (26). '

B. Preparation of Rebbit Antisera

This section covers only antisera prepared in fabbits; The
preparation of pigeon iso-antisera was discussed above (Section TIIA3).

1. Immunizations

Rabbits were injected intravenously three timés weekly for
three weeks with 0.5 ml. of a 20% suspension of thrice-washed pigeon
red Blood cells in 0.85% saline. ‘Beginning on the third day after the
last injection, 1 ml. samples of blood were taken from the marginal-ear
‘ vein, allowed to clot and the serum poured off. Each samplé wag titered
by the doubling dilution method (i.e., halving the concentration of serum
in each succeeding tube) for agglutiﬁation tests of the cells of the donor
pigeon. Trial bleedings were continued daily until such time that the
dilution curve reached a plateau (i.e., the maximal dilution at which
agglutination was visible remained the same for two days).v This poiﬁt
was reached in all cases in six days. At this time the rabbits were bled
by cardiac puncture. After the blood had clotted, the serum was removed

and heated at 56° for 30 minutes to inactivate the complemeht.



2, Reimmunizations

Three months after the first series of injections, in the case
of rabbit 13, and fourteen months in the cases of rabbits 7, 8, 9, 10
and 15, all except rabbit 7 were reimmunized with cells‘of the pigeon
used in the original immunization. Pigeon 7, used to immunize rabbit.7,
had since died. Pigeon 18, which seemed to have the same blood type,
was therefore used as a source of cells for the reimmunization of rabbit 7.
| The course of injections for the reimmunization was as follows:
1) 1.0 ml. of a 50% suspension of red blood cells intraperi-
toneally; k
2) +two days later, 0.5 ml. of a 20% suspension of red blood
cells subcutanecusly, and .
5) again two days later, 0.5 ml, of a 20% suspension of .cells
intravenously. _ | o
Antibody titer was followed both in the serum and in ﬁhé feagent
(i.es, serum absorbed by appropriate cells and titered against fhe homolo-~
gous cells) wherever possible. In scme instances it was not possiblé to
detect any antibodies after absorption, and these rabbits were bled at
the peak of general antibody level. All rabbits were bled seven to nine
days following the last injection, 50 ml. of blood beingbtaken by cardiac
puncture on each of two successive days. ‘ '
The two lots of serum collected from each rabbit were ﬁooled
and heated. Aliquots were then put in 1 dram shell vials and stored in
the deep freeze. Serum was taken from each vial as needed and the ‘contents
remaining were refrozen, BRach lot of serum was thus thawed a minimum
number of times. Even when certain sera were frozen and thawed repeatedly,
no obvious denaturation (precipitation) or loss of activity‘wasvnoticed.

C. Definitions

Terms to be used in this thesis will be assigned the following
‘definitions: S

1. Reagent -~ the supernatént fluid after a given serum has .
been fractionated by absorption. '

2. Bub-reagent - the supernatant fluid after a reagent has

been absorbed by certain cells positive to;it, so that
there are no longer agglutinins present for the absorbing

cells, but activity is still shown toward other positives.

B, »Type - the symbolic representation of the antigenic consti-
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tution of the red blood cells of a given pigeon, as deter-
mined by the typing reagents.

by, Subtype ~ the antigenic character of certain cells as

detected by the use of sub-reagents.

- 5. Positive - cells which give a definite reaction toﬂthe v

typing reagent and which can remove activity from the
reagent by absorption. ' !

6. Negative -‘cellS'giving zero reaction to the typing re-

agenty activity for positives is not removed by absorption
with negatives. (This definition does not hold for Reagent
A and will be discussed in Section ITIAL).
D. Abgorptions
1. Analysis of the Serum

The cells of from five to ten pigeons wére used iﬁ preliminary
attempts to fractionate each serum. A measured volume of thé packed,
washed cells from an individual bird was placed in each of three tubes.
The cells were washed three bimes with saline and packed hard after the
last wash so that all the saline could be removed, to minimize dilution
of the serum. To the first tube was added a volume of sefﬁm at a dilution
of one to eight (1/8) in sgaline (i.e., one part serum to sévén parts
saline) equal to the volume of cells in each tube. Serum and cells were
thoroughly'mixed, allowed to stand five minutes at room temperature,
centrifuged and the supernatant transferred to the second tube. This
second absorption proceeded for Tifteen minutes at room temperature and
twenty minutes in the refrigerator, whereupon the second tube was centri-
vfuged and the supernatant transferred to the third. Thisrtube was given
tWenfy minutes at room temperature and thirty minutes in the refrigerator.
An aliquot of the supernatant from the final absorption was tested against
the absorbing cells at a further dilution of 1/2, in order to‘test for
" completeness of absorption. (There should be no agglutination if absorption
is complete.) If absorption was incomplete, fresh cells were added until
all activity for the absorbing cells was removed. The reagents‘thus pre-
pared were diluted 1/5 in saline and tested for agglutininé against the
cells of each of the birds used in the fractionation.

2. Preparation of Reagents

a. Primary Reagents

The red blood cells of three apparently negative pigeons were
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pooled, washed three times in fresh saline and used for absorbing the
serum to make the reagent. Since only about 4 ml. of blood a week was
faken from each bird, giving a total of about 6 ml. of cells available
for each abéorption, the following procedure was utilized to secure
maximum efficiency. The total amoun£ of cells was apportioned into
three tubes. An aliquot of serum, diluted 1/8, equal in volume to the
cellé in one tube, was passed through the absorption procedure described
above (D1). Thé cells in the first tube were always solidly agglutinated
and were discarded. Fresh diluted serum was added to the second tube and
then transferred to the third. The cells in the second tubé were solidly
agglutinated and so were discarded. Fresh diluted serum was then added
to the third tube. All the tubes of reagent were stored in the deep
freeze until the following week, when fresh cells weré obtained. The
reagents were then reabsorbed in their original sequence unﬂil absorption
Was complete as determined by agglutination tests of the reagént,.diluted
1/3, against each of the absorbing cells. |

After the individual lots of reagent of the previous week had
been reabsofbed; fresh serum was added to the first tube of ceils and
| passed on through the absorption chain. The second and third tubes also
each were saturated with fresh serum in turn. The new lots of iﬁcompletely
absorbed reagent were stored in the deep freeze until the following week.
Completely absorbed reagents prepared each week were added to the pre-~
viously made stock, and stored. - |

It must be noted here that the methods used in preﬁaring re-
agents differed from,thdse used in the analysis of the serum (Sec. D1).
In the prepération of reagents, 2 ml. of cells were obtained ffom each
bird and sub-divided into three tubes. For each series of three tubes,
2 ml. of diluted serum was absorbed, which means that each 2 ml. of reagent
was initially absorbed by a total of only one volume of cells7from eéch
~bird. BSerum so absorbed required at least three more absorptions, for a
total of two volumes of cells from each pigeon, in order for complete ab-
sorption to cccur.

The procedure described above wés used in preparihg reagents
A, B, D, F and I. Reagent E, after the above protocol had been'followed,
required further absorption to remove certain very weék'br‘doubtful re-

actions.

‘The reagents made from rabbit antisera and the details of their
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preparation are listed in Table 2.

Table 2
Reagents Prepared from Rabbit Antisera

Serum
Tmmunized absorbed by 4
with cells of pooled cells of.
Reagent  Rabbit No. pigeon no. pigeons no.
A 13 1% 2,4,5
B 9 9 13,17,1A
D 15 15 - 13,17,1A
E 7 7 1,3,6
F - 8 8 1,3,6
I 13B 13 10,7C,6H

b. Sub~reagents

Bach sub-reagent was prepared by absorbing the reagent with the
cells of each of three birds separately. The cells of each bird were ap-
portioned to four tubes and a volume of undiluted reégent, equal in volume
to that of the cells in one tube, was absorbed in the first three tubes.
A fresh lot of reagent was placed in the second tube and passed through
~to the fourth. Both lots were then tested, separately, for cpmplefeness
of absorption against the cells of each of the three birds used to make
that sﬁb-reagent. The following week, fresh cells were obtained and the
same procedure followed, adding the new preparations of éach_sub-reagent
to a common stock. Each sub-reagent was actually, therefore, a pool of
“three sub-reagenté each of which had been absorbed by the cells of a
single bird. . i

The sub-reagents are listed in Table 3 together with the cells

used in their preparation.

. Table 3
Detaills of the Preparation of E Sub-Reagents
Réagent E
absorbed separately
Sub-reagent by cells of pigeons no.
EEE5 11,14,8B
E2 11B,14A,14D

B, 284,28B,28C
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E. Readings

All typing was done at the reagent dilutions listed in Table b,
Since the rabbit sera had been diluted 1/8 in preparing the reagents, the
total serum dilution in each rabbit reagent was l/8£h the dilution shown
for the reagent. The iso-immune sera were used unabsorbed, at the indicated

dilutions.

Table 4
Dilutions at which Reagents Were Used

Reagent Dilution

A 1/

B 1/h

C (isoimmune) 1/20

D 1/k

E 1/3

F 1/5

H (isoimmune) 1/15

I 1/5
all E sub-reagents 1/3

All tests were performed with a twice-washed 2% éuspension of
red blood cells and in standard agglutination tubes (10 x 75bmm). The
tubes were boiled in detergent, washed several times with.tép'water and
then at least three times with distilled water. In each tube one drop
of the 2% cell suspension was added to two drops of the feagent at the
indicated dilution. The tubes were allowed to stand two hours at room
temperature, being shaken every half hour. They were then spun in an
International Clinical Centrifuge in a ten-place angle head (specially
constructed, not available commercially) at approximatelyrh,OOO rpm for
twenty seconds. The tubes were shaken and read as the pellet of cells
was resuspended. All negative readings and readings below "3" in in-

" tensity were rechecked one hour later.

The symbols used in recording the test results, and their
meanings, are as follows: ' ‘

0 - the button of cells, formed.by.centrifuging, resuspends

evenly and slowly on gentle shaking. \ o

? - the button resuspends somewhat more quickly andbir—

regularly. |

t (trace) - the button forms definite jagged lines as it is
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resuspended, but no clumps are visible.

1 - a few faint clumps are visible,

2 - several to many small clumps are evident._

3 - many clumps, somewhat larger than the "2" classification

can be seen. .

b - a few large clumps are formed.

5 = the button breaks into two large clumps.

6 -~ the entire button resuspends as one clump. ‘

Readings of the different reagents were checked miéroscopically.
To a drop of the reagent on a slide was added one drop of the 2% cell sus-
pension. The slide was gently agitated for 10-15 minutes at room tempera-
ture before examination. It was found that cells whigh, in the centrifuga-
tion test, had given reactions recorded as below the rank of "3" in intensity
failed to demonstrate any agglutination on the slide. Howevér, readings
from "t" to "1" after being centrifuged and gently shaken contained definite
clumps of cells when viewed microscopically. Zero readings by centrifuga-
tion were also confirmed in a similar manner. o

Several lytic systems were also investigated, using the normal,
unheated sera of pigeons, chickens, guinea pigs, rabbits, éheep,'cattle
and man as sources of complement. All were inactive in the pigeon cell-
rabbit antivody system. All except pigeons, however, had normal agglutinins
for the cells of the twenty five pigeons used. | v ‘

Since macroscopic readings after centrifugation‘seemed to be
more sensitive than microscopic readings without centrifugation, and since
no lytic system could be found, it was decided to use the first method in
this study. Some attempts were then made to increase the sensitivity of
this method of reading. In one, a drop of a 1% purified égg albumin solu-
tion in saline was added to each tube and the tubes read in the usual
manner. In another, the tubes were centrifuged, the sﬁpernaténts removed
"and two drops of a diluted chicken anti-rabbit globulin serum added. The
tubes were kept one hour at room temperature and read. Both atfempts failed to

improve the sensitivity of the simple centrifugation test.
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I1I. REAGENT A

A, Serology

Lla_ Anaiyses

This reagent was prepared from serum 13, obtained by immunizing

rabbit 13 against the red blood cells of pigeon 13.
| Before beginning’a discuésion of the detailed analysis;of this

antiserum, it is pertinent to present some genefal characteristics df
anti-red blood cell sera. An antiserum produced against the red blood
cells of one individual of a given species by a member of an unrelatéd
species reacts with the cells of all members of the donor species. Thus
we see (Table 5) that the cells of all the pigeons react with the unab-
sorbed antiserum; the serum is, in reality, "anti-pigeon". But an anti-
serum against so complex an antigen as the red blood cell contains a
great variety of antibodies, some of which may be aﬂti~pigeon’(reacting
with all pigeon red blood cells) and some of which may e direcfea against
specific gsites on the red blood cell which differentiate one pigeon from
another. An analysis of such a serum is dependent on the complete removal
of the anti-pigeon components by absorption with cells which lack-the site
or sites (i.e., are negative) against which antibodies detecting individual
differences are directed, so that these antibodies remain in fhe super-
natant fluid. This typing fluid may then be used to detect the sites on
positive cells. ! '

Preliminary investigation of serum 13 suggested that it might
contain two éntibédy fractions which would serve to differentiate the
cells used in the absorption (Table 5). However,‘several anomalies also
appeared. The same types of ancmaly have since been encountered several
times in absorption analyses of different sera. Table 5 will‘be described
in detail, hoth as an example of the reasoning used in the analysis of
- such tables and as an example of anomalous reactions. Discussions and
explanations of tables to follow will be concerned mainly with the overall
conclusions to be drawn from their analyses, rather than with step-by-step
considerations. V

In the table, the numbers in parentheses repfesent the reactions
expected on the basis of the two antigens proposed. The numbérs not in
parentheses represent the reactions actually observed. As an aid in

understanding such analyses, a theoretical case will be discussed first.
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‘ Thus,‘in those squares wherein two reactions are recorded, only the re-
actions enclosed by parentheses will be considered at this time. The
others, the.observéd reactions, will be discussed immediately following
the presentation of the theoretical case. |

*We may first obserﬁe that cells 9, 10 and 11 do not react with
any of the reagents prepared by absorbing serum 13 with the red blood cells
listed in the columns. Cells 9, 10 and 11 can be considered'negétive in
this analysis. Cells of pigeon 7 exhibit the least number of reactions
and must differ from the negatives by at least one éntigen,_which we  may
designate as A. Cells 12 differ in their reactions from both 7~and the
negatives, and therefore, must have at least one other antigen, which will
be designated as B. Cells 8 and 13 give test reactions consistént with

- the assumption that they &dre AB. -

The reactions given by the reagents prepared by the absorptlons

provide a test of the system proposed. Cells T, containing antlgen A,
should remove anti-A from the serum and leave in anti-B. The réégeht
prepared by absorbing with 7 should then agglutinate the cells which
have antigen B"namely, 8, 12 and 13. Absorption by 12 shéuld leave
agglutlnlns for cells containing A; namely, 7, 8 and 13. 9, 10 and 11,
belng negatives and not having either antigen, leave both antl-A and
anti-B in the serum. Reagents prepared by absorbing with these cells
should, thefefore, agglutinate all the positive cells; T, 8, 12 and 13.

TLastly cells & and 13, containing both antigens, should rémove all ac-
tivity (agglutining from the serum.

There are a few general rules applying 0 analyses of this sért,

whlch aid in interpreting the results:

1) Two or more cells which remove activity for each other are
identical in their antigenic constitution with respect to
the serum under investigation. )

2) If cells A remove activity for cells B, while B does not

~remove activity for A,/then A hags at leaét'one antigen
reccgnized by this antiserum, that is absent in B.

3) If cells A leave in activity fof cells B and B leaves in
activity for A, each has an antigen, recognized by this’
antiserum, that is absent in the other.

Cells 9 and 10, which remove activity for each other, are

identical by rule 1. Similarly, 10 is identical to 11 and therefore, by
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| extension,“9 should be identical to 1l. However, the reagent prepared
by absorbing the serum with cells 9 actually leaves agglutinins in for
cells 11 (reaction in parentheses). This is the first anomaly, that
the criterion for identity of cells does not appear to apply in this
system. ' ‘
| Rule 2 is illustrated by comparing the reactions of cells 7
and‘lo, for example. 7 absorbs activity for 10, but 10 leaves iﬁ ac-
tivity for T, indicating that 7 has at least oﬁe antigen (a) absent in
-10. _
The reactions of 7 and 12 illustrate rule 3. 7 leaves in
activity for 12 and 12 leaves in activity for 7. These two cells differ
by at least two antigens, 7 having one (A) and 12 having the other (B).
The absorptions in each case are complete as measured by the
removal by the absorbing cell of agglutinins for itself, except in the
case of the cells of pigeon 12 (reaction in parentheses). It is ob-
served here that while the absorption was incomplete (i.e., 12 Teft
in activity for itself) activity was removed for 9, 10 and 11,
In the last column, absorption by the homologous cells 1% is
complete in that all activity for 13 is removed, but contrary to the
~usual expectation that the homologous cells should remo#e all activity
from an antiserum, 13 leaves in activity for 8 and 9, One could invoke
the présence of a normal antibody and suppose that lBVlaqks the. antigen
which reacts with this normal agglutinin while 8 and 9 héve its But if
T, 10, 11 and 12 have the antigen, 13 should have left in activity Tor
them also, and if-they lack it, then they should have left in éctiﬁity
for 9. Whatever the origin of the antibodies conéerned withvthese re-
actions, therefore, their behavior is anomalous. '
Another explanation for the abberrant behavior of the réagent
prepared by absorbing the serum with 13 is that although 13 is the '
. homologous cell, it is not as effective as 8 in removiﬁg agglutinins.
This concept, which suggests a quantitative difference rather than a
qualitative one, will be discussed and elaborated later.
Reagents left over from absorbing with cells 7, 9, 10, 11 and
12 were pooled and some preliminary typings performed in-an effort to
detect any positives (such as 7, 12, 8 and 13). With this typing fluid
(designated the Al reagent) both positives and negatives were found in

the remainder of the flock.
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Since only small quantities of cells can be obtained from one
bird at any one bleeding, the cells of nine pigeons negative to the Al
reagent were pooléd and the pool then used to prepare a large gquantity
6f reagent from serum 1%. This lot of reagent was designated A2. When
the A2 reagent was absorbed with a series of cells positive to ii, the
cells of one bird, 15, which had been positive by typing both with Al
and A2 and had been positive in an absorption analysis of AL, were found
to leave in agglutinins for all the other positives (Table 6). Absorption
by 2, which did not react to the A2 reagent, removed activity for 15.

In the absorption of Al, 15 had removed activity for, among others, cells
1, 16 and 17 but it failed to do so in the absorption of A2. Tt therefore
appeared that the Al and A2 reagenté were distinctly different.

Table 6

Absorption® of Reagent ADF*

Reagent A2
: ‘ absorbed by rbe of pigeons
Unabsorbed
reagent at-

Cells 1/10 1 8 1% 15 16 17 1C 1D 2
1 5 0 0 0 3 0 0 0. 0 b
8 b ¢] 0 0 3 0 0 0 0 3
13 ) 0 0 0 3 0 0 0 0 3
15 3 0 0 0 0 0 0 0 c 0
16 by 0 0] 0 3 0 0 6] o] 3
17 i 0 0 0 I 0 0 3 5 k
1C 3 0 0 0 3 0 0 -0 0] 3
1D i3 0 0 0] L 0 0 0 0 by
2 0 0 0 0 0 8] 0 0 0 0

o Reagent A2 absorbed by cells of pigeons previously classified as
positive to the reagent. Cell 2 is the negative control. Test done
at 1/10 dilution of the reagent after absorptions. ‘ :

** Reagent A2 was prepared by absorbing serum 13 with the pooled red
blood cells of nine pigeons negative to Reagent Al. See Table 5
for the source of Reagent Al.

During the course of these early ihvestigations, the quantity
of cells used in the absorptions was not very strictlyiéontrolled. It
would seem (but is by no means certain) that an excess of cells 15 was
used in absorbing Al and a smaller quantity used in absorbing A2. If

this were the true cause of the variable results observed,iit would
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suggest ﬁhat 15 is actually positive but does not remove activity as
efficienfly’as do the .other positives tested in the absorption of AZ2.

Table 6 also illustrates an exception to the rule that cells
which remove activity for each other from a given serum are identical
in regard to that serum. Cells 1, 8, 13, 16 and 17 remove activity for

~each other, and yet 1C and 1D leave in activity only for 17.

Because of the anomalous reactions, the suspicion that the
volume.of cells used in an absorption may be critical, and the doubt as
to whether’the‘fraétionatiohs had revealed a single or double antigen-
antibody system, a large absorption analysis of the crude serum was set
up, using the cells of twenty-one pigeons (Table 7).

" As might have been expécted from the previous analyses of the
serum and reagents prepared from it, Table 7 indicates that a simple
analysis of the serum is impossible. Rule 1 is violated over a dozen
times. For example, cells i, 3, 6, 8, 16, 1C and 1E all remove activity
for each other, but only 1 leaves in agglutinins for 14; cells 2, 4, 5
and 12 remové actiVity for each other, but the reagent prepared by absorp-
tion with 12 reacts with 11 and 1A, while those prepared by absorbing
with 2,4, and 5 do not. The presence of the ancmalous reactions makes
it impossible to analyze the serum in terms of gualitatively discrete
antibody fractions. ,

Becguse a specific explanation for the reactions of the re-
agents prepared from the serim was impossible, a more general solution
wasg sought. It can be seen that the cells can be divided into two broad
classes, which may be designated "positive" and "negative". An examina-
tion of the rows reveals that certain cells reacted with very few or none
of the reagents tested. These cells, 2,4, 5, 9, 10, 11, 12, 14, 15, 1B
and perhaps 1A, can be called "negatives". The others, 1, 3, 6, 8, 13,
16, 17, 1C, 1D, 1E and perhaps 1A would then be the "positives". Only

~a brief examination of the columms is necessary to indicate that this
division is Jjustified by the reactions obtained by use of the individually
prepared reagents. Thus, the positives remove all, or almost all, of the

- activity from the serum while the negatives leave in activity for most of
the poSitives.

If there are two general classes of cells, positive and negative,

what then éaﬁ be the cause of the many anomalies? Granted that the same

volume of cells was used from each bird, we must return to the statement
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previously made, that the cells differ in the ease or efficiency with
which they can absorb agglutinins from the serum. An indication of
either the reactive ability or of the efficiency in absorption of the
cells of a given bird is given by adding the numerical values of‘the
reactions with which these éellé are concerned. Adding across the table
~for any cell provides an index of the ability of the given cell to react
with the reagents, in terms of "strength" of test reactions. Adding down

the column for the reagent prepared by absorption with a given cell, an

index ig obtained of the ability of the cell to absorb activity from the
serum. '

The last column of the table, listing the row totals, suggests
that the cells used in this analysis are divisible into four classes
with regard to their reactions with the reagents (i.e., their "positivity").
The most positive are cells 17 with a total of 54, followed by the class
with totals ranging from EO’to 39. Cells 1A have a total of 13%.5 and the
least positive cells (the "negatives") have totals from O to 5.

| The column totals, listed in the last row, are not so easily
divisible into classes. The most positive cells in tests give column
totals in absorptions of from O to 5, while the least positive cells
give totals of from 23%.5 to 59. The conclusion to be drawn from these
observations is that there is a range or gradation of activities in the
ability of cells to act either as positives or as negativés. Cells
giving the more positive test reaction remove more antibody from the
serum when these cells are used in absorptions. We can visualize two
scales, one ascending in order of positivity of cells in the test re-
action, the other descending in order of negativity of reagents pre-
pared by abscrption with the cells (Figure l). The positivity scale
gsuggests a division into four classes, but any such division in the
negaltivity scale is not apparent. The class of so-called negative cells
(least positive), lying clumped in a very short part of the scale based
on test performance (degrees of positivity), is seen to be spread out on
the scale based on performance in absorptions (degrees of negativity),
indicating that the "negatives" also differ from each other. In typing,
the cells of a given bird cannot react more negatively than zero at the
lowest dilution (i.e., the dilution of serum at which the sbsorption is

performsd), but in absorptions of the serum we see that even those cells

which do not react at all in typing (and should be of one class) in reality



Illustrating tre Quantitative Relations of the Reactions of
the Cells Exanmined in Table 7

Cells Cells
— 17 —_ 11
~4— 9
_,/1D T
=0 i
— 1,6 - 1
'8’0 — 1k
113 4 510
13
-l 1€,1E -t 2
bk
- 13
1 1A
4. 1A
/15 L
—/ 15 1D
— ’ /3,8,15,18
T - /?{é 7T
-1 2,4,9,10,12 ' == 13,17
Degrees of Positivity Degrees of legativity

Degrees of positivity are based on test performances (agglutination reactions)
of the cells. Degrees of negativity are based on the performances of the cells
in absorptions.

The indices of cells 17 (highest positive) and cells 11 (highest.negative)
were taken as 100 and the figure drawn to scale.
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differ in the amount of antibody they leave in the serum after absorption.
A logical extension of this line of thought indicates that at least some
of the negatives, if'they do absorb some agglutinins, are in reality
‘pdSitive. Data on this point will be given later.

To sﬁm.up, because of the anomalous reactions cbserved in ab-
sorption analyses and because of the differences existing both among
positive cells and among negative cells, we have postulated that there
exist.degreés of positivity and negativity in relation to the system
detected with Serum:lB. The cells listed in descending order on the
scale of positivity in tests are seen to be listed in ascending order
on the gcale of negativity in absorptions. Cells 1A, listed at the
beginning of the discussion of Table 7 (p. 18) as perhaps negative,
perhaps positive, are seen to occupy & special position on both scales.
They react weakly in direct tests, and absorb agglutinins not as well
as a good positive, but not as poorly as a good negative. Such cells,
which are both positive to a degree and negative to a degree, might
reasonably be expected to occur in the double scale of gradations.

Cells 2, 4 and 5, which absorbed activity for each other and
whose reagents gave the same reactions, were chosen as the cells with
which all absorptions would be done to make reagent A. Cells with higher

"ratings as negatives (e.g., 9, 11, and 12) might have been preferable in
some respects, but the reagents prepared with them had not given identical
reactions toward the other cells.

' The supposition that negatives may actually be so weakly positive
that they would react only below the limiting dilution of the reagent,
and thus escape detection as positive in tests, can be verified by ab-
sorption tests. A preliminary indication that negatives might remove
agglutinins for positives was obtained in a test originally designed

" to ascertain whether the cells of some newly cbtained pigeons differed
from each other (Table 8). Two of the absorptions, those for cells 33
and 3k, Were not complete. Cells 1F, 27 and 5A, as a result of the first
set of absorptions, were shown to be negative in relation to the others,
but on reabsorbing the reageﬁts'two more times several reactions dis-
appeared; the negatives had absorbed more activity from the serum. Like-
wise, SOme of the positives which had been differentiated from each other

in the first test removed additional activity in the second. Thus again

we see that not only do negatives differ in their degrees of negativity
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but positives also differ in their ability to remove activity for each

other, activity for 'some heing removed more easily than for others.

Table 8

8

An Tllustration of the Effects of Reabs@rption* on a Given Set of Reagent

Serum 13 absorbed by rhc of pigeons

Cells 1F 27 28 5A 30 31 32 33 3l 25
IF 0 o 0 0 0 0 o 0 0 0
27 0 0 0 0 0 0 0 0] 0 0
28 2 2 0 2 0 0 0 0 0 0
S5A 0 0 0 0 0 0 0 0 0 0
30 L h 0 i 0 0 0 0 0 o)
31 3,0 3,0. 0,0 3,0 0,0 @) 0,0 0,0 0,0 0,0
2 4.2 3,2 0,0 35,2 0,0 0 0,0 0,0 0,0 0,0
3% 5,4 - h,h 3,2 5,4 L,3 L h,3 3,2 3,2 3,3
3k 3,2 3,0 2,0 4,3 2,2 3 3,2 0,0 2,0 2,0
35 5,0 3,2 2,0 5,3 3,2 - 2,2 3,3 2,0 0,0

Serum 13, diluted 1/8, absorbed by cells of pigeons indicated and
tested at a dilution of 1/3.

* Singlé figures and the first figure of the pairs of figures are re-
sults of absorbing the serum three times. The second member of each

pair represents the results of five absorptions (the remainder of
the reagent prepared by three absorptions reabsorbed two more times

The dash indicates a combination not tested.

Table 9 illustrates the similar results that were obtained in
the absorption of Reagent A by selected positives and negatives. Reagent
A was prepared by absorbing the serum with the pooled red blood cells of
pigeons 2, ‘4 and 5 until it no ioager reacted with the cells of any of
these three birds, tested separately. Further absorption by cells 5 de-
creased the intensity of the reaction for some positives and removed the
reaction for others. All the other negatives except 25K also removed
sgglutinins from the reagent, and all the positives removed all or most
of the activity, again indiéating the similarity between positives and
negativés in their reactions with this reagent.

Several negatives, including 5, were selected from the cells
in Table 9 and used to absorb the reagent five times. The individual
reagents so prepared were then tested against four of the strongest
positives of Table 9, including 13, the homologous cells. Three of the

four negatives removed all activity for all the positives. The fourth,

).
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againvcellé 258, left in activity for all positives, activity which inci-
dentally %as weakest for cells 13. It has already been noted that 13 was
not as effective in removing agglutinins as was andther positive (p. 16),
and wherever absorption analyses have been performed using cells 13 it
can be seen that there are posiﬁives which give stronger reactions with
‘the reagents so prepared than does 13.

The action of the cells of pigeon 25E deserves spe01al reference.
Theée»cells were the only negatives tested in Table 9 which did not remove
all activity from the reagent. This was, of course, what was to be ex-
pected from a true hegative in the classical sense. Did we, then, have
two major types of negatives; the "false negatives" which were negative
to the typihg reagent but positive in absorption studies, and the "true
negatives" which were negative in both tests and absorptions? The ab-
sorption study described in Table 10 was performed in an attempt to answer

that question.

Table 10

Reagent A Absorbed ™ Undiluted by the Red Blood
Cells of Belected Negative Pigeons

Reagent A absorbed by rbc of pigeons

Cells 2C 2R 3A 5D 6E 17H 22C 23F 24A 24C 25B 25F 30B 30D
13 t 0 0 t o0 0o O ©O0oO o o o 0o 0 ©°
3l > 0 0 0 0O 0 O ©oO O o o 0o 0 ©
OB > 0o 0o 0 0O O O ©o0O O o0 ©0o ©O0 0 o0
84 2 o0 0 0 0 O O O O Oo o0 0 0 ©
9D 3 ¢ 0 +t+ 0 0O o ® O O t o0 t ©
2%B > 0 0 0 0 0o ©o ©o0o o ©o O 0 0 ©

* Each lot of reagent was absorbed three times with twice its volume
of cells, and tested at 1/3.

Matings of pigeons had been in progress all during the course
of this study. Birds positive to the A reagent had been mated to negatives
in an attempt to learn something of the inheritance of the A character.
Many of these positive parents had proven to be "heterozygous", in that
some. of their offspring had been positive, some negative. The negative
offspring used in the absorption (Table 10) were of two classes: negative
offsprihg of the cross of a negative with a weakly reactihg heterozygote,
and negative offspring of the cross of a negative with a strongly reacting

heterozygote. The negative ofisprlng within each cross were chosen at
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random. The table does not list the type of cross from which each bird
is derived, because the results were almost uniform.

All the reagents tested in Table 10 were deliberately over-
'absofbed, each lot of Reagent A being absorbed with twice its volume of
cells. The results sare easily analyzed: all the negatives except 2C,
of the.ten crosses investigated, can remove most, if not all, of the ac-
tivity from Reagent A for six different positives, including the homologous
cells. -QC,,the femzale parent of 25E, was also shown to be an extreme nega-
tive in that it leff_activity in the gupernatant after absorption whereas
the other negatives did not. Taﬁle 10 also illustrates the fact that not
all the negatives of mating 25 are of the 25E type; 25B and 25F behaved
as negatives in the direct test, bubt removed the agglutinins when they
‘were used in absorption.

Up to this point, a discussion of the causes of the differences
among positive cells and the differences among negative cells hag been
avoided, because none of the data could resolve the problem. The problem
igs: are the differences we have observed among positives and among nega=-
tives qualitative or quantitative? Do these differences indicate the
presence of different cross~reactive antigens on the cells or do they in-
dicate the presence of a greater (on the stronger) or lesser (on the weaker )
amount of the same antigen?

An answer to this problem was suggested by the status of the
homologous red bleod cells of pigeon 13. If a series or group of cross-
reactive antigens existed, one might reasonably expect that the antiserum
and any reagent prepared from it would react best (to the highest titer)
with the homologous cells since most of the antibody reactive sites would
be more closely complementary to the particular antigen of the homologous
cell, But it has already been noted that 13 consistently reacts more
weakly than do many other positives, with any given reagent prepared from
serum 13%. There are, in fact, cells which give positive reactions when
‘Reagent A is diluted two to four times the maximal dilution at which it
| is possible to observe a reaction with cell 13. This is taken as suggestive
evidence that the antibody specificity is directed against some antigen (or
antigens) on the cells of pigéon 13 which exists in variable amounts on
pigeons’ cells.

An approach to the distinction of a quantitative from a quali-

tative basis for individual variation in this system was made by way of a
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modification of comparative absorption curves as described by Race et al.
(27). This method compares the change in titer of a given serum toward
given positive cells when the serum is absorbed with different volumes
.of other cells.

Figures QA and 2B illustrate the results obtained by absorbing
Reagent A with the cells of four different positive pigeons and titering
the resulting reagents against each of the same four. The abscissa rep-
resents’ the volume of cells used, while the ordinate represents the titers
on a logarifhmic scale. Using the logarithmic rather than an arithmetic
scale condenses the vertical dimension of the figure. In a titration of
any serum, using the method of reading previously described (Sec. IIE),
the last two tubes in some cases may read "trace" and "doubtful" in the
order of increasing dilution, while in other cases, the last two tubes
may read "1" and "O" in the same order. Since the trace and doubtful
reactions are reproducible, they represent real reactions and must be
teken into account. For that reason, the titer of each reagent was
scored as that dilution at which the first unambiguous zero was noted.
The reagents were titered by the doubling dilution method (i.e., halving
the concentration of reagent in each succeeding tube).

It is seen that the curves are all similar. The relationship
between guantity of cells usged in absorption and titer reduction is ap-
proximately the same for all the positive cells used. The differences
at the end point of the test (absorption by one volume of cells) in the
titers of the reagents so prepared were due only to the fact that the
titers of the unabsorbed Reagent A differed for each of the cells tested.
This observation is taken to mean that the four positives tested (and from
this, we assume all positives)'aid not differ &t all in kind, but only in
degree. Had at least one of the positives differed from the others, the
curves depicting the changes in titer of reagents prepared from it toward
the other cells would have quickly reached a platesu, at which point
further absorption would have not decreased the titer. (Such a phenomenon
is illustrated in Figure 6A, p. 81; activity for cells 13 remained at a
plateau when titered against succesgive reagents prepared by absorbing
the serum with cells 28B, even though 28B removed activity for itself.)

A Figures %A and 3B illustrate the results of the'application of
the technique of comparative absorptions to the negative cells. The re-

agents prepared by absorbing Reagent A with each of the negatives were
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titered agginst the same four positives as in the previous tests, after
absorption by one, two, three and four volumes of cells. The extreme
negative, cells 20, is seen to give much the same fall in titer as the
other negatives, showing that 2C is not intrinsically different, but is
énly lower on the scale of negativity.

» : As>ccntrols on both the specificity of the reaction and on the
possibility of the activity being simply diluted in the absorption, the
same procedure was followed using chicken (Fig. 3A) and rabbit (Fig. 3B)
‘red blood cells. The cells of each animal were negative to the reagent.

' With each successive absorption there was a small decrease in the intensity
of each reaction until finally the énd point shifted ore tube (cells 3L
Fig. 3A and cells 34 Fig. 3%B). After five absorpticns, however, the titer
for the specific activity still remained much the same as that for the
unabsorbed reagent. Chicken and rabbit red blood cells, then, illustrate
the behavior expected of true negatives to Reagent A.

2. The Reimmunized Serum

Rabbit 13 was reimmunized with the red blood cells of pigeon 13.
After the rabbit had been bled in quantity an attempt was made to redupli-
cate Reagent A by abgorbing the serum with cells 2 and 4, and testing the
resulting reagent with a few selected positives. Because this attempt
failed, an absorption analysis was performed.

Two different analyses, one using the cells of ten pigecns and the
other using the cells of eleven other pigeons, indicated that cells which were
positive to Reagent A as well as cells which were negative to Reagent A could
remove . all activity from the serum. Three cells were found, all negative to
A, with which reagents could be made detecting weak activity in the A positive
cells and either no or still weaker activity in the A negative cells.

Curves of comparative absorption analyses, performed with two
of the negatives and one of the better positives, gave the same results
as were obtained in the case of Reagent A. The negatives removed activity
for both the positive and 13, the homologous cell, at almost the same rate
as they had removed activity from the crude serum for each other. The
difference betwéen positive and negative was again in degree, not in kind.

Since the reactions dbserved were weak, no attempt was made to
prepare a reagent from this serum.

5. Reagent I

The cells of pigeon 13 were injected intc another rabbit (13B)
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in an effort to obtain more Reagent A. Two absorption analyses of the
13B éntiserum, each including the cells of ten pigeons, indicated that
the antiserum was cdmplex. The many anomalies in both analyses prevented
any direct conclusion, but the cells of three pigeons, 10, 7C and 6H
(all negative to Reagent A), seemingly more negative to the 13B serum
. than any of the other cells analyzed, were chosen to make a reagent.
No further'analyses were attempted; the reagent produced by absorbing
the serum with the cells of the three pigeons listed was used only in
typing. It was designated as Reagent I.
All offspring of matings in the study were typed with Reagents
A and T at the same time. The similarities of the reactions indicated
that Reagent A had been duplicated. The first stock preparation of Re-
agent T seemed to give slightly stronger reactions than those obtained
with Reagent A, and many cells negative to the latter were weakly posi-
tive to the former. The second stock preparation, however, gave weaker
reactions than those obtained with Reagent A. This may have been be-
causgse more absorptions were used in the second preparation than in the
first. Evidently, the same gquantitative effect discussed earlier for A
also prevailed for I. Overabsorption with negatives could remove ad-
ditional activity.
In view of the fact that Reagent I duplicated Reagent A, no
separate genetic analysis 1s necessary.

L, Discussion

Typing reactiond obtained with and absorptions performed on
Reagent A have indicated that the red blood cells of different pigeons
have graded quantities of apparently the same antigen. At the typing
dilution used, cells reacted negatively, very weakly, weakly, moderately
or strongly, in a continuous spectrum of reaction intensities; no dis-
continuous divisions were discernable. Positive cells reacted to dif-
ferent titers of the reagent, but all were capable of absorbing all ac-

- tivity from the reagent. Differences among negative cells were also
shown, in that absorption of the serum by various negatives created re-
agents of different strengths. Deliberate oversbsorption of the reagent,
using large excesses of negative cells, showed that they too were capable
of specifically absorbing all agglutinins.

Quantitative differences (or at least differences in reactive

abilities of different bloods 1o the same serum) related to the presence
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of a single antigen have been known since Landstelner and Levine (28, 29)
first reported that two gera, anti-N and anti-P, detected individual dif-
ferences among human bloods. The reactions observed with these sera varied
-from very weak or negative to very strong. For general typing with respect
to N, however, sera were deiiberately chosen which gave the least aumber of
‘positives and which exhibited a distinet bresk between positive and nega-
tive reactions (30). These workers avoided a study of the phenomenon of
graded reactions and chose instead to investigate the antigen on a quali-
tative basis, i.e., positive vs. negative cells,

Henningsen (31), using several sera from different sources,
found a gradual transition from cells which were negative to anti-P
through those which were weak to those which were strong. Race and
Sanger (4) state that

"The problem of grades of strength of blood group antigens...
(also) arises in the work on the O...antigen of the ABO
system, and on the D antigen of the Rh system."*

(The writer has not been able to find a specific reference in the litera-
ture to any report on a graded series of reactions cobserved with antigen
0. The case of the DY antigen will be discussed elsewhere in this thesis
[Sec. VEI.)

It was found (31) that all the bloods positive to anti-P could

remove specific activity by absorption, as could some of those which were

negative to anti-P. The general phenomenon, of bloods negative by typing

but behaving ds positives in absorptions, has occurred many times, but
does not appear to have been fully investigated. Henningsen, in the
study Just mentioned, did not attempt to ascertain if the bloods nega-
tive by typing with anti-P but positive by absorption differed among
themselves as to the efficiency with which they removed agglutinins,
nor did he attempt to determine whether or not the "true" negatives
(negative by typing, negative by absorption) could also remove activity
by repeated overabsorption. Landsteiner and Levine (32) found that
cells negative for M could fempve anti-M activity only from certsin
'rabbit sera (there was no evidence of a graded series of reactions in
these cases), and that cells negative for N could frequently absorb |
activity from anti-N. Stormont (3%3%) has also found that some K-negative

blocds in cattle (anti-K is derived from an isoimmune serum) can absorb

* p.‘74.
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K antibodies, and that bloods negative to some of the weaker B system
reagents can often exhaust all the B antibodies. In the latter system,
there is a range of cell types with regard to affinity for the antibodies.

Landsteiner and Levine (52) suggested that the species-specific
antibodies and those recognizing individual differences within a species
-might be "in some sort of combination.” There is some uncertainty involved
in.interpreting such a statement. The modern interpretation of the phenom-
enon-might be that the sera under study contained antibodies which were
capable of cross-reacting with all human bloods, but that they reacted
more readily with the cells of some individuals than with others.

An explanation for the ability of putative negative cells to
absorb agglutinins from a heterospecific antiserum could be that the
cells merely differ in the amounts of many species-specific antigens
they contain. Conceivably, this might explain both the observations
described in this study, where some negatives are positive by absorption
tests (and all are believed to be), and the effects observed with anti-P
in which only certain negatives are positive by absorption, but in which
the other negatives have not been proven to be negative by overabsorption
studies. This suggestion would also serve to explain why the homologous
cells of pigeon 13 react to a lower titer of Reagent A than do the cells
of other birds. Bubt it does not explain the fact that these differences
are subject to simple genetic segregation, and that they do, in fact,
simulate a one gene-one antigen form of inheritance. Certainly numerous
specleg-gpecific antigeng can be expected to require the control of
numerous genes.

On the other hand, the "antigen" concerned might be a single
species-specific antigen, preéent in various amounts on the red blood
cells of all pigeons. On this hypothesis, one should never be able to
detect any true negatives. We cannot say whether or not true negatives
to Reagent A exist; many negatives were tested in this study but our
sample of the genetic material of pigeons in general was very small.

The original flock consisted of only twenty-six birds of which only ten
were negative by the typing reaction. Henningsen claims. that bloods
negative to anti-F by typing can be either positive or negative in ab-
Sorptidn studies, but he did not perform the definitive oﬁerabsorption
studies. Final decision on this suggestion, that one is studying the

quantitative expression of a single antigen present to some degree on
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the cells of all members of the species, must be held in sbeyance until
true negatives can be shown to exist, or until sufficiently extensive
studies offer a high probability that they do not exist.

Quantitative effects without a graded series of reactions
" have sevefal times been shown to occur. These observations have indi-
cated a dosageveffect in which the heterozygote (only one allele producing
 the antigen in question) has been shown to give weaker reactions than the
homozygote. This situation has been fdund in studies of the Rh system;
anti-e (34), anti-c (35), anti-C" (36) and anti-f (37) give marked dosage
effects with particular sera, reacting to a higher titer with bloods from
homozygous persons than with bloocds from heterozygotes. The first case
of a dosage effect (not recognized as such at the time) was reported by
Landsteiner and Levine (29) who remarked that reactions for N seemed to
be stronger where M was absent. That M and N behaved as alleles was
demonstrated later (30). Race et al. (38) also reported that a particular
anti—Fya gerum seemed to distinguish the bloods of most, but not all,
heterozygotes from those of most homozygotes, with variations in activity
appearing in both classes. Dosage effects have also been found in orgenisms
other than man, such as cattle (39), chickens (L40) and rats (11). Dif-
Terent quantities of the same antigen can be produced and individuals
are sometimes observed to fall into discrete quantitative classes.

It has been tacitly assumed in most of the reports cited that
the prresence of one allele causes the production of a certain amount of
antigen and the presence of two alleles simply causes production of more
of the same antigen. Owen (11) however, advanced the hypothesis that
two different alleles may compete for a common substrate which is limited
in quantity. In the heterozygote, this competition may result in de-
creased production of either antigen, not because the allelic dosage is
limiting but because the gquantity of substrate is insufficient fof maximum
expression of either allele. No definitive evidence for this hypothesis
has yet been obtained, but both in rats (22) and in the human blood groups
(41), supporting data are known. It has also been claimed (42) that since
not all antisera to a specific antigen give a dosage effect, the antigens
produced by the homozygote and the heterozygote may be qualitatively dif-
ferent., ’

‘ Genetic effects on quantitative differences at the molecular

level are known in other fields. Studies on abberrant hemoglobins, for
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ekam@le, have indicated a straightférward relation between the amounts
of aberraﬁt and normal hemoglobins and homozygosity or heterozygosity
(43, 44). It appears that certain of the quantitative differences ob-
served reflect differences in the‘rates of formation of the qualitatively
‘ different adult and abnormal heﬁoglobins (45). TLandmsn and Bonner (46)
‘described.mutant strains of Neurospora which utilized lactose poorly as
a carbon source, and found that these strains formed smaller quantities
of'an enzyme which seemed to have the same properties as the enzvme in
the normal wild type.
Certain theoretical implications of these considerations in
the field of serology depend upon the absolute distinction of qualita-
tive from.qﬁantitative differences. Irwin and Cole (18) used as proof
of species differences the fact that cells from one member of one species
reacted to a different titer than the cells of a member of another species,
with the same antiserum. Bﬁt it has been shown both in the present study
and in Hemningsen's work with anti-P (31) that differences in titer do
not necessarily reflect qualitative differences. Buchbinder (47) also
observed that titration values need not be correlated with qualitative
differences, even when two different taxonomic families are involved.
He found that while the red blood cells of members of the Treronidae
(fruit pigedns) never reacted to dilutions higher than 1/520, and cells
of the Columbidae (true pigeons) reacted to dilutions as high as 1/2560,
of the same antiserum, erythrocytes of members of either family could
absorb all agglutinins from the serum. We may only conclude that dif-
ferences in titer of reaction may indicate qualitative differences, but
that additional evidence is necessary before the unquestionable distinction
of qualitative from.quahtitative differences is established.
Additional evidence is, of course, provided by absorption data.
But here too, there may be some ddubt; absorption analyses may not always
bekdefinitive in deciding between qualitative and quantitative differences.
‘Either a small»quantity of Al cells or an excess of AE cells can absorb
all alpha agglutinine from a human B serum (48). This appesrs to be the
same quantitative effect as has been encountered in the present study.
Landsteiner and Witt (49) and Landsteiner and Levine (50) however, have
shown by other more sensitive tests that Al and AE agglutinogens actually

differ qualitatively, but that A2 cells have a weak affinity for the ag-

glutinins which react strongly with Al_cells.' Other confirmatory evidence



for the qualitative difference has come from Olbrich and Walther (51)
and Wiener (3). Three other instances of Qualitatively different cells
absorbing all activity from the same aﬁtiserum are known, all of which
are in the R system (27, 52). These will not be discussed at this time
(see Sec. VE). k

” How then can wé interpret the results of the studies with
Reagent A? We have seen that titer differences do not necessarily
represent qﬁalitative differences, nor does absorption of all activity
by all cells neceséarilyiindicate a single, uniform antigen. The critical
evidence in the present study is taken to be the absorption data presented
in Figures 2 and 3. The fact that various positives absorbed activity
from the reagent at the same rate as did the homologous cells is interpreted
to mean that all positives possessed the same antigen. Had some of the
positives possessed different but similar antigens, absorption by these
would be expected to have depleted the reagent at different rates, even
Though these might have eventually exhausted the reagent of all activity.
Strong supporting evidence for the gquantitative nature of the phenomenon
is the fact that the homologous cells react to a lower titer than do other
cells, for in the words of Landsteiner (53) "...it is certain that anti-
bodies react most strongly upon the homologous antigen..,"* Stormont (33),
on the other hand, has evidence that cells other than the homclogous ones
may have a greater affinity for the antibodies. However, for the two
reasons cited, and especially the former, the author believes that individ-
ual differences with regard to Reagent A have an essentially quantitative
basis.

A practical implication in this work lies in the technigues
generally used to absorb and prepare typing fluids. If a quantitétive
effect 1s suspected, especially if a graded series of reactions is ob-
served, then the choice of negatives to absorb the crude antiserum can
be critical. Unless "good" negatives (that is, extremely weak positives)

- are chosen ,much of the specific activity of the serum may be removed.
This same conclusion has also been reached by Stormont (33).

B. Genetics

1. Experimental Results

Because of the great variation in the reactions to Reagent A

*op. 266.



_985

at thé typing dilﬁtion of 1/5, the célls were rather difficult to class-
ify. It Qas érbitrarily decided that reactions of "0", "?" or "t" were
to be classed as negatives in the typing reaction, and all reactions of
"1" or above were to be considered positive. The reagent was titered

‘by the doubling_dilution method‘(end point-first unambiguous zero) with
‘the cells of every pigeon. BSuch titrations were performed only once on
the red blood cells of each bifd3 and although these results cannot be
conéidered absolutely reproducible, the resulting data were indicative
of a consistent trend. In Tables 11 and 12 are listed, by family, the
number of offspring and their classifications according to the "zero"
end point. The dilutions of serum tested ranged from 1/8 (Reagemt A
undiluted) to l/lOEh the red.blood cells of one pigeon (ﬁot 1n this
table) gave an end point at a reagent dilution of 1/512 (serum 1/4096)
The cells of pigeon 1%, the homologous cells, gave an end point of only
1/32 for the reagent.

In all the families listed, the offspring are observed to fall
into reasctivity classes clustering arcund the values characteristic of
the parents. For example, in mating 6 (Table 11) the parents are of re-
activity classes 1/2 and 1/32 and the offspring are of classes 1, 1/2
and 1/52, l/6h. None of the crosses of negative by negative give ob-

- viously positive (diluti@n class 1/16 or above) offspring. In the
grouping of the offspring there is always a small spread of one or two
dilutions on either side of the parental classes. This small but definite
spread is the cause of the anomaly to be discussed shortly.

As a general rule, it may be stated that immunogenetic studies
have indicated that the presence of a particular antigen is usually
dominant to‘its absence, in the sense that the antigen 1s regularly ex-
pressed in the heterozygote, and that segregation patterns suggest that
one pair of alleles is responsible for the presence vs. the absence of
the antigen. Tables 12 and 13 indicate that the A system does not con-
stitute an exception. When the typing reaction is used merely to dif-
ferehtiate between positives and negatives at a particular diluticn of
the reagent (1/5), families in which one parent is positive and the
other negative, and which have both positive and negative offspring,

" have them in approximately equal numbers (Table 13). Classification

of the families starred in the table may be considered doubtful. Mating

17 was a mating of a weak positive with a negative; it gave a preponder-
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Table 11

Crosses Involving Antigen A in Which at Least One Parent Is Negative

y Dilﬁtion*’of Reagent A
1 1/2 1/bh: 1/8 1/16 1/%2 1/6k 1/128

- Dilution :
Mating  Class of Wunber of offspring whose rbe gave the
Number Parents Parents first zero reaction at the indicated dilution
27 11 1F - 5C L f
2l 1 /e 1k 3¢ 4 2 :
26 1/2 1 L TG & 2 :
5 1 .1/ 10 12 3 1 :
31 1/h 1 15 58 3 3 1
3 /4 1/ 15 5 o 2
17 1 1/8 10 1A % 6 3
30 1/32 1 8F 1B 2 2 1 1 3
37 1 1/32 2T 3 1 2
2 1 1/6h 14 1 6 2 1 3
8 1/6% 1 %2 1B 9 b} 2
1k 1/64 1 17  5A i 1 l 1
25 1 176& 2¢ 1 5 1
38 1/64 1 2 5C 2
28 1 1/128 2B 34 2 7
41 1 1/128 10 1% 1 1 1
35 1/512 1 3% 1B : P 1 1
6 /2 1/ 2 3 2 3 : Iy 2
19 /2 1/% 11 2B 1 2 H 2 1
20 1/2 1/ 2 6A 2 2 1 3 2
23 1/2 1/32 6D 3 6 2 2 1
T /2 1/64 4k 6 L 1 L 2

A tabulation of + x -~ and - x - matings, illustrating the variability in
reactivity obtained in the offspring.

*

The dotted line represents the dilution at which Reagent A was used for
routine typing, i.e., 1/5.
are considered negative, all to the right positive.

Note:

All offspring to the left of the dotted line

Reagent A is already at a serum dilution of 1/8.
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Table 13

Segregation in the Crosses of A-Positive x A-Negative Pilgeons

Mating Parents Offsprihg E%* for
Number F. M. + 0 1:1
Positive offspring mated 23 6 2 5 6
to their negative parents 30 8F 1B 5 L
10 10
Negative offspring mated 25 o¢ 1 1 6 0.062
to their positive parents 22 6D 3 6 k
| V 7 0
Positives of a + x O cross, 19 2B 11 3 3
mated to any negative, L1 14D 10 1 3
other than the negative ~ 40O 14E  14F 1 1
parent 5 T
+ x 0 crosses in original 2 1 6 6
population, in which 6 2 3 6 5
progeny segregated 7 L 6 7 L
14* 17 5A 6 6
17, 10 1A 3 9  0.08
28 °E 3% 16 2 0.00L
LI 32
Grand total 66 59 ,
excluding family 28 50 57 0.5

Families which may not actually be segregating and are discussed
in the text.

In those families in which the expected classes would contain five
or wmore members, D was computed by Chi-square, without correction,
p for family 25 was computed from the binomial expansion.
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ance of negative progeny and the three offspring classified as positive
were weakly reactive. By another criterion (e.g.,typing at reagent dilution
of 1/8), such a mating might be classed as a cross of two negatives with
ohly negative progeny. However,_the total number of offspring in this
family is small; and the numbers observed in each class are still consistent
with the classification given in the table. The one positive offspring in
Tamily 25 is a strong positive; the mating gave an excess of negatives but
the distribution does not deviate significantly from the expected 1:1. The
distribution observed in family 28, however, is very unlikely to be due to
a pampling error; this mating probably represents a cross of a homozygous
positive by a negative. The two négative offspring (Table 11) are border-
line cases, in that they are distinguished from positives only at one dilu-
tion of the reagent. Omitting family 28, the corrected totals of observed
positives and negatives fall well within the limits of probability for the
1:1 ratio that would be expected if the positive vs. negative alternative
were determined by a single pair of alleles. |
One family in Table 11 (mating 8), a cross of a positive by a
negative, yielded 1k offspring, all positive, indicating that the positive
reaction is dominant to the negative. Femily 28 may be taken as additional
eVidence in favor of this point; the presence of the two negative offspring
need not prejudice that conclusion. Other crosses, in which both parents
were positive (matings 1 and 18, Table 12), produced offspring in numbers
suggestive of a 3:1 ratio. The determination of the true number of off-
spring in each class (positive or negative) is again complicated by the
borderline cases, i.e., weak positives and weak negatives which are just to
the right and to the left, respectively, of the arbitrary margin between
the two classes represented by the dotted lines in Tables 11 and 12.
Although the segregation pattern illustrated in Table 13 strongly

suggests control by a single pair of alleles, certain exceptions were noted
in matings of two negative parents. According to a single-gene hypothesis
such matings should give rise to only negative progeny, but some positive
offspring were obtained (Table 14). The anomalous positive offspring were
only weakly positive; all gave a reaction of grade "1" to the typing fluid.
They were thus just barely classifiable as positives, but the reactions were
nonetheless real and were repeated many times.

To determine whether the presence of these positives was simply

another manifestation of the variability previously encountered (Tables 11
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Table 1k

Matings of Negative by Negative Parents

Mating Number Parents Ne. of Offspring Anomalous Offspring
F. M. £ 0 |
3 15 5 ) 6 3L, %P
, 10 12 0 L
ey 1k 3C 1 7 2l
26 TN (¢ 0 9
27 1F  5C 1 5 276G
31 15 5B 0 8
Total Ly 39

Reactions listed in this table were classified only by typing, not

by titers.

and 12) or represented a true case of a substance which the parents lacked,
appearing in the cells of the offspring, some of the positive progeny and
their negative parents were included in an absorption analysis. Data on
this analysis have already been presented (Table 9). It is clear that the
"negative" parents 15 and 5 can each absorb activity from the reagent for
their positive offspring 3L and 3P, as can the negative parent 1F for its
pogitive offspring 27G. We have seen that the classes into which offspring
fall display some variation about the parental classes. These anomalous
offspring, then, are merely examples of this kind of variation.

Figure 4 summarizes all the matings involving antigen A, using
the arbitrary classification determined by typing with Reagent A at a dilu-
tion of 1/5. The inheritance of the antigen_(or at least the characteristic
of being positive to some degree to Reagent A at 1/5) 1s seen to be reason-
ably straightforward, except for matings 3, 24 and 27 in which negative
parents produced positive offspring. The distribution cbserved in the
figure is explicable on the basis of a single locus determining the reac-
tivity of the cells of any bird. In any particular family (Table 11), the
offspring fall into discrete classes clustering around those of the parents.
The extensive variation underlying this classification strongly suggests
that the classes differ guantitatively rather than qualitatively, with

respect to antigen A,
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The Inheritancs of Positivity Yo Reagent 4 st the Routlne Tymins Dilutblior

4 dovted line drawe from & pigecn nwher to & mabtlng nuder
(mﬁerlmeﬂ} indicates the bird to be the female pavent. 24 solid line
indicates the male ﬁareﬁ*m

ﬁyﬁmls and Code
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2, Digcussion

a. Inheritance of a GQuantitative Character

The reasons put forth in the preceding sections Justify the
wofking hypothesis that we are concerned with one antigen present in
varying amounts, and that only one gene is concerned with the elabora-
tion of this antigen. It is possible that the variation observed in
the apparent amounts of the antigen possessed by the cells of different
birdS~is‘con£rolled.by a gseries of alleles at what can be called the "A"

» locus. . ’

Segrégations observed in the familial studies strongly suggest
allelic determination of positivity vs. negativity for Reagent A (Tables
11 and 13). For example, in each of the matings 2, 6, 19 and 23 (Table 11),
the offspring form two discrete classes. Since the positive progeny in
these families are strong positives, their positive parents might be said
to be heterozygous for a "strong" allele. Similarly, the distribution ob-
served in families 31 and 3 might be due to the segregation of a "weak"
allele. But the distributions obtained in families 30, 1k and 22, in
which no sharp discontinuity is evident, complicates the hypothesis of
allelic determination.

Tt has also been shown (Fig. 1) that negatives differ from one
anocther. If we are to assign several alleles on the basis of strength of
reaction to the positives, then it would appear equally probable'that dif -
ferent negatives have different alleles. An additional complication is
that there is no way to determine what contribution the different negative
alleles make to the variation observed in individuals heterozygous for A.
It may be that this variation is non-genetic in origin, but if it is
genetic it 1s certainly too complicated to be resolved by the data at
hand, BSome clue to the inheritance of these variations might have been
obtained if enough positive siblings of different classes, having different
‘proposed alleles, had been mated and produced large enough families so that
the variation could be accurately analyzed on a "progeny test" basis.

Perhaps an important aid would be random typing of many unrelated
birds. With the proper statistical analysis, cne could then much more
easily detect the presence of discrete groups, if they existed. If a
truly continuous variation were found, the number of allelés, if ome
agsumes that multiple alleles are indeed the causative factors, could

become very large. And in fact, the only analagous situation which has
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been recorded (54), for which ﬁueh more extensive dets. were avallable, led
Fisher (55)'to point out thet a major cause of variation might be exogenic.

Henningsen (54) found that random typing of & human population
suggested coﬁtinuous variation in the P antigen. Familial studies indi-
cated regular one-gene control of fhe presencekof P. Classes were arbi=-
trarily fixed at every two dilutions, i.e., cells reacting to dilutions
1 and 1/2 were designated as having weak receptors (Pw), 1/4 and 1/8 as
having réceptors of medium strength (Pm), and cells reacting at 1/16 or
greater as héving strong receptors (Ps). All negatives which could be
shown to be positive by‘ébsorption were classified as Pw. It was unknown
whether or not these also represented several "classes". In the familial
data presented} no positive offspring was of a dilution class more than
cne dilution step from its positive parent; one dilution step was not
considered a significant difference. Directly analagous to the results
obtained in the present study (mating 3, Table 11, for example) are the
results obtained in one of the families analyzed by Henningsen; a cross
of a Pw x Pw produced a Pm (which was only one dilution away from its
positive parent and therefore not "significant"). At a slightly higher
serum dilution, this cross would have been classified as a cross of two
negatives producing a positive offspring. k

The variation in reactivities to anti-P within the population
was such that known heterozygotes could not be distinguished from homo-
zygotes. TIf any Pw x Pw cross produced a Pm, the Pm was assumed to be
the homozygote. If a Pm x Pm produced a Ps, the Ps was the homozygote.
But the fact that Ps x Ps produced negatives was interpreted to mean that
the strongs were "strong" because of the action of genes at more than one
locus. The strongs could notb have been homozygous dominant and produced
progeny of the recessive class. It seems that being forced to invoke
‘additional genes which act to produce more of the same antigen (an un-
precedented concept in the Tield of immunogenetics, one for which there
.18 no experimental support) places the entire distinction drawn between
homozygotés and heterozygotes on a tenuous foundation. The genotype of
a person cannot be inferred from‘the reactive strength of his cells,
because the different genotypes present a continuous variation.
| ' Landsteiner and Levine (56) had suggested multiple gene in-

heritance to explain the‘variation in the P receptor. On the basis of
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his study, Henningsen postulaﬁed at least three alleles for positivity
“and one for negativity, where negative cells were defined as cells which
cannot remove activity from the serum. Fisher (55), however, in an analysis
of'Henningsen's>genetic and random data, concluded that one important cause
for variation lay within the heterczygotes asba class, which ranged from
gtrong fo weak, and to a lesser extent within the homozygotes as a class,
which ranged from strong to medium. The remaining variation might be

due to. genes of smal; effect acting as cumulative factors, or to multiple

- alleles at the E locus, or‘it might even be exogenic. Fisher concluded

by pointing ouﬁ that an important fact antagonistic to the existence of
multiple alleles was the failure to demonstrate qualitatively different
antigens, distinguishing "strong" from "weak", as had been done in the
studies on human Al and AQ. We need only observe here that the data and
interpretations of human antigen P are analogous to our study of pigeon
antigen A.

Of great theoretical importance in this study of pigeons would
be the demonstration of true negatives, for until these are known it can=-
not be said that an antigen (i.e., quality) is segregating, but only that
a guantity is being distributed in a more or less fixed manner within any

one family.

b. Bpecies Differentiation and Hybrid Substances

In one of the most extensive immunogenetic investigatidns that
have been made, Irwin and his co-workers have studied the inheritance of
erythrocyte antigens as a means of determining relationships among various
species of pigeons and doves. [For reviews of a large number of papers,
see Irwin and Cumley (57) and Irwin (23, 2k, 58, 59).] By means of
rabbit antisera, some antigens have been found which are apparently present
on the red cells of several species. Other antigens are apparently specific
Tor the species being investigated.

While there is no doubt of the essential reality of these findings,
several results, and especially the interpretation of these results, are
subject to reexamination in light of observations made'in the present study.
Irwin and Cole (60) assumed-that any'bird whose cells removed activity for
itself but not for others lacked at least one antigen that was present on
the cells of the others. In the same paper, it was suggested that a con-
trast in titer of two or three tubes (by the doubling dilution method)
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would at least be indicative of the presence of unlike substaﬁces on the

o contrasting cells. There need not, howevef, be any correlation among the

titers of various cells to a given antiserum and the number of antigens
vpfesent on these cells. The presence or absence of agglutination cannot
be accepted without additional evidence as a test for the presence or
absencé of én agglutinogen. And typing of the bloods of a few members
of a species [e.g.,(2h)]does not necessarily indicate whether or not the
species ‘has the antigen, for negatives by typing may be positive by ex-
haustive absorption. Furthermore, if a few members of a specles are
negative the antigen may nevertheless be segregating within the species.
If positives which can absorb all activity from a reagent are found
among representative members of a species, then of course the gquestion
of segregation is academic, for the species can at least be sald to have
the antigen. ,
The apparent regularity of the segregation of the antigens and
the fact that the blood cells are produced early in embryonic life led
to the formulation of the statement (60) that

", ..the production of biochemical components of the
erythrocyte may reasonably be considered as a direct
action, or very nearly so, of the genes, thereby
avoiding the complications of the chain of many re-
actions presumably involved in the formation of other
genetic characters.™

The comment that a "hybrid substance" had been recognized (17), épparently
produced ag a result of gene interaction, did not at first arouse wide-
spread interest. As more became known about different hybrid substances,
however, and as immunogenetic studies in different organisms suggested
that the relationship between gene and antigen was commonly one-to-cne,
the hybrid substance took on greater theoretical importance. Irwin (17)

showed that offspring of the cross Streptopelia risoria (Ring dove) x

- Bpilopelia chinensis (Pearlneck) had antigens on their erythrocytes which

could not be detected on the red cells of the parents. The same phenomenon

- was found in offspring of crosses of Columba livia (common pigeon) x

Streptopelia risoria (17) 18) but not in a cross of Columba livia x

Columba guinea (triangular spotted pigeon) (61). Both occurrences of a

 hybrid substance involved the Ring dove, but the substances were not

* o op. 106
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identical (18).
irwin and Cumley (62) showed that the hybrid substance in the
Pearlineck x Ring dove crosses could be divided into several components,
each of which could be shown to be associated with an antigenic character
‘épecific'to Pearlneck, At the séme time, the suggestion that the hybrid
substance mefely represented a greater concentration of aﬁtigens normally
possessed by one or both parents (a quantitative effect) was denied by
Irwiﬁ, who cited as evidence the fact that four absorptibns of an anti-
hybrid serum by the parental cells failed to remove activity for the
hybrid cells. But where a gquantitative effect does exist (e.g., this
study), four absorptions may not bé enough for a very weak positive. to
absorb all aétivit& for a strong positive. It must be mentioned, however,
that the hybrid substance has appeared many times and seems To be inherited
very regularly. Irwin asserted (23) that only about half the species
hybrids in pigeons and doves possess antigens different from those of
the parents.

In the preseﬁt study, positive progeny have appeared in the
cross of negative x negative birds. In these anomalous instances, the
parental cells can remove activity for the cells of the offspring without
mhch difficulty. This evidence that a quantitative effect may simulate
the occurrence of a hybrid substance suggests a reinvestigation of the
claim,thaf the hybrid substance is qualitatively different from any anti-
gen possessed by the parents.

McGibbon (19) investigated the species hybrid of the cross
Muscovy duck (Cairina moschata) x Mallard duck (Anos Platyrynchos

platyrynchos). Using both rabbit anti-hybrid sera and isoimmune sera,

a hybrid substance was detected. For the production of isoimmune sera
the cells of two offspring were pooled aﬁd injected intc each of the
parents. Tach antiserum was then absorbed by the cells of the other
“parent and tested with the cells of the hybrids. All hybrids reacted
to the two types of absorbed antisera. Clearly, the offspring possessed
‘antigens which.were’not only lacking in the cells of the parent but were
actually antigenic to the parents. It is difficult to invoke a quanti-
tative explanation for these results.

Fox (63, 64) using rabbit antisera, claims to have gathered

evidence for an antigenic specificity produced by the interaction of two
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gehes controlling eye color, "ruby” and "vermillion", in Drosophila. His
“use of crude extractslof Drosophila, in view of the many complexities in-
volved in the analysis of a precipitation system when several antigens are
involved [see Kabat and Mayer (65)1, makes his cbservations subject to some
reservation. Analysis of such a system on a quantitative basis is not
feasible, because overabsorption is not possible in a soluble antigen
system, where the presence of excess antigen causes redissolution of an
antigen-antibody precipitate (65, 66). The same situation exists in
attempts to evaluate the report of Sokolowskaja (67) that she had found
a hybrid substance in the serum of hybrids between Mallard and Muscovy
ducks. |

It ié not nécessary to postulate a distinctly new antigen for
any case of the appearance of a hybrid substance, as was pointed out by
Burnet and Fenner (El). The necessities of combining the parental anti-
gens may induce a new structural specificity and not a chemical one, such
that the new structure is antigenically unique. (See Landsteiner (53)
for a discussion of the effects of stereochemical changes on antigenic
relationships.) The suggestion is important because, if it were proven
true, it would inmvalidate the necessity for assuming gene interaction
to produce a new antigen. It is, however, difficult to see how the
hypothesis might be tested. ,

Bryan and Miller (69) do not believe that a steric effect can

explain their findings. Cells of heterozygous hybrids ccr [Q 1s specific

to Columba guinea, C' to Columba livia (70)1 are capable of producing an

antibody specific for heterozygotes, even when the reagent is made by ab-

sorbing the anti-CC' serum by the pooled cells of the respective parents

of the birds tested. These workers believe that, since AA', BB', EE'

and FF' heterozyzotes [where A, B, E and F are specific to guinea and
A',‘B', E', F' are specific to iizié (70)] do not apparently produce a
hybrid substance, a steric effect isvnot a likely cause of a new spec-
ificity. However, in the present author's opinion, the absence of evi-
dence for éteric interaction in any number of instances does not necessarily

exclude the possibility that such interaction may occur in other instances.
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IV, REAGENTS B, D AND ¢

Reagents B, D and G are discussed as a group because it is
believed that they afe very similar or identical reagents. B and D re-
égents gave ideﬁtical reacticns, and although only & preliminary study
was pefformea on G it behaved enough like B and D to be classed with
them.

A, Reagent B

An initial fractionation of serum 9 (anti-pigeon 9) revealed
the cells of one bird, pigeon 7, to_be negative in relation to eleven
others (Table 15). It can be seen that the type of anomaly discussed
previously (Sec. ITIAL, i.e., cells removing activity for each other but
differing in the reactions given by reagents prepared with them) is also
evident in this table., In spite of this anomaly, the reagent prepared by

absorbing the serum with cells of pigeon 7 was used to type the flock.

Table 15

Fractionation*‘of Serum 9

Serum 9 absorbed by cells of pigeons

Unabsorbed
Cells Serum 1 3 k4 5 6 7 11 12
1 6 0 0 0 0 0 L 0 0
3 6 0 0 0 0 0 L 0 0
Iy 6 0 0 0 0 0 hy 0 0
5 6 0 0 0 0 0 L 0 0
6 6 0 0 0 0 0 Iy 0 0
7 6 0 0 0 0 0 0 0 0
11 6 0 Iy L 0 L 5 0 0
12 6 0 .0 0 0 0 Iy 0 0

Serum 9 absorbed at 1/8 and tested at a further dilution
of 1/3. . '

_ Of eighteen birds typed, the cells of three were found to be
hegative.‘ An absorption analysis indicated that one of the negatives in
the previous test behaved as a posifive in absorptions, and that one of
The positives in the test was a negative by the absorption criterion,
Reagent B was then made by using the pocled cells of pigeons 13, 17
(which had been thought to be positive by typing but proved to be negative



=55 -

in the abspfption study) and 1A.

+ was found in making the reagent that absorbing with the pooled
cells removed activity very readily for cells 13 and 1A, but repeated ab-
sorptions were necessary before the reaction for 17 was lost from the re-
egent. | '

B. ‘Reégent D

Two absorptjon analyses performed with serum 15 antl-plgeon 15
ylelded the same negatives, T, 13 and 17, as were obtained for Reagent B.
One of these analyses (Table 16) indicated a perfect single antigen-
antibody system, insofar as the particular cells in the absorption were
concerned. The other analysis, nop presented because of its essential
similarity to tables previously discussed, displayed the anomaly fre-

quently encountered (Sec. IITAL).

Table 16

Fractionation* of Berum 15

Serum 15 absorbed by cells of pigeons

Unabsorbed
Cells Serum
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Serum 15 absorbed at 1/8 and tested at a further dllutlon
of 1/3.

This table is an illustration of a perfect single antigen-
antibody analysis. Another absorption analysis of this
gserum using different cells gave several anomalous reactions.

Typing with a preliminary preparation of Reagent D indicated
that 1A was also negative. Cells 1B were found to be negative on typing
but proved to be positive in an absorption. Nine positives all removed
‘act1v1ty for each other from the reagent.

Reagent D as used for general typing was prepared by absorbing
serum‘lB with the pooled cells of 13, 17 and 1A, Again, as in the prep-
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aratidn of Reageht B; many absorptions were necessary to remove all ac-
. tivity for 17.

‘ | Reimmunization of rabbif 15 with the cells of pigeon 15 yielded
a serum which apparently did not contain any antibodies recognizing intra-
specific differences. The cells of nineteen pigeons (1nclud1ng 1%, 17 and
lA) all removed act1v1ty for 15, the homologous cells.
C. Reagent G

The first fractionation of serum 10 anti-pigeon 10, comparing
the cells of seven pigeons, revealed that 11 was a negative, and gave a
straightforward analysis. Typing with the serum after absorption with
the red blood cells of pigeon 11 indicated that 18, 7, 13 ahd 1A were
negative, while 17 was positive. Absorption of the serum showed, how- .
ever, that 17 was negative and 1E positive. The other cells behaved
congistently in absorptions ahd tests. Absorptions performed at various
times with different volumes of cells yielded reagents of different
strengths and different reactiVities.

It was decided, in view of the weakness of the reactions ob-
served and in view of the essential similarity with two other reagents
(B and D) already on hand, to do no further analyses of this serum.

Therefore, a stock of Reagent G was never made.

D. Typing Studies with Reagents B and D

Typing with Reagents/B and D proved that these reagents were
indéed identical, the only difference being that the reactions obtained
with D were as a general rule weaker than those obtained with B.

A genetic study was impossible because almost all offspring
of the matings at hand were positive, and all families had offspring
whose cells reacted to the reagents with various intensities. A few
negative offspring were noted, but their presence did not serve to de-
fine the genetic control of the characteristic. Unfortunately, even
though 1A was a male and both 1% and 17 were femalés, no crosses were

made among these, the only negatives noted in absorption studies.
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V. REAGENT

A. BSerology
1. Analyses

" The first fractionation of serum 7 anti-pigeon 7 gave a straight-
forward analysis for a single antigen-antibody system and yielded two
positives and six negatives. The reagents remaining from the individual
absorptions by the negative cells were pooled and used as a preliminary
typing fluid. Tests with this fluid indicated that there were other
positives and negatives in the flock; there was a preponderance of
negatives. ‘

The cells of eleven negative pigeons were pooled and used to
make Reagent EI' Typing with this reageng gave almost the same positives
and negatives as had been previocusly cbserved, with the exception that
two cells which had been negative in the original absorption were, with
this reagent, classified as positive. The fractionation of Reagent EI
by positive cells indicated a complex and almost straightfrward system

(Table 17).

The results of the fractionation of EI suggest a five-component
system, with but two anomalies. The first is that the reagent prepared
by absorbing EI with the cells of pigeon 11 gives a trace of reagtivity
with cells 1k. 11 and 1L are, by all other criteria, identical and have
been assumed to be so in the analysis. The other anomaly is that 9,
negative to the reagent, removes some activity for 11 which is positive
to the reagent. This anomaly was reproducible but an attempt to liberate
a specific antibody for cells 11 from cells 9, in which cells 9 were
heated after being used to absorb the reagent, failed. This phenomonon,

a negative removing activity for a positive, has been described and dis-
.cussed in the section on Reagent A.

; It was felt that making the reagent by absorbing with the pooled
cells of 11 Dbirds might have caused some of the complications observed, in
that many kinds of cells in combination might remove agglutinins which each
could not do separately. Therefore, as was done with the other reagents,
the cells of three birds, in this case 1, 3 and 6, were used to absorb
gerum 7.‘ Typing with the resulting fluid (EII) gave éome ﬁeak or doubtful

_ reactions which were reduced by further absorption with other negatives.
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Table 18 liéts the reactions observed with variocus positives

when Reagent E._._ wasg abSOrbed,by the cells of ten different negative

pigeons. It ciﬁ be éeen that there was no significant diminution in
activity of any of the individually absorbed reagents toward any of
the positives. ‘

Reagent E, as finally prepared and used for typing, had then
undergone two sets of absorptions. Serum 7 had been absorbed with the
pooled cells of pigeons 1, 2 and 6. This reagent had been divided into
nine aliquofs, éach of which was separately absorbed three times with
an equal volume of cellé from each of the nine negative bifds (excluding
cells 1) listed in Table 18. The resulting individually absorbed fluids
were pooled and used, at a dilution of 1/3, as Reagent E.

This reagent was fractionated by absorbing it five times with
each of several different positives. The same fractionation had been
attempted by absorbing only twice but too much uncertainty was involved
in the analysis. Therefore, in an attempt to remove the uncertainties
and to be sure that the reactions remaining were due to specific anti-
bodies (and not like the system detected by Reagent A in which all posi-
tives could remove all activity) the reagent was deliberately over-
absorbed (Table 19).

The reactions remaeining, even after overabsorption, were not
easy to analyze. Cells 11, 14 and 8B were obviously negative in relation
to the others. 10A and 16 removed activity for each other and yet Reagent
10A gave entirely different reactions than did Reagent 16. Other anomalies
(starred in the table) also served to confuse the analysis.

The cells most like esch other, in reactions of the reagents
prepared by absorbing with'theﬁ and in reactions of the cells themselves,
were grouped and considered alike. By this procedure, four general types.
were postulated. Since all the cells were positive to Reagent E, all
shared a common antigen, El; which was the only antigen present'on cells
11, 14, and 8B. A large group of cells was postulated as having antigens
El and E5; while only one (283) had El and EE' Although the reagent pro-
duced by absorbing with 10A is unique, 10A reacted with the other reagents

Vas if it were ElE and so was included in that group.

3
From the data in Table 19, it is apparent that three sub-reagents

»could'be made. Reagent B (Which actually contains anti—El, anti—E2 and



Table 18

Absorption* of.Reagent EII%* by Negatives

Reagent Erg absorbed by rbe of pigeons
' Reagent Erp

Cellsy, 1 10 30 1B 1C 1E 3C 54 5C 10C at 1/5
1h 1 | 1. t 1 1 t £ t t t £
32 3 3 3 3 3 3 3 3 3 3 3
3k 5 5 5 5 W 3 ¥ 5 & & 5
8B ﬂ3 3 3 3 3 3 3 3 3 3 3
83 3 3 3 3 3 3 3 3 3 3 3
a4 & 4 4 % 43 3y 5
11B L L L L L 3 3 L 3 3 5
1hA 3 3 3 3 3 3 3 3 3 3 3
14D 3 3 3 3 3 3 3 3 3 3 b
28B 5 2 5 > 5 5 2 > 2 ) 2.

*  The reagent vas absorbed bhree times, each time by an equal volume
of cells, by each of the negative cells listed. Tested at a 1/3
dilution of reagent against various positive cells,

*x

Reagent Ert prepared by absorbing serum 7 with the pooled cells
of pigeons 1, 3 and 6.



UOTQ0BaI Y] ‘oATqsSou oasUm pum 2ATYEILU USSQ SABY PTNOYS UOTL0BSI oY3 ‘SATqisod sI9UM {SUOTIOBSI SNOTBUWOUY

paa1sTT suosdtd sUq WOII STTe0 JO sumToa Tenbs U UYLTM SWTIL Yo “mmEHP 9ATJ POQIOsge ‘poanTipun ‘g ausfesy

‘T ST Po1oead ‘9Tqs} ou3 WoL] POIATHO SJaM SUOTIOBAI 1893 osouym ‘yI STIoD
+pesodoad meqshs oyg Jo STS®EQ oYy Uo ‘oATarsod ussq 9ABY PTNOYS

¢/T 3e @m@mmp puE

SoATATSOJ A W qusdray %o+g0ﬁPmQOHPo®h&

6T 2TOBL

+
0 7 2 e T 0 1T ¢ 8 4 ¢ 1 7 i 1 eI cT
0 0 i T g ] T 1 : ¢ 7 T 4 G ¢21 (A
0 0 0 ¢ + T L0 T T 3 ¢ T ¢ ¢ T ¢t 4
0 0 0 0 ¢ * T x 1 ¢ 7 ¢ 1 ¢ 7 2‘t ag92
0 0 0 9 o o LT © 0 o ¢ o 9 9 5 ¢t LT
0 0 0 i o o o0 o0 0 0 L& 0 ¢ ¢ T ¢t S3
0 0 0 4 0 0 0 0 0 0 T 0 T j g ¢t T
0 0 0 1 0 0 0 0 0 0 42 0 ¢ ¢ 1 ¢'T T
0 0 0 7 0 o T 0 0 o,z 0 ¢ 7 i T qrT
0 0 0 ¢ 0 0 0 0 0 0 0 0 ¢ i G ¢t V0T
0 0 0 ¢ 0 0 0 0 0 0 0 0 7 ¢ ¢ ¢T 9T
0 0 0 0 0 0 0 0 0 0 ¢ 0 0 0. 0 T g9
0 "0 0 0 0 0 0 0 0 0 L@ 0 0 0 0 T T
0 0 0 0o 0 0 0 0 0 o I 0 0 0 0 T TT
suou  suou suou ¢ Z 2 g 2 2 g 2 g ¢‘2 <¢g <¢‘e
vumLﬂPﬂm ‘guruTnTSs8e oUyq Ul JuTAweT ) QOﬁPSPMngoo STT2D
¢T ¢ e g@ge VI LT 88 @yl wvHT dIT VOT 9T €9 4T TT oTusSTyUy
v suos3td Jo oqx Aq peqaosgr ¥ jusdeay ; pasodordg



- B0 =

. anti-E5) absorbed by cells 11, 1k and 8B would give a reagent (EQE5)
-which should detect the.types E2 and E5
Absorption by 11B, 14A and 14D (chosen because these cells react almost

, either singly or in combination.

idéntically,'as do the reagents made by absorbing with them) produces
Reagent E,, which should detect the type E,-
28B (later 28A and 28C, shown to be identical with 28B, in that each

kReagent E, absorbed by

removed activity for the others, were also used), produces Reagent E

. 5 2
which should detect the type E

3 The table below illustrates the re-
actions expected for each of the cell types with sub-reagents of the

postulated constitution.

Reagent E absorbed by
cells containing

By B2 B3

Cell Unabsorbed leaving in anti-

Ts Reagent E E
ypes eagen 3 3

(5

Mo
{52!

no

1,2,3%
* 253

=
O+ + + 4+ + + O

o 4+ + 4+ + + + +
o 4+ + 4+ + O O ©
O 4+ + O O + + O

0]

* Types which have been found.

? The true classification of the one bird possibly of this
type is uncertain.

The table shows that El cannot be distinguished by typing when

iﬁ combination with either or both antigens E2 and E Only an absorption

performed with EEEB cells would yield sub-reagent.El? Unfortunately, only
one EEE5 bird, other than the ones listed in Table 19 which apparently re-
move anti-El, was encountered in the flock. This bird, too, removed all
activity from reagent E. The presence of El on cells positive to the
existing sub-reagents would only be detected by absorption studies. If

El were absent, these cells could not remove activity for El cells.
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General typlng was undertaken with the reservation in mind that
the system was by no means regular and straightforward. The reagents did
not represent unit specificities, and anomalous results were to be expected.
It was hoped that the appearance of such anomalies might serve to elucidate
the composition of the.reagents.‘ ‘ »

~ The cells of some fifty birds were typed with all the sub-

feagents to check their consistency. All cells which reacted with
’ Reagent E2 3 also reacted with one or both of the single‘sub—reagents.
Cells which did not react with E2E5 were also negative to E2 and to E5.
After the consistency of the reagents had thus been established, cells

negative to Reagent E in later tests were not checked with the other

273

single sub-reagents.
2. Reagent F

Serum 8, obtained by immunizing rabbit 8 with the red blood
cells of pigeon 8, proved on absorption to be complex. The cells of
birds 1, 3 and 6 were chosen as the negatives with which to absorb the
serum to make Reagent F. (These were the same negative cells as had
been chosen to make Reagent E.)

After extensive typing had been done, it began to appear
likely that Reagent F was a weak duplicate of Reagent E. In order to
test this supposition, some of the cells used in the analysis of Reagent
E (Table 19) were used in a similar absorption analysis of Reagent .
The results verified the assumption; the same combinations of reagents
- and cells gave the same reactions as those recorded in Table 19. The
reactions were, however, somewhat weaker. Indeed, some of the anomalies
noted in Table 19 were reproduced-in the fractionation of Reagent F.

Onee the fact wae ascertained that Reagents E and F were dupli-
cates, typing with Reagent F was discontinued and no genetic analysis
was attempted. '

B. Genetics

As expected, the genetic results revealed anomalies in certain
families. Other families, however, seemed to be characterized by a
precise inheritance of the antigen or antigens responsible for the re-
actions. The anomalies will be discussed as they arise in the presenta-

tion of the genetic results.
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1. Inheritance of Positivity to Reagent E

Reagent E gave a gradation in intensity of reaction of the célls
similar to that noted in discussing Reagent A. Cells reacted within the
range from "?" or "t" to "6". Typing a given cell as either positive or
negative was arbitrary; all reactions from "1" to "6" in intensity were
called positive and the others negative. In other words, when any clumps
of cells, no matter how small, were visible, the reaction was noted as
positive. _

Thé inheritance of the quality of being positive to Reagent E,
which contains at least énti-El, anti—EE and anti—EE, 1s summarized in
Table 20.

Table 20

Inheritance of Positivity to Reagent E

Number of Matings Type of Mating Offspring
O

11 0x0 0 89

1 0x0 1 6

3 + x 0 49 0

12 + x 0 it 59

5 + x + 15 0

2 + X+ T T

All positive offspring have red blood cells which react "1"
or greater in intensity to Reagent E. ;

VThe one exceptional offspring in the mating of two negatives
is probably not a real exception at all. One parent was classified as
"t" and there is another "t" included in the offspring. The red blood
cells of the one "positive" offspring only reacted weakly to the reagent
(intensity of "1"). It is therefore felt that this case does not consti-
tute a true exception. The fact that in eleven matings with a total of
eighty-nine offspring, no additional positives appeared is sufficlent
evidence that a cross of two negatives will yield only negative progeny.

The three matings of positive x negative which gave all posi-
tive offspring had suffiéiently large families (12, 14 and 18) to indi-
cate that the positive parents were homozygous and that the presence of

the positive character was dominant to its absence.
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The total number of'offSpring in‘the positive x negative
crosses which gave both positive and negative offspring is large enough
to provide a significant analysis. The results, 42 positive and 59
negative offspring, represent a 1:1 ratio with a probability of about

0.1. Crosses of E, x negative involving only E. and no other E sub-

1 1

type (sections I and II, Table 21) yielded 20 positive and 31 negative
offspring (E for 1:1 is about 0.1). The remainder, 22 positives and
28 negatives, representing the offspring of the crosses E5 X negative

(Table 23) which segregated for E, and negative progeny (no other E

Subtype involved), gives a better5fit to the proposed 1:1 ratio (g is
about O.h4). . ‘ k

The only back cross tested yielded four positive and five
negative progeny. The other positive x negative crosses involved
negétive offspring mated to positive parents, negative and positive
sibs, and birds which were unrelated to each other.

The numbers of offspring in the two classes obtained in the
two crosses of positive x positive which produced some negative progeny
are almost incompatible with a 3:1 ratio (2 is 0.0h), but the numbers
are too small for a definite conclusion to be reached.

As a general observation, then, it would seem that the quality
of being positive to Reagent Ef(which is known tc contain antibodies of
several different specificities) is inherited as if that quality were
controlled by a single gene.

2, Inheritance of El

The identification of El as a discrete antigen is doubtful,
because of the limitatioris in the sub-reagents (see page 60). That

1
is removed by the further absorption necessary to make the sub-reagents,

E_ is not merely a weaker form of either E2 or E5’ for which activity

is shown by the fact that although>most El cells are weakly reactive,

there are several cells which react strongly to Reagent E and not at
-all to sub-reagent EEEB' This is taken to preclude the possibility

that El represents a quantitative variation of the other subtypes; it
_does apparently represent a qualitatively distinct specificity.
Table 21 tabulates the inheritance data on antigen El' Section T

includes the matings of pigeon 14 and its offspring involved in positive

X negative crosses and producing positive and negative progeny. The totals
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Table

21

Inheritance of El+

Of fepring

Mating Parents
Number F. Type M. Type -+ 0 E for 1:1
-2 1 + 1 0 6 6
2l | 1L + | 3C 0 3 5
18 PA + 1C 0 5 7
19 11 + 2B 0 1 >
Total 15 23 0.2
9 33 + 1E 0 L 5
35 33 + 1B 0 1 3
Total 5 8
Total I + IT 20 31 0.1
8 32 + 1B 0 7 6
38 32 + 5C 0 iy Iy
Total 8 10
25 2C 0 1 0 L 6
Grand total, excluding IV. 28 41 0.1

This bird was typed as E- negative.
VC however, the original typing was believed to be erroneous, and it
was classed as Ei.

- Eq cells were positive to Reagent E and negative to sub-reagent E2E3.

For reasons described in Section

p was determined by the Chi-square method.
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forbthe‘twg.classes in Sections I and II (which represent matihgs of
' -El x negative in which no other E subtype was involved) represents a
1:1 ratio with the indicated probability of about 0.1. Although the
deViation is not significant, the consistent excess of negative progeny,
togethervwith.the appearance of one weakly-reacting pdsitive in a mating
of a négativé offspring of bird 1L with its negative parent (Section IV)
suggest that the segregation of positives and negatives may not represent
a stfictly qualitative. difference. It was observed that the positive
offspring of'El’x negative crosses were weakly reactive. The negati?es
included birds whose red blood cells gave reactions with Reagent E which
were scored as "?" or "t". The variability in intensity of the reactions
observed with Reagent E (almost always involving El families) was of the
same sort as has already been described in the case of Reagent A, sug-
gesting that quantitative differences may have been the underlying causes
for the excess of negatives. This does not mean that all negatives pos-
sessed the same antigen, for none of the negatives in Table 18 removed
all activity for cells bf pigeon 1hk. Unfortunately, none of the negative
offspring of pigeon 14 were involved in the absorption analysis of Table 18,
and none were ever used in a similar absorption.

| Section IIT of the table lists the two matings of the one ElE5

bird which, when mated to negatives, produced El and E offspring in

approximately equal numbers. The lack of an El reagenz made itAimpossible
on the basis of typing alone to decide whether or not the E5 progeny were
also El' The problem of whether or not this family represents a true case
of segregation for antigen El’ although it has been included into the grand
total of the table, must be left unsolved for the time being. The point
will be further discussed in Section VC.

The only conclusion that can be drawn about the inheritance of
Elkis that it seems to behave as if i1ts presence were controlled by a
single gene. A more definitive statement is impossible because of compli-
cations very probably quantitative in nature.

3. Inheritance of E2

The inheritance data on’E2 are meager (Table 22) but indicate
a regularity in segregation suggestive of simple Mendelianrcontrol. Only
one of the original pigéons, the male bird numberVBM, possessed E2 de-

_tectable by typing. In two matings, one to an E-positive (subtype unknown
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Table 22

Inheritance of E2 '
Mating Paréntsv Offspring
Number F.  Type - M.  Type X °
1 28 ? 3k + 3 4
28 2R ‘o b + 9 9
29 ‘ » 1M + 11L + 2 0
32 - 28C S+ 11G O 3 2

Positive offspring were all positive in reaction with sub-
reagent E2. '

-3

This bird was typed as positive to Reagent E, but died be-
fore it could be typed with the sub-reagents.

but probably El) and the other to a negative, male 34 produced twenty-

Tive offspring of which twelve were positive to sub-reagent E Two

of its E2 progeny when mated together, produced two E2 offspr?ng.
v Two birds, 32 and 13, which might have been classified as E2

by absorption (Table 19) because they removed activity for ﬁhe E2 birds

28B and 34, could only be classed as E5 by typing. Pigeon 1% did not

produce a family large enough to indicate whether or not it would trans-

mit the E2 characteristic but 32 produced a total of 18 offspring in

matings to negatives. None of these offspring were E2 by typing.

4., Inheritance of E3

The mating listed in Tablé 23 of a positive by negative which

produced twelve offspring all of which were positive indicates that
the presence of the antigen was dominant to its absence. The rest of
the data are consistent with the assumption that the presence and ab-
sence of E5 are controlled by a pair of alleles.

C. Genetic Relationships Among the E Subtypes

The symbols for the antigens will be represented by sub-scripts
to the letter "E" and the symbols'for the genes apparently controlling
- the antigens by super-scripts, (e.g., E} is the gene contrqlling the
antigen El). Absence of the antigen will be represented by the small

letter, "e", with the appropriate sub- or super-script.
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Table 23
Inheritance of E3
Number of Matings Type of Cross Offspring
' ' * S
1 , +x0 o) 3
10 + x 0 Cohh 47
1 +x0 12 0
2 ' X+ ' 3 5
Only reactions of grade "1" or greater to sub-reagent E5
were scored as positive:
Note: Of the ten matings of + x O producing both types
of progeny, six were of matings of E, x O in which no
other E subtype was involved, and p?oduced 22 positive
and 28 negative offspring (p for 1l:1 about 0.k4).
1) The data presented in Table 24 suggest that E} and §3 are

alleles, if one accepts the changes indicated by the asterisks as valid.
The changes were dictated by the observation that in all matings in-

volving a parent heterozygous for both E_ and C (C is an antigen detected

3

by an iso-immune reagent which will be discussed later), E, and C seem

3

to éegregate together. In family 8, all E_, offspring were C-positive

and all El offspring C-negative. The excegtional E-negative offspring
in the total of eighteen progeny of pigeon 32 was found to be C-negative,
1 In familyVBO, with all E5
offspring C-positive, the'exceptional offspring (typed‘as El) was C-

2E5. That
the reagents E and C are not the same is shown by the fact that there

suggesting it might really have been E
positive and its cells were weakly reactive with sub-reagent E

are cells which are C-positive, E-negative and C-negative, E-positive.
In mating %3 (El X EB)’ in which both parents were heterozygous, only

three classes of offspring would be obtained, since the ElE cells and

3

the E5 cells would give the same reactions. The numbers obtained wer

not large, but the excess was in the proper class, i.,e., E,. In all

3

considerations of E;,'it must be remembered that critical proof of

allelism between E} and E5

is . lacking. Furthermore, since no reagent
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Table 24
Data Bearing on the Relationship Between E} and 35

Mating | Parents Offspring
Number - F. Type M. . Type El E5 9]
& 2 BB, 1B 0 7 6
' *
8 2 B 5C 0 oo
30 6F ()5 1B 0 1* 3 5
33 8 B 8A ( )E5 1 5 2

Parentheses in the columns headed "Type" indicate that the

El character is unknown.

The offspring indicated by an asterisk are believed to be
erroneously classified, for reasons discussed in the text.
One offspring of mating 38 was believed to be actually El
and one of mating 30 to be actually E5.

exists which will distinguish El when in combination with the other sub-
types, such proof would be difficult to obtain. E} and EB seem to be

alleles but the data are insufficient to be conclusive.

2) Pigeon 34, in two matings with negatives (families 11 and 28),
produced a total of 25 offspring of which 12 were E2 and. the remainder
EB.' The failure to produce E-negatives or EgE5 of fepring indicates quite

3

conclusively that E? and are not independent. That they could have
been iinked (entering the cross in repulsion) is not disproved, but since
the concept of linkage demands a cross-over for its verification, until

& Cross-Qover appears E? and E? will be considered as alleles. Each can
cause the detectable presence df its respective antigen either singly or
in combination with the other. Postulating that E? and EB are alleles
proposes the anomaly that pigeon 34 apparently has three alleles at the
same locus; E}, E~ and EB.' This inconsistency can 56 resolved by assuming
we are dealing with complex antigens. Pigeon 34 could have either the
genotype E}’B/E? or E}?Q/EE. Discussion on this point will be elaborated
in Section VIIB. ‘ '

‘5) Little is known about the relationship between E} and E?. The
data were meager and insufficient for even a preliminary aﬁalysis. How-

ever,‘if E} and @? can be considered as allelic to 55, then E} should be
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allelic to,E?;.
D. Some Complexities of the E System

l)‘ ' Tt must be pointed out again that the reagents; although they
are designatéd by symbols that give the impression that they represent
unit specificities, do not aétually represent single antibody fractions.
It was stated in the description of these reagents (p. 57) that the sub-
types were postulated as a "general sort of observation." If true unit
specificities were involved, there should have been no anomalies observed
in Table 19,‘frdm.which the information leading to the production of the
subfreagenté wa.s derived. «

2) The typing fluids, althiough they seemed to yield consistent
genetic results, did not always type according to the true antigenic
constitution of the cells. For example, cells 32 and 15bon typing were

classed as E, but in absorptions (Table 19) they removed activity for

3
E2 cells as well as EB'
) Not only did the serum include a multiplicity of antibodies,

but the cell-types detected by each of the single sub-reagents (E2 and
E5) differed from each other, indicating a diversity of antigens.
a) Cells 10A, classed as E5 by the absorption summarized in

Table 19 and typed as E, by the reagents, when used in an absorption

3

produced an obviously different reagent than did the other E5 cells.

Cells of pigeon 83, also classed by typing as E,, were seen to differ

3

from the other E, cells in that they removed at least some of the ac-

3

tivity for E2 and E2E5 cells. 88 is almost identical with its parent,

rigeon 32, in this respect. These facts suggest that there are at least

three different types of E antigens. All are detectable as E, by use of

3 3
the sub-reagents, and the genetic data involving each are consistent with
the hypothesis that a single antigen is being inherited. But one type

(88 and 32) can remove activity for E. cells while the other two (10A

and 11B, for example) cannot, and lOAgis unique in that it does not re-
move agglutinins for El cells.

‘b) A previously ummentioned fact is that an anomalous offspring
appeared in family 2. The cross was El x negative and although five
foffspring were El and six were negative, the red blood cells of the
twelfth reacted weakly to sub-reagents EEEB and E5' This fact was not

discuésed in Section VB2 on the inheritance of El because 1t was the
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only such exception and it was‘felt that it ecould be best discussed at
this point. "We cannot say whether the presence of one E_ in a total of
Twelve off'spring represents a mutation, a non-genetic change, or an indi-
cation that the inheritance of the antigen is complex (whiéh is certainly
not indicated in the other inheritance data on E5)' In an attempt to
determine if 14, the Ei parent, could remove activity for 2T, its E3
offspring, and if 2T could remove activity for other E, cells, an ap-
propriate absorption was performed (Table 25). Pigeon 14 removed
agglutinins fbr its exceptional offspring, but a more remarkable cb-
servation to be made is that both 1k (an El) and 2T (an E5) removed
activity for two E2 cells and not for a third. (It was seen in Table 19
that five absorptions_df Reagent E by cells 14 did not remove activity .
for 28B, but in Table 25, it is shown that six absorptions did. One

of these reactions may have been an artifact, and if so, it was probably
that of Table 19, for 14 is seen to leave in activity for another E2
cell, 28A.) 2T is seen to be like 88 and 32 in removing activity for
E2 cells, but 2T does not remove activity for E5 cells, while 88 and
%2 do. 2T is classified by typing as E5’ as are 88 and %2, but it is
not known whether 88 and 32 could also subdivide the E2 reagent. This
one table indicates the complexities encountered and the relationships
observed among the different "antigens", namely the facts that an B,

parent gave rise to an E, offspring, E, and E, cells can remove aétivity

(on overabsorption) Tor 32 cells but nit for 35 cells, and E2 cells are
further divisible into two classes.

We see, then, that the cells reacting positively to sub-reagent
E5 are divisible into several kipds, each being inherited as if it were
controlled by a single gene. We see also that more than one kind of E2
cells can be distinguished within one family, indicating a segregation
within a specific class of segregants. If an almost pérfect segregation
(i.e., positive V8. negative) is observed for any one antigen as detected
by a given typing fluid, one is led to believe thalt a one gene-one antigen
relationship obtains in the case under study. One therefore reasonably
assumes that the positive'offspring all have the same antigen (at least,
within any one family). This has been shown to be false in the case of
family 28; in which there was segregation for E2 and its abéence but in

which the Eg‘iﬂdividuals were not all alike.
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Table 25
Absorption* of Reagent E by the E5 Exception
in an El FPamily
_ _ Reagent E absorbed
- Cells by cells: Sub-reagent
14 2T E2E5 E2 E5
1k O 0 0 0 0
2T 0 0 1 7 1
28A 2 2 3 3 0
288 1 0 3 5 0
28C 0] 0 2 3 0
11B 3 : 2 3 0 5
1ha 2 2 2 0 2
14D 3 2 3 0 3

* Reagent E absorbed six times, undiluted and tested
at 1/3. The E sub-reagents were also tested at 1/3,
for comparison.

c) A further serological relationship between E2 and E3 is indicated
by a developmental study, in which squabs were typed at various times during
~ their growth. Two squabs of family 28 were found to be positive to both
sub-reagents E2 and E_ at approximately fourteen days of age. By the time

)
they had reached 20 days however, one had become E_, and the other EB’

their cells reacting not at all to the opposite reigent. Whether each
would absorb activity from the oppbsite reagent is unknown.

Figure 5 summarizes the matings involving all the E subtypes.
The genetic results can be seen to be regular, despite the complexities
listed above.

B. Discussion

In spite of the complexities and ancmalies encountered in the
various absorption studies, the typing studies yielded very regular re-
sults. Even though the reagent was known to be fractlonable, inheritance

of the positive-negative alternative appeared to be controlled by a pair
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of alleles.” Typing with the sub-reagents E2 and E_, suggested that

‘EQ and E5 were controlied by alleles, at least in ihe one family in-
vestigated, while the reactions observed with sub-reagent E5 indicated
that E5,and its absence were controlled by a pair of alleles. Although
no sub-reagent could be made to distinguish El in combination with the
other subtypes, matings involving only El gave results consistent, on
the whole, with the agsumption that El and its absence were also in-
herited as if controlled by a single allelic pair.

Apbsorption analyses demonstrated that the regularity observed
in the genetic data was misleadingly simple. Superficial absorption
studies might have suggested.that the antigens detected by the crude
Reagent E were>unrelated, but overabscrptions and reabsorptions showed

that the antigens were similar; E1 and E, cells removed activity for

EE' Furthermore, not all E2 cells were zlike, nor were E5 cells all
alike. The system was apparently based on two sets of variables: l)
the antigens represented by the same subtypes thought to be identical
by the typing reaction, were in fact a collection of related antigens,
and antigens thoughtbto be different by the typing reactions were also
related; and 2) the antibody populations in the reagents were definitely
complex and represented a series of related rather than distinct spec-
ificities.

A similar situation has been encountered in the Rh compiex.
(The Rh terminology used in any particular comnection is that of the
~author whose work is being discussed.) Two systems, one involving antigens
related to the C antigen and the other related to the D antigen have proven
to be very complex both‘because,of the variety of antigens and because of the
differences among sera used to test for them. Fach serum apparently gives
different sets of reactions. The C antigens [reviewed by Race et al. (27)1
comprise a series known as C, CW, Cu, ¢’ and c. Each of these is inherited
regularly (36, 71) as if it were produced by the action of a single gene.
Most anti-C sera have been found to be "anti-C + C"." The identification
of ¢V cells depends upon the fact that they react with some anti-C sera
and not with others. Cc and QYS éells can remove all activity from an
'ﬁaﬁti-C + """ serum. Since each can remove activity only for itself
from an artificial mixture of anti-C and anti—Cw; the claim is made that

_in the former case, anti-C and anti-C" specific sites are on the same
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' : . . . . v v
molecule. Anti-c sera were found which were "anti-c + ¢'"; cc and c'c

cells can remove all activity from these sera. PBome anti-C sera were

Vi,

also found to be "anti-C + c ; Cc and Ve cells can remove all activity.

¢t was also found to react with only certain anti-C sera but was different
from C". It was suggested that anti-C" in an "anti-C + C"" serum was due

10 a non-gpecific response to immunization with C cells, and anti-c in

Vit Vi

hoth "anti-c + ¢ and "anti-C + c

sera was due to a non=specific
response, in the former case to c cells and in the latter to C cells.
More definitive proofvthat o Was qualitatively a distinct antigen was
obtained (72) when a case of hemolytic disease was found to have been
induced by a gfg fetus ~in a Cc mother.

In the first report of the finding of the i antigen (73) the
similarity between Du and o was pointed out. e was detected by virtue
of its reaction with only several of many anti-D sera. Anti-D sera re-
acting with D cells were supposed to be "anti-D + Do Twelve different
kinds of Du cellsrwere distinguished (52, 74). Each type gave a particular
pattern of reactions to the sera available, but different types gave dif-
ferent combinations of reactions to the battery of testing fluids. That
the varigbility was not due to gquantitative effects was indicated by
certain discrepancies between titers of sera and the reactions they gave
with different Du cells (75, 76). The close relationship of v to D was
shown by the removel of all activity from "anti-D + D™ sera by both types
of cells and the elution of anti-D fromDu cells when they had been treated
" with an anti-D serum (52). Anti-D has been produced by & D" person (7).

On the wheole each specific type of i was inherited reguvlarly,
in that D" bloods of persons related to the Du'propositus gave identical
reactions (7#). Familial studies also indicated that Du was controlled
by a single gene and inherited as an allele at the D locus (52, 71, 76).
Two' cases are known however, in which inheritance of D" was not regular.
Tn one (52), three sisters were shown to have identical D" types. One
of the Sisfers, however, had a daughter who had a completely different
Du type (the father was g@). The authors suggest that this may be a case
of variable expressivity of a blood group gene, even though it is recog-
nized that blood group genes are not supposed to be subject to the effects
of external or internal enviromment. The second case (76) seemed to rep-

resent the spontaneous appearance of D% in a family. A child received a
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chromosbme;designated as Egzg’frbm its mother, whose chromosomal type was
believed to be CDe/cDE. The suggestion is made that this may represent
a mutation. It is also pointed out in the same paper that in certain
instances there is a difference in the serological reactions of two n”
members of the same family. The conclusion the authors draw from their
observations is that the reactions being investigated are between anti-D
antibodies and a series of modified forms of the D antigen.

' The similarities between ﬁhe C and D systems, and that described
~in the preseht study of Reagent E lie in the diversity of similar antigens
and the multiplicity of'éntibody specificities. Even antigens which ought
to Ee identical on genetic grounds are found to be different (cf., in thisg
gtudy, the differences obsérved among‘EE birds of the same family).

The same general kind of observation has been made in the human
M-N system. Variants of both M (78, 79) and N (80, 81) are known which
react with only certain reagents and not with others. The new specificities
have been designated szand N2, respectively. Little has been done to deter-
mine the relationships of M2 to M and N2 to N because both ME and NE are
very rare types [e.g., NE has only been found eight times among 80,000
individuals (68)].

Tt would seem that a more reasonable explanation than that
of fered by Race and others for many of the observations made in the
studies on the C and D antigens would be that the different sera contain
antibodies of several specificities. There is no reason to suppose that
 because C and C" can remove all activity from a given serum ("anti C + C'")
or because D and D" can remove all activity from "anti-D + Du", there are
specific sites represented by anti-C and anti—CW, or anti-D and anti-Du,
which are combined on one antibédy'molecule. As landsteiner has pointed
out (55), a multiplicity of antibodies may be evoked by one specific antigen.
"Anti-C + ¢ gera would then contain a population of antibodies of speci-
‘ficities varying around those of anti-C and anti—CW} C and CW, being re-
lated, even if qualitatively different, may absorb the several antibody
types, though with not necessarily the same efficiency. (More ¢” then C
cells are needed to exhaust a given serum.)
7 The same situation prevails in studies which have been interpreted
as indicéting that linkage or complexing occurs among‘antibbdies of 4if-

ferent specificities [e.g.,(82, 83, 84)]. Knowing that a given antiserum
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may, and probably doeé, contain a mixture of antibody specificities, it
‘becomes difficult to designate its actions by 8 unit symbol. As investi-
' gations of the serum.proceed, it is found that antigens once thought to
be identical, by virtue of their reactions with the serum, are different.
From that finding realization is arrived at that the antiserum does not
represent a unit specificity. This was the sequence of events in the
discovery that anti-A of humans was composed of qualitatively different
fracﬁiOns. Recently, although the human B antigen has not yet been shown
to occur in more than one distinguishable form (as has the A antigen),
Owen (85) has confirmed that human anti-B is composed of qualitatively
different fractions. '

We see then, that\the genetic data do not establish the unitary
nature of an antigen. Anomalies may arise and be compounded by both the
variation among related antigens and the multiple specificities represented
by any one antiserum. A problem for the immunologist will be to devise
more sensitive methods for distinguishing quantitative from qualitative
differences, for small qualitative differences reacting with antibodies
of related but different specificities may easily simulate quantitative
differences detected by antibodies of only one specificity. The geneticist,
on the other hand, may have to face the prospect that as the detectable
qualitative differences become finer, genetic data will become more dif-

ficult to analyze, and anomalies may appear more frequently.
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VI. TSOIMMUNE SERA

_ Twenty pigeons were cross-immunized in pairs, each pigeon being
injected with washed erythrocytes from the other pair-member. The birds
to be pairéd in these injections were chosen at randomj; the only selection
exercised was for size, because large birds were preferable in order to
obtain maximum amounts of serum, should any antibodies appear. All the
normal sera were tested for the presence of iscagglutinins against all
of the cells‘used in the study. None of the normal sera agglutinated
any of the cells tested.

Three birds produced antibodies after one course of injections
(see Sec. IIA3 for a description of the courses of injections), and six
others produced antibodies after two courses. The titers of most of the
sera remained rather low, even after one or two more courses of injections
after the initial appearance of antibody. Only three pigeons, whose sera
contained antibody detectable at a dilution of l/lOO or greater, were
bled in quantity.

One month after bleeding, the titer of the stored, frozen serum
was unchanged for two of the sera. The third, which had given an initial
titer of 2,000 did not react with the homologous cells even at 1/16.
Although other cells did react at this dilution, further investigation
of this serum was discontinued.

Eight months after the last injection, a blood sample was taken
from one of the two birds whose sera were used in typing. The titer for
the homologous cells was observed to be 24. Reagent ﬁ was made from the
serum of this bird. Serum from the other pigeon (from which Reagents C
and RC were made) reacted to a dilution of 1/12 with the homologous cells
twenty months after the last injection.

_A. Reagent RC
1. Serology

Typing studies with the crude serum of pigeon 11, which had been
injected with the red blood cells of pigeon 13, indicated a definite division
of the flock into positives and negatives. The serum was diluted l/lOO for
"these tests. When the first typing of offspring was begun, it was noticed
that six mafings wherein both parents were negative producéd 16 positive

and 1k negative progeny. When the typing dilution was dropped to 1/16,
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most of‘the anomalies disappeared; This effect of dilution will be dis=-
cussed in connection with the genetics of antigen C.

) Very little serum was obtained from pigeon 11l. For this reason,
-even though the serum was shown to contain qualitatively different fractions

(Table_26), the unabsorbed serum was used as a typing reagent.

Table 26

Fractionation* of Pigeon Antiserum 11 (Reagent C)

: " Serum Serum absorbed by cells:
Cells Unabsorbed 7 8 16 17 13
7 6 0 0 L b 0
8 6 0 0 4 4 0
16 6 0 0 0 0 0
17 6 0 0 0 0 0
13 6 ) 0 5 L 0

Pigeon antiserum 11 abscorbed once at 1/16, by each of
the positive cells listed, Tested at a further dilution
of 1/32. '

When the supply of this reagent was exhausted, pigeon 11 was
reimmmized with cells of the same donor, pigeon 13. The serum so ob-
tained was designated RC (Reimmunized C). While most cells tested re-
acted alike to Reagents C and RC, occasicnally certain cells negative
to one were positive to the other. An absorption analysis of RC was
performed with cells from ten birds (Table 27), including three of the
four cells used in the analysis of C. With regard to C, 8 and 13 had
been shown (Table 26) to be identical (they removed activity for each
other). With regard to RC,however (Table 27), 8 left agglutinins in the
serum for 13. The positives 16, 17, 10R, 29M and 14U left in activity
for both 8 and 13, but removed activity for 30K. 30K removed activity
for all those célls, suggesting that 30K should be identical with the
icells tested, Bﬁt the reagents prepared by absorbing with these cells
behaed différently. Absorbing with 30K removed all activity for 8, but
-absorbing with the others did ﬁot do so., The table therefore reveals
the presénce of four types of positives, énd suggests that the behavior

of one is anomalous.
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Table 27

Fractionation* of RC, the Relmmunized Serum of Pigeon 11

Serum absorbed by cells:

Cells 2 1P 16 17 10R _2oM 14y 30K 8 13
2lM o 0 0 0 0 0 0 0 0 0
19P 0 0 0 0 0 0 0 0 0 0
16 3 3 0 0 0 0 0 0 0 0
17 3 3 0 0 0 0 0 0 0 0
10R 3 3 0 0 0 0 0 0 0 0
20M 3 3 0 o 0 0 0 0 0 0
14U 1 1 0 0 0 0 0 0 0 0
30K 2 2 0 0 Q 0 Q 0 Q 0

8 % 3 1 1 £ 1 1 0 0 0
13 L L 4 L 3 by i L 3 0

* The serum was absorbed at 1/10 and tested at a further dilution of 1/2.

The same results weré obtained when either one or two absorptions were
performed. Absorptions by 24M and 19P, negatives to RC, serve as
dilution controls.

Absorption of RC by 8F, the positive parent of 30K, indicated
that the behavior of 8F was not ancmalous; it left activity in the serum
for 8 and 13.

That a quantitative effect 1s probably not involved in the
v analysis of RC is shown by the fact that the same results were cbtained
with the cells listed in Table 27 whether one or two successive absorptions
were performed. Not enough is known about the behavior of different nega-
tives in absorption to exclude completely the possibility of a quantitative
effect. However, a comparative absorption study (Fig. 6A) definitely indi-
cated that qualitative differences existed among the positives. Absorption
by 13, the homologous cells, removed all activity; absorption by 28B left
in activity only for 13 and absorption by 10C left in activity for 13 and
28B. Cells of pigeon 11 (the recipient) and T7C, a negative, did not affect
the activity of the serum in tests with any of the positives (Fig. 6B).

It would have been interesting to type with the sub-reagents
which‘couid‘have been made by use of the information obtained in Table 27.

Unfortunately, such a program was technically impossible; the quantity of
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serum obtained was'just sufficient to type all the birds available, and

" to perform the few absorptions mentioned.

2. Genetics
' Typlng with C and RC proved to be very inconsistent with regard
to the typlng reaction itself and to the genetic results obtained. Many
cells which had been positive to Reagent C at 1/100 were later found to
be negative at 1/20 (or 1/16). With both reagents, weakly reacting
positives varied from positive to negative and back to positive again,
in successive tests.j Strongly reacting positives (grade "3" or higher)
'usually gave reproducible reactions. The inconsistencies, however, were
sufficiently numerous to prove a serious hindrance to genetic analysis
of the system.
Table 28 illustrates the most obvious difficulty encountered
in analyzing the data. Sevenvnegative X negative crosses produced a
total of 19 positive offspring. Some of the negative parents, and many
negative offspring, retyped at a dilution of 1/8, proved to be weakly
positive. Bome of the @arents in the negative x negative matings were
therefore not truly negative. In fact these matings were similar to
those that produced anomalous offspring in the studies on Reagents A

and BE. Reagents E and RC,however, also recognized qualitative differences.

Table 28

Inheritance of C

Number of Matings Type of Mating Offspring
* o}

8 0x0 0 60
0x0 19 b

2 +x0 26 0

11 +x 0 55 45

3 4 X+ 11 0

2 : + X + 8 6

Typing performed with Reagent RC at 1/16.

A suggestion that the weak positives, asg a class, differed
qualitatively from the strong positives is seen in Figure 6A. Pigeon 10C
(negative at 1/16, weakly positive at 1/8) removed activity for its weakly
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’positive offspring 42C (positive at l/l6) but did not decrease the activity
of the serum toward the strong positives. The anomalies observed, then,
probably arise from quantitative variations among the weakly positive cells.
‘ ‘ Eight matings of negatives produced 60 negative progeny. None of

the members of these families were rechecked with the reagent at the lower
dilution, but in Figure 6B, it is seen that TC, a negative of this group,
did not remove activity for even the weak positive 10C.

The genetic analysis of Reagent R( therefore involves negatives,
weak positives (including those cells which react weakly at 1/16, and
those which react weakly at 1/8 and do not react at 1/16), and at least
two types of'qualitatively different strong positives. The weak positives
are qualitatively different from both types of strong positives but may
exhibit quantitative variations among themselves. If three different
antigens detected by Reagent RC are controlled by independent genes, then
we may reasonably expect a large preponderance of positives in the crosses
of positives x negatives which produce some negativeboffspring. On the
other hand, if the antigens are related, and are controlled by alleles,
the progeny of such crosses will be produced in a positive to negative
ratic of 1:1.

Bleven matings of positive x negative (Table 28) in which ten
of the positive parents were unrelated, produced 55 positive and 45 nega-
tive progeny. Two positive birds produced 26 positive offspring and no
negatives when mated to negatives. These observations suggest that the
different cellular specificities detected by Reagent RC may be controlled
by alleles (Figure 7).
B. Reagent H

1. BSerology

Variability in typing reactions like that noted with Reagent RC
was also encountered with pigeon antiserum 6B (Reagent H), produced in
response to injection of the red blood cells of pigeon 9D. The first
absorption analysis performed, with cells all reacting positively to the
éntiserum, indicated the serum to be very complex; at least six different
specificities were observed among eleven positive cells. With the small
quantity of serum available, no attempt was made to prepare sub-reagents.
No further studies were performed on the serum, except for its use as a

typing tool.
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2. Genetics

Inconsistencies in reactions and in the genetic analysis
occurred in the study of Reagent H, as they had in the study of Reagent
RC. There was wide variation in the reactions of cells; some negatives
at a 1/16 dilution of the reagent were weakly positive at 1/8, and nega-

tives when crossed gave rise to positive progeny (Table 29).

Table 29

Inheritance of H

Number of Matings Type of Mating Offspring
+ 0

15 0x0 0 124

6 0x O 18 2k

11 : +x 0 bk 43

1 X 1 5

Typing performed with Reagent H at 1/16.

That Reagents H and RC differed is seen from the fact that

pigeon 11, the recipient which produced RC, was positive to Reagent H.
Many cells were RC-positive, H-negative, while others were RC-negative,
H-positive.

| As was pointed cut in the discussion of Reagent RC, familial
typing with an antiserum which contained many independently determined
antigens might be expected to detect an excess of positive progeny in
matings of positives x negatives which produced both types of offspring.
The two classes were produced in equal numbers (Table 29) which is sug-
gestive that reactivity to Reagent H is controlled by a series of alleles
(Figure 8). ‘

C. Discussion

The Reagents RC and H have each been shown to be composed of
qualitatively different fractions. Typing studies indicated, however,
that reactivity to each of these reagents was transmitted to the progeny
of any particular bird as if a positive vs. negative alternative were
controlled by alleles. Some uncertainty was attached to the characteri-

zation of weakly reacting cells, because over a pericd of about one year
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reactions of- some Cells were noticed to change from weakly positive to
negative while the reverse change occurred in others. 8Since the change
occurred in either direction, it is difficult to see how the reagents
could have been at fault. Instead, it would appear to have been the
antigens on the‘cells that changed; and it might be further assumed
that the'quaﬁtity rather than the quality was the variable factor, for
the "adult" antigens once fully developed on the blood cells are gener-
ally believed to be a permanent characteristic of those cells.

Because of:the absorption studies performed with these reagents,
it is believed that the gradation in intensities among individuals ob-
served in typing was due to the different reactions of different antigens.
It has been shown (31, 33), that a continuous series of reaction inten-
sities may occur when either an isoimmune serum or & rabbit antiserum
provides the test reagents. In the present study, some "negatives" were
shown to be positive by absorption; Even though one genetically negative
individual must exist (viz., the individual that developed the antibodies
in these isoimmune sera), the determination of how many other true nega-
tives there are in a population regquires the use of absorptions as well
as direct tests. At any rate, when working with an isoimmune serum we
can be certain we are dealing with a segregating character of some sort.
This is in contrast to a quantitative character detected by a hetero-
specific antiserum, in which all "negatives" can sometimes absorb the

specific agglutinins.
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VII. LINKAGE STUDIES

A. Analyses

The antigens ("positivity vs. negativity" in the case of
Reagent A) were all tested for linkage to sex, plumage pattern and
eye color.  The tests fbr sexblinkage'involved crosses in which posi-
tive females mated to negative males produced both positive and nega-
tivevprogeny, If the éharacter were controlled by a gene on the sex
chromosome, all male offspring in such crosses would be positive and
all female offspring negative. Independence of the sex chrombsome
would be shown if‘posifivity and negativity were distributed alike
in the two sexés of offspring. Tests for linkage to the two morpho-
logical characters involved matings of pigeons heterozygous for the
character and positive (heterozygous) to the particular reagent, with
other pigeons recessive for the character and negative to the reagent.
(See Levi (86) for a complete review of pigeon genetics.) Complete
records were kept on éye color and plumage pattern inheritance.

Not all the possible crosses were made, but those which were
tested indicated that each antigen was independent of sex, eye color,
and a plumage pattern locus (Table 30).

All tests for linkage between pairs of antigens were of crosses
wherein one parent was doubly positive (doubly heterozygous) and the

other doubly negative. Offspring were scored as similar to either
| varental type or as recombinant types. The combination in the doubly
heterozygous parent was in each case such as to reveal linkage, if it
existed, in the coupling phase. |

No linkage was detected between A and E, A and C, or A and H
(Table 31). Because of the small numbers of offspring, however, it is
not possible to exclude the possibility of weak linkage in those combina~
tions. | -

The linkage values indicated in Table 31 are all suspect be-
cause of the difficulties encountered in typing, especially with Reagents
E, C and H. Until better reagents and much larger numbers of offspring
can be obtained, the indicated values are to be considered merely sug-
gestive, énd not compelling evidence for the existence of linkage, Never-

theless, several analyses suggest that some relationships may actually
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Table 30

" Linkage Tests

_ , Offspring
Pair of Characters . Number of Matings M.+ M.O F.+ F.G
" Sex-A 2 7 6 5 3
Sex-Eq 5 9 10 15 12
Sex—E2 1 - - 2 _
Sex-Eq L 11 5 5 11
Sex-C 5 Ll 11 5 1L
Sex-H T 17 19 17 10
et 0 €0 e
Pattern-Eq 1 3 2 i 3
Pattern-E 2 4 3 6 1
Pattern-C 1 L 2 3 2
Pattern-H 2 2 L 1 1
Tr+ tr0 TrO tr+
Eye Color-Eq 3 6 9 6 L
Eye Color-E L - 2 1 -
Eye Color-C 3 5 10 5 8
Eye Color-H 5 7 16 11 9
+ = 7presence of the antigen.

0]

i

absence of the antigen.

The color patterns investigated were T-pattern (QE), checker (C) and
bar (c), which are alleles. C in the table includes both checker and
T-pattern. .

Orange eye color (Tr) is dominant over pearl eye color (tr).
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) Table 31
: ‘Z[‘es’r,s_>€ for Linkage Between Pairs of Antigens

Pairslof Number of Offspring
Antigens Matings Parental Recombinant % Recombination
A-E, 3 13 12 -
A-C 3 13 12 ‘ _—
A-H . 1 6 6 .
E7-C 6 57 L 9.8
B 2 10 5 23.0
E5-C 5 33 . 1 - 2.9
E-H 6 25 10 - 28,6
El-H 3 20 5 20.0
EB—H 3 5 5 50.0
C-H b 13 7 35.0

* A1l matings were of double heterozygotes x recessives.

** By "E" is meant reactivity to Reagent E, unabsorbed. The E. and
' E5 classes are included within each linkage determination for the
E-complex.

**¥ One mating was Eic/ele x EBC/QBC. This mating did not constitute
. a test cross for linkage between E and C but was a test cross for

E5 and C.

exist among the antigens E, C and H. The recombination value between

C and H is .35, too high a figure to be reliable as an index of actual
linkage, especially in view of the smallness of the seample. Between
the E complex and C the approximate crossoverfrequency is .10, and that
between E and H is .29. These’figures would suggest a map order of

C E H, and approximate distances as follows: C lO» E 29 ﬁ .

35

It is unfortunate that no three-point test crosses could be made.

In discussing the genetic relations among the E subtypes
(Section VC) the possibility was suggested that E} might be allelic
to E?. But in Table 31, the recombination frequencies of each with
C are found to differ markedly. Families 8 and 38, in which the fe-
‘male parent was pigeon 32 (type ElEB)’ were not included in the cal-
culations determining the crossover frequencies between E}-g_and E?-C

listed in Table 31, because the E, offspring may have also been El'

3
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If one con51ders the one E-negative offspring of pigeon 32 (Table 2L4)
to be a valid E-negative, then pigeon 32 Was of the genotype E /elE5
5

and the recombination frequency between gﬂnand.g__ln thege matlngs was
about 5%. 1If one then assumes that the reciprocal crossover, which
Qould not be detectable with the reagents at hand, may have occurred
with eqﬁal fréquency, this gives a recombination value of 10% between
E} and E?. bPigeon 8F, which, whén mated to a negative produced one
supposed El offsaspring as well as E3 and negative progeny (see mating
30, Table 24), would’actually represent the crossover class expected.
TIts genotype would be EEEE/E_E_' The one El offspring of pigeon 8F
would indicate a crossover frequency of 0.11, in mating 30. Within
this family (offspring of plgeon 32), and considering only E and E5’
the linkage data between E and E5 are remarkably con81stent and sug-
gest that the responsible genetic factors may recombine with reascnable
grequncy. If so, the chromosbme map suggested would be as follows:
E H ’

5 2 10 Y 20 .

55

All the E offspring of pigeon 32 were C-negative. This is reason-

able, because there were only seven E progeny and the El-C recombination
value is estimated at .2%. Pigeon 52 can then be considered to be of the
genotype EleEC/elE C, and its recombination offspring 8F as EEE_Q/G e’c .
The double crossover freguency predicted in the absence of interference
would be .003 (.lO for the g}—@? interval and .03 for the E?—g interval -
.10 % .0% = .003). Interference would preclude the appearance of a
double crossover. But the one apparently El of fspring of 8F was C-positive.
Any conclusion concerning the relationships of E} to E? and. E} to C is thus
seen to be highly uncertain. |

The relationship between E?

and C 1s more congistent. Pigeon %2
broduced eighteen offspring, nine of which were El , C-negative, the other
nine being E5 ; C-positive. Excluding the progeny of pigeon 32, all other
test crosses involving E5 and C yielded one apparent recomblnant (E5—nega-
tive, C-positlve) cut of a total of thirty-one progeny. It would have

been very desirable to have retested the apparent recombinant to determine
if it wa; truly Ea-negative, but it died before this could be done. There

is no doubt, however, that a very close relationship deces exist between
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' E?’ahd g. We cannot decide on the basis of the available data between the
- possibility that E5 and .C are factors of the same antigen and the possibility
thgt E5 and C are distinet antigens whose causative genes are closely linked.
‘ C and H, in Table 31, are seen to yield a recombination value of
35, The data are not significantly different from those to be expected of
indepehdent éegregation. But both independence and distant linkage are in
direct opposition to the observation that pigeon 32, heterozygous for both

C and H, produced eighteen offspring, none of which were doubly positive

or doubly negative.

A true and accurate determination of linkage is dependent on
reliability of the typing procedure, and on the classification of large
numbers of offspring. These studies, which do not fulfill either criterion,
are to be considered only as indicating that genetic relationships, as yet
undefined, do exist among the antigens detected by the E reagents and
Reagents RC and H.

B. Discussion - The Relationship Between Antigens E5 and C

Only one case of linkage between a blood group gene and a mor-
phological character is known to the writer. Sawin et al. (87) presented
evidence showing that the A blood group of rabbits was linked to the
character "brachydactyly". That linkage was not found with the very small
number of markers utilized in the present study is hot surprising, since
pigeons may have as many as forty pairs of chromosomes. (See Makino (88)
for a list of the chromosome numbers‘which have been proposed for the
pigeon at various times).

Because of the anomalous absorption results and occasional
uncertainties in the typing reactions, any description of relationships
among antigens E, C and H is subject to stfong reservations.  An observation
worthy of discussion, however, is that of apparent linkage between E5 and
C, and the appearance of one evident crossover. But this crossover could
represent an artifact, and there may have been other crossovers, undetected
:because of other artifacts. In spite of the probability of artifacts, the

linkage data, together with the observation that all E, offspring of family

3

78 were C-positive and all El offspring C-negative, are suggestive of a

“close genetic relationship between these antigens. Antigens E, and C are

5

diffe:ent, as evidenced by the occurrence of pigeons typed as EB-negative,

C-positive or E-positive, C-negative. The combination E_-positive, C-

3
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.negafive has -not been encountered.

Bince genetlc independence is excluded, the only relationships we
néed consider are linkage or allelism of the causative genes. Allelism
wpuld suggest that the antigenic specificities involved are the properties
of a single antigenic molecule. In spite of the meagerness of the data,
and the hesitation in accepting the results obtained as conclusive, we see,
then, that this study provides another case to be included in the debate
over linked genes vs. multiple allelic explanations of immunogenetic com-
plexes. ' ' ' '

. The debate had its origin in the suggestion by Fisher [cited by
Race(89)]that in the‘Rh‘system three antigens occurred in pairs (C vs. Cj

D ys. d; and E vs. e). With the recent discovery of anti-f (57), the systen
haskbeen extended to include four pairs of antigens. The members of each
pair were interpreted as being controlled by alleles. Previous to Fisher's
suggestion, all the Rh reactions given by any one blood had been thought to
depend on the presence of one pair of alleles, the different combinations

of reactions being due to the occurrence of multiple alleles at the Rh locus.
For example, Wiener and Landsteiner (90) had proposed a series of three
alleles to explain the inheritance of certain groups of reactions. Variants
have been found which caused those believing in the Fisher interpretation

to add alleles at certain loci (e.g., gv, Qu, gy) and the followers of the
Wiener school to postulate new alleles at the Rh locus. [For a history of
Rh studies and development of the debate, see Race and Sanger (4). Wiener's
view is briefly but adequately described in Wiener and Wexler (42)].

In essence, the disagreement involved the answer to the question:
does one gehe produce an antigen with only one specificity or can one gene
produce an antigen with many apparent specificities? Race and his co-
workers would answer affirmatively to the former and negatively to the
latter; Wiener would be of the reverse opinion. Landsteiner (53) sug-
gested that if a blood is agglutinated by two different sera of different
SPecificities, it may have two different antigens, or one antigen, with
which antibodies in each serum react. If there were two antigens, they
might be separable genetically; if there were only one, it could not
segregate. The English workers‘have never observed crossing over among
the postulated. three loci; they maintain that the three genes are very
closely linked. On the basgis of statistical analyses they have concluded



- 97 =

that there are three most common chromoscmes in the European white popu-
lation (CDe, cde and cDE). A1l other Rh types are believed to have arisen
by crossing over among these and other primary crossover types.

The inheritance of blocks of "antigenic factors" as units has
been rep@rted»several times. The discovery of a new antiserum (anti-gS)
which subdivided the MN blood groups (91) led to the observation that
there were less S-positive types among N persons than among M (92).
Familial studies suggested that S was linked to M and N. Suggestions
were offered that the 8 specificity could be a mutation that changed
M to MS and N to NS, or that S could be closely linked to M and N. The
latter hypothesis was favored by Sanger (93). Discovery of anti-s (9h)
‘was interpreted by the English workers as favoring the linked gene hy-
pothesis (93). Wiener (42, 95), however, has suggested that if the
M-N-S antigens were due to linked genes, the frequency of S among M
and N persons should have reached equilibrium. This would have pro-
hibited the discovery of the relationship in the general population.

As an alternative, Wiener proposed a system of four alleles controlling
the unit antigens MS, Ms, NS, and Ns.

Two additional antigens, recently investigated, are thought
to be linked to the M-N-8 system. One (Hu), when first discovered in
1934 (96), was noted to react only with Negro N or MN bloods. The second
(He) was found to exist practically only in West Africans (97). All
He-positive bloods were type N, and most were also type 8. Familial
‘data indicated that He was inherited with NS or Ns as a unit. The
authors suggest that He and Hu may be alleles but critical data to
support this supposition are lacking.

The unitary inheritancé of several antigenic specificities
has been demonstrated in chickens (7), ducks (20) and cattle (6). In
the cattle study, as many as eighty alleles were identified, accounting
for the inheritance of twenty-one blood factors in various combinations
in the B system. Twenty-two alleles in various combinations of seven
blood factbrs controlled. the inheritance of the C system.

The multiple allelic theory of the inheritance of complex
ahtigenic specificities is based on the hypothesis that each allele
produces an antigen which is related to but chemically distinct from

the antigens produced by the other alleles. The reactions observed
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in which different antigens cross-react with different reagents ars be-
lieved to result from the ﬁultiplicity of antibodies with related af-
finities in such reagents. Many antigens have "factors" in common;
‘that is, a reagent produced against one member of the allelic series
will crossbreact with related antigens produced by other alleles.

The writer is inclined to believe, but cannot offer proof,
that the E subtypes and C are common factors in a group of related
antigens. Their relationship would be the more interesting to study
.however,’if it,cbuld have been shown that & genetic crossover had in
fact been observed, for és has been stated previocusly, blood group

"genes" postulated to be linked have never been shown to recombine.
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VIII. KAHN ANTIGEN

In 1952, when Dr. Burnet‘visited this Institute, he pointed
out that a typing tool for an inheritance study in pigeons existed in
the use of alcohqlic extracts of fissues, particularly commercial sero-
logical Kahn antigen. Stone and Burnet (98) had noted that vaccinia
(bowpox) virus would agglutinate the cells of certain pigeons and not
of oﬁhers. The viral activity could be separated from the hemagglu-
tinating activity of the virus preparation, and it was shown (99, 100)

“that lipid extracts.énd phospholipids could produce the same phenomenon.

The procedure in these tests was to add one drop of & 2% cell
suspension to two drops of a dilution of Kahn antigen in a round-bottomed
standard agglutination test tube. Dilutions tested rangedvfrom 1/10 to
l/h,OOO. Readings were of the agglutination pattern formed by the cells
as they settled to the bottom‘of the tube. In a positive reaction, the
cells formed an even layer covering the bottom of the tube, while in a
negafive reaction the cells rolled down and formed a compact button at
the bottom of the tube.

At first some cells gave positive reactions, but when they were
rechecked they had become negative. Some cells were consistently nega-
tive. It was noticed that many cells gave positive reactions in the
saline controls. This may have indicated that a non-specific "stickiness"
exigted, but the characteristic was confined to tests in saline. When

- the same tests were performed using rabbit antisera and pigeon iscantisera,
positive agglutination”patterns were given only by cells ko to be posi-
tive to the reagent. "Sticky" cells never gave evidence of agglutination
when the saline controls wére centrifuged.

The same tests were repeated using an extract of chick allantois

which had been infected with vaccinia, with similar results.

Both extracts, Kahn and vaccinia, weré checked with several
samples of chicken celis. Some of the cells gave clear positive reactions

and at no time did any give positive saline reactions.
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IX. DEVELOPMENTAL STUDIES

A. Experimental Findings

Enbryos and squabs were bled and typed at various stages of
‘aevelopment. The typing reactions were carried out at the same reagent
dilutidn'and'im the same manner as had been done when adulis were tested.

Enbryos were bled in the following manner: After removal of
the éhell over the air sac, the allantois was wet with warm isotonic
sodium citrate solution. The blood vessels which then became obvious
were pinched with a émall tweezer. Citrate was dropped very slowly
on the cut vessels, washing the blobd into a citrate-filled receptacle.
By rupturing most of the visible blood vessgels in turn, 0.1 to 0.2 ml.
of packed red blood cells could be obtained from 10-day or older embryos.

Newly-hatched squabs were bled by cutting a toe and dipping
the foot into & tube of citrate solution. Sguabs one week of age and
older were bled by incising the brachial vein.

| The stage of development at which embryos were bled is not
known with complete accuracy. The egg was pléced in an incubator some-
time during the day it was laid, and it was kept there, being turned
tWice a day, until the day it was bled. Embryo development was recorded
only in terms of the age of the egg in days.

, The developmental study was incidental to the main purpose
of this investigation. Eggs were, on the whole, too valuable to be
destroyed for typing embryos. When a mating was to be discontinued,
its last pair of eggs was incubated for the developmental study.

1. "Antigen" A

Positivity to Réagent'A developed between the tenth and four-
teenth days of development in ovo. The reactions observed with cells of
fourteen day embryos were generally weak, while those of fifteen day
‘embryos were much stronger. A maternal effect was excluded, because two
A-negative females (mated to A-positive males) laid eggs from which
Astronglyvreacting A-positive cells were obtained.

The red blood cells of two A-positive embryos were pooled and
the pool used to absorb an aliquof of Reagent A. The absorbed Reagent A
agglutinated cells 13 at about the same intensity as did Reagent A un-

abgorbed, but activity was removed for the red blood cells of two newly-
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-hatched A-positive squabs.

The effects noted when squabs Weré tested with Reagent A at
various intervals were quite diverse. Reactions could: 1) remain un-
chénged from hatching on; 2) become stronger, usually attaining max-
imum intehsity by about fourteen days after hatching; 3) become weaker,
and sometimeé>disappear completely (those reactions which disappeared
were usually weak at hatching); or 4) be strong at hatching, get weaker
in abbut seven days and begin to become stronger in about fourteen days.
Btatements 3) and 4)'areAmade on the basis of titer studies done weekly

'on certain squabs, from hatching to thirty days.

‘ These observations may suggest that there are at least two
categories of distinct antigens which react to Reagent A, one charac-
teristic of embryonic cells and the other of post-embryonic cells.

The various reaction changes would on this basis be associated with
both the times of disappearance of the embryonic antigens and appearance
of the post-embryonic antigens and with the rates at which these occur.
Both time and rate may Vary in different pigeons. A more accurate de-
scription of the changes undergone by these two categories of antigens
would be possible if encugh embryonic cells could be obtained to make
reagents specific for embryonic and post-embryonic cells.

2. "Antigen" E

No embryonic cells reacted with any of the E reagents. In
fact, all newly hatched squabs were also negative. Very often within
one week, and always within two weeks after hatching, the reaction reached

maximum intensity in those squabs in which E did develop. E_ and/or E

2 3

activity developed at the same time.

Two squabs which reacted weakly to sub-reagent E. and strongly

2
to E5 at fourteen days of age displayed a remarkably divergent subsequent

development for these antigens. Within another fourteen days, the E

5

reaction had intensified in one of
Other

reaction had disappeared and the E2

vthese_squabs. The other lost the E2 reaction and became EB'
squabs remained consistently Eg-or E5'
5. Antigen C

The cells of one 1lh-day embryo gave a weak reaction with
Reagent RC, Bome of the C-positive squabs were negative at hatching

while others were weakly reactive. Maximum intensity of reaction was
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reached in one to two weeks. It seemed thatAstronger levels of eventual
reaction were reflected in earlier detection of the antigen. This, as
was indicated in the development of A, suggested differences among plgeons
as to the time at which production of the antigen was initiated. Alterna-
tive suggestions could involve rate of production as well, or, again as in
A, both rate and time.

4, Antigen H

All embryos and all newly-hatched squabs were negative to
Reagent H. Maximum intensities of reactions were reached,in positive
squabs, in two to three weeks.

5. General Aspects

The developmental studies left no doubt that A differed from
the other antigens. The developmental histories of E, C and H,‘however,
were closely similar. Almost all reactions of E, € and H, ;hile attaining
maximum intensity in from one to three weeks, had become noticeably weaker
in four weeks. No explanation can he offered for this curious behavior.

B. Discussion

The developmental study will be discussed mainly in relation
to the results reported by Miller (lOl) in studies of the time of ap-
pearance of species-specific antigens in offspring of the hybrid Columba

livia x Columba guinea crossed inter se or to livia.

Miller found that antigens specific to guinea were detectable
as soon as sufficient blocd could be obtained for testing, at about T2
hours incﬁbation of the egg. The blood of some embryds lacked some of
the antigens, but their parents could be shown to be heterczygous for
the genes producing the antigens in question. In general, all the anti-
gens could be found on embryonié cells, but the reactions were weak. As
older embryos were typéd, it was found that the reactions approached the
agglutinatlon strength and titer characteristic of adult cells. Cells
from A- and F-positive newly-hatched squabs tended to be weaker in-ag-
glutlnatlon and titer than either embryonic or adult cells.

" Antigens distinguishing individuals within a species have been
demonstrated to be present on erythrocytes early in embryonic life in
humans (102), rabbits (103) and chickens (104). Briles (104) also dis-
covered that’certain other chicken antigens developed only some days

after hatching, and came to full expression slowly. In contrast,
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Andresen (1.3) found that the Lewis factor (Le”) was present on the cells
of a greater percentage of human infants than adults, indicating that
the antigenic specificity was lost during the postnatal development of
some individuals,

The studies described above, except Andresen’s, were performed
with antisera produced by immunization with adult cells. The Le® anti-
bedy was found in a case of hemolytic disease. When fetal or cord
bloods were used to immunize rabbits (106), the resulting reagents
éelectively agglutinated all other cord bloods and blood from several
infants below one month of age. Owen (22) has found that chick cells
retain activity toward a rabbit anti-chick embryo red blood cell reagent
for as long as six weeks. These contrasting phenomens, the disappearance
of embryonic sites and the appearance of adult antigenic sites, are
analogous to the observations made in this study on the development
éf antigen A. However, Reagent A was produced by the immunization of a
rabbit with adult cells. The anti-embryo cell fraction of the reagent
could have been formed as a response to immunization or it may have
teen merely a normal component of the rabbit serum. It is known that
human adults may have fetal hemoglobin inside their red blood cells
(see (hh) for a review of the different hemoglobins) and the present
study suggests that antigenic sites common to emtryo and adult ﬁay exist
on the surface of the adult red blcod cells.

No correlation is evident between the time of appearance

of an antigen and its species-specific or intra-specific nature.
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X. GENERAL DISCUSSION

Throughout the course of these discussions, we have found it
necessary to point out repeatedly the uncertainty attached to many of
the interpretations, because of difficulties encountered in the typing
studies and anomalies noted in the absorption analyses. Absorption
anomalies were believed to result from the multiple specificities
presént in the reagents, but no explanation was given for the fact
that typing reactions were sometimes weak and irregular.

In all stahdard serological work, it is the practice to use
only "good" reagents whenever possible; a "good" reagent is one which
gives clear positives and negatives and gives a positive reaction with
the proper cells at a reascnably high dilution. If such a serum.does
not exist for the genetic analysis of a particular antigen, repeated
attempts are made to procure it, and attempts are made to improve the
testing techniques in order to obtain unembigucus results. Andresen

states, in "The Human Blood Groups", that only sera showing a strong

reaction should be selected as testing fluids, and even then in many
cases it is advisable to use two sera for testing. Other factors which
may interfere in the reading of a given test include such diverse variasbles
as room temperature, small amounts of metal in the distilled water used
to make the saline solution, and the existence of grades of reactivity
in different cells. TFor a full description of the procedures necessary
for improving the accuracy of readings and for preparing gcod antisera,
see Wiener (3). Andresen (107) describes, from a medico-legal viewpoint,
the errors which may appear when typing for each of the human blocd groups.

In the present study, we cculd not undertake analysis of as
many sera as might be needed in order to produce a battery of uniformly
good reagents. The few reagents that could be made had to be used.
Nevertheless, the antigens described must be real and the systems nust
exist, for the reagents were duplicated; Reagent A was duplicated by
Reagent I; B, D and G were instances of the same or very similar reagents;
and B and F were identical. It is equally clear that the isoimmune anti-
sera detected real antigenic differences within the species.

- As a result of the findings of this study, it can be unequivocally

stated that intra-specific erythrocyte antigen differences exist in pigeons.
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Rabbit anti-pigeon red blood cell sera have demonstrated differences in
the reactivities of the bloods of different birds,‘and, although iso-
agglutinins could not be found in the normal sera of pigeons, immune
antibodies were produced in certain pigeons in response to injection
with the cells of other pigeons. The differences detected by several
of the typing fluids are inherited in a regular Mendelian manner, the
positive reaction always dominant to absence of a reacticn. The use

of one reagent suggested that inherited quantitative differences occur
among the cells of different pigeons. There were also indications that

some of the genetic loci involved are complex.
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