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In recent years the integrated action of the genotype during development has received
increasing emphasis. While it s most common to think primarily ol quantitative
characters in this regard, it is also more and more evident that we cannot divorce our
consideration of “‘simple mendelian’ cases from the context of the particular genotype
in which they are studied. Possibly there are some characters which are completely
determined by one pair of alleles and which behave in precisely the same manner
irrespective of both their residual genotype and erivironment. But these must be the
exceptions rather than the rule or, expressed in another way, such behaviour may
indicate a specific actien relatively late in the developmental sequence. Simple men-
delian cases are now more comimonly being found to involve a primary pair of alleles’
deciding a general developmental direction and, at the same time, other genes which
modify this direction by their arrangement as well as their presence. If a few genes are
of primary importance, the term modifiers (inhibitors or intensifiers) may be used; or,
if an unspecified number prove te be involved, the general terms residual genotype or
genetic background may be appropriate. Thus an allelic substitution affecting the
availability of a metabolic product required relatively early in development will have
far-reaching consequences affecting all organs and systems normally making use of
this product {cf. Griineberg, 1952). The consequences themselves, in terms of pheno-
typic result, will depend on the particular genotype in which the substitution occurred;
for in some genotypes alternative metabolic pathways leading toward normality will
be available and in others they may not. A gene or pair of genes may behave a certain
way in one background and in a startlingly different way in another. Landauer
(1948, 1955) has reported diflerences in gene expression in chickens after breed crossing
or selection. In some cases genes apparently lying latent in one breed (with their
action inhibited in one type ol genetic background) may be expressed in another
(Landauer 1956a). There are many examples from human clinical genetics of genes
described as fully penetrant in one pedigree and variably penetrant in others, or
dominant in one family and recessive in another (Gates, 1946).  In some cascs investi-
gators have suggested that different genes arc involved but usually no unequivocal
experimental prool has been available.  Dwarfism in beef cattle has been given several
alternative genetic explanations by different investigators and a definitive explanation
ol the variable expressivity observed is still lacking {c[., Gregory, et. al., 1951, 1953).

* Now at the Univarsity of Califormia, Davis,

4



162 Phenotype ratios in fowl diplopodia

The present paper is the first of a series of reports concerning the variable behaviour
of a pair of genes in chickens. Taylor and Gunns (1947) reported the discovery in
White Leghorn chickens of diplopodia, a form a polydactyly which appeared to display
simple mendelian behaviour. Lethal phenotypes from matings of heterozygotes were
found in 22:7%; of the offspring studied. This value did not differ significantly from
the expected 3 :1 phenotypic ratio for an autosomal recessive gene (symbol dp assigned
by Hutt, 1949). Landauer (1950) confirmed this finding. Two atypical-carrier full
sisters, however, were found by Taylor and Gunns to produce only 13-6%, diplopods.
These birds appeared in the second generation following an outcross to the unrelated
U. C. Production Flock. Taylor and Gunns suggested that the deficiency of lethal
embryos might be produced either by a higher mortality of diplopod than of normal
embryos during the first week of incubation, before phenotypic classification was possible,
or by suppression of the phenotype in some homozygous recessive progeny by genetic
or environmental factors.

A further study of the cause of these deficient ratios was undertaken. In this paper
the results of a selection program that was successful in forming lines characterized by
significantly different phenotypic ratios-for diplopodia are presented.

DaTa anD CLASSIFICATION

Data from the paper of Taylor and Gunas on the performance of the original stock
have been re-analyzed separately from that secured after an outcross to the University
production-bred flock. A few records not reported on by Taylor and Gunns from the
breeding farm, which provided the first diplopod carriers, are also included. New
data have been secured from matings made from 1947 through 1954. During the
latter period, three lines of diplopod carrier stock were formed and reciprocal crosses
between them made. F, linecross progenies have been tested to determine their
phenotypic ratios.

All embryos produced ;during the study were classified as normal, diplopod or un-
identified. The latter category includes all fertile eggs containing zygotes, which died
before the sixth day of incubation. Prior to the sixth day the diplopod phenotype is
not clearly distinguishable. Classification of embryos as diplopods has heen made on
the basis previously established by Taylor and Gunns, i.e., the possession of doubled
foot structures. In the last two years of this study embryos possessing the normal
complement of four toes on each foot but with extra wing fingers were found. These
embryos are here consicered as normals so that the results of the selection program may
be on @ basis consistent with the classifications of previous years!; they are discussed

It will be evident that the absence of this phenotype previous to 1953 may reflect either a failure to
examine the wings of all normal phenotypes for prescace of supernumerary fingers or the lack (complete
or almost complete} of this phenotype prior to this time.  In the third paper of this series (Abbott, 1959b)
evidence suggesting that the latter intcrpretation may play the larger role is presented.  However, it is
likely that this phenotype gradually increased after 1950 and was not either detected or present in appreci-
able numbers until the especially comprehensive investigation of diplopod phenotypic expression in 1953,
1954. <
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more fully in the second and third papers of this series (Abbott, 1959a; Abbott, 1959b)
as attenuated expressions of diplopodia.

PROCEDURES AND ResurTs

Homagenetty of ratios in original stock

Progeny data secured frem matings between carriers of the original breeder source
from 1941 through 1943 were re-examined to determine il any significant deviations
from the expected 3 normal (V) :1 diplopod (D) ratio occurred during that period.
x? tests applied to all individual mating ratios as well as the total ratio failed to show

’

a significant difference from 3N : 1D distribution even at the 5%, probability level.

Vartable ratios following the outcross

The first backeross of the outeross F19¢  to a male of the original carrier stock was
made in 1944. A slight, but nonsignificant, deficiency of diplopods was obtained in
this generation {Table 1}. The two atypical-ratio sisters (hens 26 and 27 originally
identified as A 1151 and A 1156) as well as four other carriers (hens 22-25) were produced

in this hackcross.

Table 1. Pre-ouicross and post-outcross segregation of normal (N and diplopod (D)
embryos, 1941-1947

Matings Year N D D x*testfor 3 : 1
ratio
- No No. %
Pre-outcross .- 1941-42 100 33 24-8 (-002
Original stock .. 1943 253 94 271 0-81

{rom breeding {arm)

194143 353 127 265 055

Post-outeross . 1944 99 25 202 155
(Following cross .. 1945 507 110 17-8 16-93%¥
with U.C. 1946 848 179 174 . 31-30%x
. Droduction-bred stock) .. 1947 1232 32 212 1187+

P < 0]

_I“ 1945 hens 22-27 were mated in a second backeross to another male [rom the
SOtiginal seock, A significant reduction in the proportion of diplopod embryos was
Agifaincd. Hens 2?6 and 27 w‘crc largely' responsible for the deviation from 3:1 since

Y 11-39 of their 230 offspring were diplopods. A

Flftecn daughters of hens 22-25 mated to first generation backeross carrier males in
946 also produced a deficiency of diplopods (650.V:140D; x2=22-32).  Six of the

Ay - o Lo .
reen 9o produced individual vatios significantly different from 3x1.
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Since deficiences of diplopods did not appear in the original stock but only after the
outcross to the U. C. Production Flock, it seems certain that the latter was responsible
for some contribution affecting the segregation of diplopod phenotypes.

Vartable segregation ratios from atypical-ratio hens

Hens 26 and 27 were mated to carrier males over a five-year period; at any given
Both atypical and normal phenotypic
In 1945 and 1948 hoth produced a
Hen 27
in 1946 produced a significantly reduced proportion of diplopods while the other sister

time they were always mated to the same male.
ratios were produced by each hen (Table 2).
deficiency of diplopods and in 1949 both gave approximately normal ratios.

gave a normal vatio. Not only did these [ull sisters give different phenotypic segrega-
tion ratins when mated to different males, but they once produced unlike ratios when
mated to the same male.

Table 2. [Incidences of unidentified (U), normal (N') and diplopod (D) offspring in progenies os
Lwo full sisier, alypical-ratio hens mated with the same males wilhin
each year from 1945-1949 inclusive
Hen 26 Hen 27
Year 8] N D u D x* test for u N D 18] D x* test for
3N: 1D 3N: 1D
Ratio Ratio
No. No. No. 9% %% No. No. No. % %
1945 5 61 8 68 116 6-61* 13 143 18 7-5 112 16-40%*
1946 1 52 20 14 278 0-30 7 66 9 85 120 6-76%*
1947 I 41 7 20 146 2:78 9 71 18 92 202 1-08
19487 5 41 + 6-3 8-9 6-96* 8 23 I 250 42 415%
1949 } 32 13 T 15 200 0-87 l 11 4 63 267 0-02
Allyears 11 247 52 35 174 9-23%x 38 314 50 94 137 24-63**
P <05 ;
L

TIn 1948 hens 26 and 27 produced a limited number of eggs which were injected with insulin for other

purposes.

High early embryonic mortality occurred with this treatment.

obtained from matings of cach hen in this ycar if these data are included.

Formation of lines characterized by different segregation ralios

7-7%, diplopod embryos was

A selection program was initiated in 1947 by placing in line I birds having incidences

of diplopod offspring approaching or equaling 25% and in line II the atypical-ratio

hens and their offspring.
the basis of phenotypic ratios until 1950, when the lines were closed.

Interchanges of birds were made between lines I and IT on
Several individuals

of line IT produced «mly 5 or 6% diplopods in 1950. These birds and their carrier
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offspring were used to start line ITI, selected for incidences of 8%, or less. Line II
thereafter was selected for intermediate levels of 12-149%. In 1933 and 1954 some
matings were made in line T between individuals producing more than 239 diplopods.

Of the three lines, inbreeding was most intense in I1T, through a combination of
parent-oflspring and sib matings used to establish this line. Line IT has been relatively
much less inbred than TII. Line I, having the greatest number of carrier individuals
with the desired segregation ratios, was the least severely inbred.

Results of the breeding program are presented in Table 3 and Figure 1. From
1948 through 1952, phenotypic ratios of line I varied; those of 1949, 1951 and 1952
were significantly deficient in diplopods. By 19534 the percentage of diplopods had
risen to 26-29%, closely approximating the 26-5%, incidence in the original stock from
1941 through 1943 (Table 1). Ne matings, however, had segregations of diplopods
significantly above the 259 level, despite the attempt to produce such hy the mating

of carriers with highest incidences.

Table 3. Unidentified (U), normal {N) and diplopod (D) embryos produced after formation
of selected lines and significance of segregation ratio of diplopods belween lines
and from the 3:1 ratio expected

Line Year . U N ) D U D x* test for
3: 1 ratio
No. No. No. % %
1 .. 1948 130 430 123 19-0 22-2 2-2¢
1949 172 396 70 27-0 15-0 24-75%*
1950 36 135 45 16-7 250 0-00
1951 164 957 1245 12:0 204 13-67%*
1952 388 3070 878 39 22-2 16-05%*
1953 349 2839 868 86 234 4.97*
1954 111 1327 470 3-8 26:2 1-28
! x* test for line
S II=linc I
L .. 198 72 288 550 173 160 1470+ * 512+
1949 171 1302 221 16.1 145 89-37%* 0-07
1950 303 1520 300 14-3 16-5 70-40%* §-32%*
1951 140 824 173 12-3 17-4 3[-10** 3-25
1952 156 1117 174 10-8 135 Q- 1#* 46-53*%
1953 118 996 151 9-3 13-2 85-69** 86-92%#
1954 51 755 67 5-8 82 [24-45%* 112-16%*
¥* test for line
Il =line 11
ur 1951 48 439 34 92 7:2 80-03%* 2739+
1952 44 573 44 G-7 71 105-00** 16-62%*
1953 99 682 58 118 7-8 116-24%¢ 14-00%*
1954 40 602 27 6-Q 4-3 143-85%* 8-76%*
P - 05 N T s ey e
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Line II, on the other hand, showed a decline in diplopod incidence which became
pronounced from 1951 to 1954. In each of the 8 years of existence of this line, a
significant deficiency of diplopods occurred. Differences between the performance of
this line and that of line I steadily increased in significance after 1951, Despite the
selection of individuals for re-mating that had given intermediate segregation ratios,
by 1954 the average incidence [or this line matings declined to 8-29%,. Individual
mating results in this line still varied widely and the line did not stabilize at the level
of the phenotypic ratios consistently selected.
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Figure 1. Development of lines of diplopod carriers and their phenotypic segregation ratics. (a) before
the outcross; (6) after the outcrass; (¢) line selection with interchange between lines I and [I; 2nd
(d) selection in closed populations—line 1; - - -+ line 1I; and - - - - line III.

The average incidence of diploped segregants from line IIT declined rapidly in the
first year, 1951, remained relatively constant in 1952 and 1953, then declined in 1954
to 4-3%. Individual matings have produced as low as 1-29) and proven carrier
females have given (%, in progenies with as many as 57 identified embryos.  Consider-
able difficulty is involved in testing birds of this line; as many as 100 embryos are
required before classification of some dams as carriers can be established. Comparison
of phenotypic ratios between lines II and III for the respective years 1951 to 1954
produced significant y* values each year. Line III was apparently differentiated from
line IT in the first year of selection; however, the actual difference hetween them declined
in subsequent years.

Since all three lines produced significantly different phenotypic ratios from 1952
through 1954, selection of individuals with ratios typical of their respective line for

crossing was justified.
Segregation wn line crosses

Data from 1'eciprgical line crosses made in 1953 and 1954 are presented in Tables 4

and 5 respectively, along with pureline results for comparison,
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Table 4.  Segregation of diplopods from pureline and linecross matings, 1953

Mating type Parental line 18] N D o 18} D
N ; da No. No. No. % %
I~ 1 349 2839 868 86 . 234

Purcline IIx I 118 996 151 9-3 13-2
IT7 > I1I 99 682 58 118 7-8

Ix I 32 401 74 63 156

I I 33 342 57 76 14-3

Linecross IxIII 4 37 10 78 21-3
IIx I 32 360 31 : 7-6 79

II > 111 2 37 2 49 5-1

IIIx I 1 37 0 17 0-0

Table 5. Segregation of diplopods from pureline and linecross matings, 1954

Mating type Parental line U N D u D
38 2 No. No. No. % %

Ix1 111 1327 470 58 269

Pureline /1T 51 755 67 5-8 82
111171 40 602 27 6-0 4-3

1211 28 353 66 6-3 15-8

Linecross 101 22 222 49 75 18-1
1171 17 342 60 4-1 149

T~ 1 5 96 9 4-5 86

Reciprocal T xTT crosses gave substantially the same percentage of diplopods within
each vear and also between the two ycars. The range of 14-3% to 18-1% diplopoads
represented approximately the midpoint between the parental pureline averages.
Reciprocal 1111 crosses, on the other hand, gave more variable results. Tn hoth
years, the cross of 133 11199 produced much higher percentages of diplopods than
the reciprocal cross.  Although intermediale between parental levels, the segrega-
tion ratio in these reciprocal crosses was closer to that of the sire’s line. Reciprocal
ITXITT crosses were made only in 1953; very inadequate numbers of offspring were
obtained. No diplopods were obtained from the 1113 < 1193 cross, although the parents
were proven carriers by matings within their line.  The reciprogal Cross gave a segre-
gation ratio even more deficient in diplopods than line 11T matings of that year.
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Reerprocal matings of line 111 femalcs

In 1954, 9 line IIT pullets, some mated with a line I3 and some with a line 1113, were
reciprocally transferred and mated with the male from the other line. Six of the
94 @9 were carriers of the dp genc {Table 6). With the line I3 they produced 18-49,
diplopods; with the line 1113 a significantly lower level of 4-59 was obtained. Both

incidences were significantly below expectation on a 3 :1 basis.

Table 7. Performance of line 111G G139 in matings with 9%
from lines III and [

Dam’s Dam’s Year No. A

Genotype Line Fggs Fertile U N D % U %D
+ dp I 1951,1852 631 796 27 440 15 56 33
+ + 111 1952 78 414 10 105 — 8-7
+ dp I 1953 052 60-3 26 290 17 7-8 5-5

Table 8. Incidence of diplopod embryos in backcrosses of FF 1113 %I linecross 99 to respectively
a line III son of G139 and to line 133. AlIYY were daughters of 3 G159

Line 1117 | Line 138
 —— e —— B PR - :7, . N — . - -
Linecross U N D u D ‘U N D o) D
U I - ]
|

No.  No. No. 9% %  |No. No. Na. % %
K1705 3 66 5 41 70
K1707 10 45 4 169 82
K1711 2 76 3 25 38
K1740 2 21 ] 83 5 4 30 7 ag 189
K1751 6 94 9 55 87
K1769 5 55 6 91 938
K1772 0 1 0 00 00
K1775 1 26 0 37 00 1 9 2 43 182
K180i 0 41 2 00 47 2 32 5 51 135
K1830 5 85 7 5276
K1833 2 50 7 34 123 3 4 7 56 137
Total 36 570 4 55 72 |10 115 21 68 154

Fhe experimental design permitied a partitioning of a total y* for the diflcrence in
performance between the two matings into its component parts: x* duc to males, 10
females, and to an interaction belwveen mates respectively.  Only the male contribu-

tion proved to be significant.
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Performance of line III 3 G 159

One line 1113 mated to carrier [emales of his line gave exceptionally low incidences
of diplopodia in two successive years. The next vear he was mated to line I 9% and
produced diplopod offspring at a rate but slightly higher than that from matings within
his line (Table 7). Pullets from this linecross were backerossed to a line IIT son of G
159 and to hne I 43 in 1954 (Table 8). [Lleven identified carrier females gave per-
centages of diplopods ranging from 0-12-39 with the line III 3, the incidence in Gi4
identified progeny being 7-29%,. Tour of the eleven hens mated to the line 153 gave a
range from 13-:5% to 1899, for an incidence of 15-4%) in 136 progeny. Backcrossing
to line ITI produced individual mating results characteristic of lines IT or III, whereas
backcrossing to line I 53 gave intermediate phenotypic ratios similar to those of reci-

procal I XXIT linecrosses.

U N D %U %D
Line Idd ——————— 13 81 22 12 214

Line 19
H1584
Line Il ——— U N D U 9D
G159 4 570 66 00
Line 158 LCe Line g LC?
J194, K200 K1801 J179 K1769
U N D %U %D U N D %U %D U N D 9%U %D
2 32 5 5F 135 0 4 2 00 47 5 55 6 6 98
Linel¢gd ———— U N D U %D
g 97 B 67 224
Line I9
H1538
Line HI§ ——————— U N D 9%U %D
G159 s 83 2 56 24
LCY Line 113
K1705 J179
N

U N D -%U %D
3 66 5 4-1 70

Figure 2. Influence of 3 G159 in suppressing diplopod segregation from line I mates.
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Figure 2 presents two illustrations from the linecross mating of the ability of G 159
to decrease the incidence of diplopod embryos from line I dams. These hens produced
respectively 21-4%; and 22-49, diplopods in matings with line I 33, but with G 159
the incidences were respectively 0 and 2:4%,.  One linecross 111 % T daughter, K 1801,
was reciprocally backerossed' to both the line III son of G 159, and to the two line
134. Both backerosses produced deficiencies of diplopod offspring (4:79, and 13-39%
respectively). Two other linecross daughters backecrossed to J 179 produced 9-89
and 7-0%, diplopods respectively. Male G 159, therefore, exhibited a dominant
tendency to decrease the'incidence of diplopodia in his offspring. His daughters tested
in matings with line 143 did not show the same dominant effect {Table 8), whereas in
matings with his line IIT son more than one-half gave typical line III ratios.

Lack of evidence for differential early zygotic mortality

Unidentified early embryonic death rates were relatively’ high in diplopod carrier
stocks until the period of 1952 to 1954. There was no trend toward an increase of U
(unidentified) embryos in either lines IT or IIT while the deficiency of diplopod segre-
gates increased {Table 3). In fact, line T had a higher early mortality rate than the
other lines.

Even if all unidentified embryos were considered to be diplopods, phenotypic segre-
gation ratios in the later years would still show D -+ U as percentage of total fertile eggs
significantly below those expected from a 3: [ ratio. In 1954 for example, such per-
centages calculated from data in Table 3 are respectively 13-5 (y*=61-40) for line
11 and 10-0 {¥*=80-12) for line III matings. Data included in Tables 4-8 offer
further instances of the same nature.

LEvidence that the percentage of {7 embryos was not associated with the segregation
of diplopods was also derived from pullets tested in 1949 (Table 9). Matings of carriers
wearriers did not produce higher levels of U embryos than either reciprocal crosses of
carriers » nencarriers or noncarriers ¥ noncarriers. Further, a line II 4, J 157,
procluced 75 progeny when mated with line III carrier @%; all of these were identified

Table 9.  Unidentified (U) embryos in line I and II pullet progentes, 1949, according lo parental
genolype classification

Line I Progeny Line Il Progeny

Parental Genotype

Sire Dam U N D u D U N D U b
T Ne Ne. Neo % % | Ne. Ne. Ne. % %
- dp + dp 49 321 56 11-5 149 l 138 1039 171 102 i4-1
+ + dp 29 283 — 93— L 11 9 — 108 —
+ dp + 4 47 315 — 130 - 4 73— 52 —
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phenotypically and only four were diplopods. Apparently, diplopods are no more
likely to die in early developmental stages than normal embryos of this stock. Accord-
ingly, phenotypic ratios deficient in diplopod segregants are not to he accounted for by
differential mortality of dpdp zygotes belore identification can be made.

Lack of associalion of fertility with diplopod segregation ratios

Munro and Kosin (1945) have shown that chick embryos may die at such early
stages of development that an egg would appear infertile after a period of incubation.
In our work, all eggs removed as infertile were carefully examined for cvidences of
development and any trace of cellular proliferation in the blastodisc was given a classi-
fication as an unidentified embryo.

Although line IIT matings were especially prone to have a lower fertility and & G
159 (Table 7) was very poor in this respect, data from individual females mated with
him showed absolutely no relationship between the level of fertility and the phenotypic
ratio. Furthermore, male infertility with noncarrier females was substantially the
same as that with carriers, )

When mated to the same group of females, line 1113 J 163 had a substantially lower
fertility rate than line 13 J 184 (Table 6). However, the fertility obtained from non-
carriers was not higher than that from carrier dams segregating for diplopodia. Among
the carrier dams, both K 1787 and K 1820 had almost equal fertility levels with the
two males, although their phenotypic ratios for diplopodiaawere quite different. These
hens also produced a low proportion of unidentified embryos in matings with the line
II1 3. Within individual male matings, fertility and incidence of diplopodia were
not related as would be expected if differential dp gametic viability were responsible
for deficient phenoctypic ratios.

The establishment of lines of diplopod carriers characterized by significant deficiencies
in the proportion of diplopod progeny but not by an excessive early embryo mortality
suggests that some diplopoc% genotypes appear phenotypically normal.  If the viability
of such homozygous dp-carriers approximates that of other normal birds, they should
be represented in both the hatched population and in the adult carrier population.
The demonstration of an excess of dp-carriers in the adult populations of line II, and
especially of line I1I, would thus verify the results of the breeding and selection program.
To date 1t has not been possible to establish that the expected proportion of carriers in
the low lines is exceeded significantly. Data on the relative proportions of proven
carrier and noncarrier birds in each line were collected throughout the study. It
must be recognized, however, that all data bearing on the relative proportions of
carriers and noncarriers represents only a sample of each population. Tt consists
specifically of the birds hatched during a four week period in the spging, which lived
to maturity and which, in the case of females, laid suflicient fertile eggs for a positive
progeny test classification and, in the case of males, were selected for progeny test and
produced viable sperm. Identifications of the genotypes of all birds saved in each
line were not available in any year due to one or more of the following causes: 1)
mortality during the gfowing period, 2) mortality before sufficient fertile eggs for
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progeny test had been secured, 3) non-production, or 4) complete infertility. In
addition the number of male birds tested represented a smaller sample of the popula-
tion than of females due to breeding space limitations. The proportion of carrier to
noncarrier females identified during the course of this study was 458 : 193 respectively.
The excess of carriers is of borderline significance; 32=3-98, P=0:046, based on the
9 carrier : 1 noncarrier expectation for the segregation of a single autosomal gene.

A scarch for individual birds producing a significant excess of diplopod progeny
and whose normal progeny were all dp carriers was disappointing. Most birds with
ratios excessive for their line were extremely poor in reproduction. In the case of
females, both fertility and egg production were unsatisfactory, while high-ratio males
were poor in fertility. In general the numbers of progeny produced were never sufficient
for meaningful results save for one case. In 1953, male J 167, from line II, produced
128 A: 57D (30-8%,) diplopod embryos in matings within his line. Previously his
mates had given characteristic line II ratios (13-149%, dpdp) Wwith other line II males.
The progeny-tested offspring of J 167, however, included noncarriers as well as carriers,
proving that he was heterozygous for dp. Furthermore, mated with ten line II females
the following year (two being his mates of 1953 as well) this male gave a total ratio of
266N : 28D (959, diplopods). His average with the two mates of 1933 was 39N :
15D (20-3%, diplopods), again considerably higher than expected for this line.

Since we could not find evidence of hemozygous carriers in adult populations, an
investigation of the fate of these postulated individuals was undertaken. If we assume
that homozygous diplepods with normal phenotypes occur in the low-ratio lines and
that in general a sufficient number of individuals of this type do not appear in the
progeny-tested adults of any given generation to alter significantly the expected distri-
bution of carriers : noncarriers, then we might expect one of the [ollowing evidences of
their presence:

I. a higher post-hatching mortality of chicks [rom lines 11 and I11 than from
line I;

2. a larger proportion ol adults with inadequate tests duc to late maturity, low
ege production, or infertility in lines IT and ITT than in line 1.

Chicks from lines II and III had a higher post-hatching mortality thaun chicks fron
ine I.  Of 300 chicks reared in the 1953 season, 52 died hefore the filth month. The
mcidence of deaths by lines was as {follows: line I, 11:6%; line II, 19-0% and line
[11, 22-79,. Linc 1II pullets showed a significant difference in age at sexual maturity
when compared to pullets of either lines I1 oc JIT in 1953 (Table 10). Carrier pullets
showed a slight but non-significant earlier maturity than noncarrier pullets. Linc
IIT pullets were more variable in age at sexual maturity than pullets from lines I and
II.  An analysis of egg production of all 1933 hatched pullets from the three lines
during November, December and January of their fitst year of production indicated
that line IIT pullets laid fewer eggs than pullets from lines I or II. However, the
observed dilferences were not significant. Egg production of carrier and noncarrier
pullets during the three-month pertod considered was very similar.  Linc II1, however,

exhibited grealer variability in this respect than either of lines I or 1.
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Table 10.

Phenotype ratios in fowl diplopodia

(a) Age at Sexual Maturity of 1953 Pullels from the
Three Lines of Diplopod Carriers

Mean Age of T

Mean Age of

Mean Age of

Line All Pullets Carriers Noncarriers

- o 160-3 16322:9 1654 12-7

II 161-8 1594-2-7 173+ 56

III 200-1 192-+9-8 195 14-0

d Mean Square Variance Ratio
Between Lines 2 20293-97
Between Sires 38-10%*

Within Lines 532-69

(6) Three-Month Egg Production of 1953 Pullets from the Three
Lines of Diplopod Carriers

Mean Egg Productiont Mean Egg Production Mean Egg Production

Line of all Pullets of Carriers of Noncarricrs
X 35-9 42-+32 42479
I1 34-6 4] +4-3 40465
11t 275 28454 304-6-1
— df Mean S(iuare Variance Ratio
Between Lines 2 1624-63
Between Sires 2-13
Within Lines 6 762-17

1 includes pullets with too [ew; eggs for classification as either carricr or noncarrier.

P=-01

Discussion

A stock of White Leghorn chickens segregating homogeneously in a 3: 1 phenotypic
ratio for diplopodia produced offspring characterized by significant deficiencies of
diplopods after an outcross to the unrelated U. C. production-bred flock. Three lines_
with significantly different phenotypic ratios were developed. Line I was restored to
the 3:1 ratio characteristic of the original stock, but attempts made to exceed this
proportion of diplopods were not successful. Line 11, intermediately deficient in the
ratio of diplopods produced, continued to show a wide range of ratios in individual
matings and a tendency to drift toward line IIT ratios. Line III, very deficient in
diplopods, exhibited greater stability than line 11, but gave rise to individuals producing
only 1-3%, diplopod phenotypes in their offspring. Phenotypic ratios of matings in
lines I and ITY were mire predictable than those in line 1.
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Reciprocal crosses between lines T and II produced ratios intermediate between
those of the parental lines. On the other hand, reciprocal crosses hetween lines T and
III produced intermediate ratios that more closely approached those of the sire’s line.
Females from the 1113 %1 @ linecross tested in backcrosses to parental lines produced
only intermediate ratios. Reciprocal IT<II1 linecrosses produced ratios even lower
than the line IIT matings of the respective year. No explanation involving simple
dominance or sex linkage suflices to explain these results. Only a complex polygenic
system could offer a genetic explanation for the variety of ratios obtained in linecross
and backcross matings.

Landauer (19566) reported the discovery of a new recessive mutation for diplopodia
in Black Minorca fowls. The locus of this new gene (here termed dp?) was not closely
linked with our diplopod gene and may have been on a different chromosome.
Although varying in some respects, the expression of the new gene was substantially
similar to dp. Matings of double heterozygotes for dp and :dp'l produced incidences
of diplopodia considerably in excess of 25%. Since we found neither an excess of
carriers or evidence of consistently higher than normal ratios, there is no reason for
assuming that we are dealing with two genes for diplopodia in the present instance.
We have had individual matings that have significantly exceeded a 25%, incidence of
diplopodia and a line 1.3, J 167, produced 30-5%, diplopods in one year’s progeny.
Diplopod incidences consistently above 259 have not been developed in any of our
lines as would be expected if more than one dp gene were segregating.

The failure of some proven carriers to give diplopod offspring in matings with other
known carriers might be attributable either to heterozygosity for dp genes at different
loci or to an extreme suppression of the diplopod phenotype by modilying genes.
Such carriers should give only normal (3:1) ratios when mated to carriers of the same
dp gene, if no modifiers of diplopodia were involved. In our work the failure to
produce diplopods in progenies totaling approximately 60 identified embryos has
always involved at least one parent from line IIT whose charvacteristic phenotypic ratio
in other matings has been very deficient in diplopods. These results are explicable as
due to the action of a masking vesidual genotype but not as due to the scgregation of
different genes for diplopodia.

Early zygotic mortality, occurring before the development of embryonic limbs,
cannot account for extremely deficient diplopod ratios. In fact we have no evidence
indicating that mortality occwrring prior to the time when classification can he made
accurately is higher in diplopods than in normal embryos.

Also there has been no consistent association of infertility with the production of
deficient diplopod ratios.  Although line ITI has produced the lowest levels of fertility,
evidence from individual matings within the line indicated that the fertility level was
determined as a characteristic of onc or both parents rather than by a [(actor associated
with the deficiency of diplopods. Inbreeding is known te affect the fertility of chickens
adversely (Bernier, Taylor and Gunns, 1951).  Since live IIT was rclatively the most
severely inbred of the three lings, the seeming association of low [ertility with the low
incidence of diplopods here may be considered as fortuitous. A i
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While we are aware that there are several types of gametic abnormalities of be-
haviour such as preferential [ertilization, directed segregation, or the segregation ratio
abunormality (Dunn, 1954) that can lead to abnormal genotypic, and so also phenotypie,
ratios, we [eel that our failure to find evidence of an association bhetween fertility and
low phenotypic ratios in cither males or females tends to discount explanations of this
general category.  We realize, however, that this type of negative evidence can not
exclude the possibility of unequal dp and Dp gamete production by low-ratio males.
Because an abundance of sperm are availahle in an oviduct for fertilization ol ova, such
an cffect would be very unlikely to lower fertility.

Our data suggest that the basis of the inherited tendency to produce progenies
deficient in the expected proportion of diplopods is not due to a reduced proportion of
dpdp genolypes in the low ratio lines. Neither is it attributable to selection favouring
a high death rate of dpdp zygotes before accurate phenotypic identification. Rather
the available evidence indicates that we have selected birds with an inherited tendency
to produce a larger and larger proportion of their dpdp progeny appearing pheno-
typically normal. Clearly, such a trend should result in an increasing proportion
of carriers in the progeny of the low ratio lines unless a normal-appearing diplopod is
so poor in vigor that death occurs before the progeny test necessary for identification
can be completed. We feel that our failure to date to discover a significant excess of
carriers of dp in our tested populations must be explained on this basis. All evidences
of vigor or reproductive fitness examined in the selection lines have indicated that
line III (4+-3% identified diplopod progeny)} is considerably poorer than line I (26-2%
identified diplopod progeny). Viability to five months, three-month egg record, and
proportion of birds with no progeny test because of low or complete infertility or poor
egg production, were all least satisfactory in line IIL. In addition the numbers of
identified embryos required to establish a bird as a noncarrier increased steadily in line
IIT as the phenotypic ratios of diplopods decreased. Accordingly many females of
rather poor production characteristics, who may have been carviers, never produced
enough fertile eggs to be’classified as either carriers or noncarriers. Females from
line T could be classified on the basis of 18 identified embryos; thus, females of this line
with exceptionally low egg production were easier to classify accurately. Unless the
fitness of the postulated homozygous dp carriers of line 111, and to a lesser extent those
of line II, was very nearly equal to heterozygous carriers and normals, the chance of
obtaining an adequate record for classification would be low.

All the evidence available at the present time suggests that we are dealing with a
case of the suppression of the phenotypic expression or penetrance of dpdp mediated
by modifier systerns selected in our two low-ratio lines. We have evidence that the
modifier system involved Is not a simple one invelving one or two genes. We prefer
to use the general lerm residual genotype rather than attempt to define the number of
factors playing a role in diplopod suppression. Although our linecross results support
a E_uumtitative type of action our line distinction has heen relatively very rapid. In
the case of line I purification of the line [rom residual genotype modifier effects has been
fairly fast. In line ¥i the interactions are still complex and the results considerably
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Jess predictable than in either line T or line IIL. It seems quite possible that line I1I
could be developed to the point that no recognizable diplopod segregants were produced
in carrier matings within the line. In further tests of this line carried out in 1956 an
increasing number of matings have given less than 29, diplopod phenotypes.* How-
ever, our obligatory reliance on the progeny test for carrier identification makes this
task extremely diflicult if not impossible, although we can identify line I1T carriers by
mating them with line I birds.

In the second and third papers of this series (Abbott, 1959a; Abbott, 19594) embryonic
development and expressivity of diplopodia from the three selected lines are discussed.
Many of the most cogent evidences supporting our hypothesis of suppression of the
diplopod phenotype will appear in these publications.

SUMMARY

Following an outcrdss to a nonrelated production-bred strain, a White Leghorn stock
no longer segregated for diplopodia in the normal 3:1 phenotypic ratio but produced
significant deficiencies of diplopod phenotypes. A program of sclection over a period
of seven years was successful in creating three lines producing significantly different
ratios. Line I was restored o the normal 3:1 ratio (26-29%, diplopods}; line ITI pro-
duced an average incidence ranging from 7-8% to a low of 4:3%; and line I gave
intermediate levels ranging from a high value of 17-49, to 8:2%, in the last year’s
progeny.

The deficiency of diplopods could not be accounted for on the basis of early zygotic
mortality and resulting unidentified embryocs, or by differential fertlity levels in the
lines or in individual matings.

Data ohtained from crosses between the lines and from backerosses of lineeross pro-
geny could not be explained by the assumption of a simple genetic modifying factor.
Occasional evidences for simple dominance or sex-linkage were not verified by more
critical tests. A new mutant gene for diplopodia, discovered by Landauer, did not
appear to be present in this flock.

A polygenic system of modilying factors derived from the production-bred flock
offers the best explanation of the heritable suppression of diplopod phenotypes.

REFERENCES

Ansorr, U. K. (1959a). Further studies on diplopodia. 11. Embryological features. 7. Genel. 56, 179-194.

Azsorr, U. K. (1959h). Further studies on diplopodia. 111, The relationship between expressivity and
penetrance in sclecied lines and crasses. 7. Genet., 56, 195-220.

BERNIER, P. K., Tavrow, L. W. & Gunns, C.A. (1951). The rclative effects of inbreeding and outhreeding
on reproduction in the domestic fowl.  Hilgmdia 20, 529-623.

Duwnn, L. €. (1954). The study ol complex loci.  Atti Del IN Congresso Internazionale Di Genetica.
Carvologia vol. 6 (suppl.), 155-156.

Gares, R. R. (1946).  Human Genetics.  New York: The MacMillan Co.

¥ T
Current data.
(24

o)



178 Phenolype ratios in forol diplopodia

Grecory, I W., Rovuns, W. G, Parrencace, P S, & Careore, F. DL (1951}, A phenotypic expression
of homozygous dwarfisin in beef catle. 7. dn. Sci. 10, 922-933.

Greconry, P, W., Rousrcik, C. B, Carrotr, F. D., Srrarron, P. O, & Hiwstron, N. W, (19533).  Inheri-
tance of bovine dwarfism and the detection of heterozygotes.  Hilgardia 22, 407-450.

Groneperc, H. (1952}, The Genetics of the Mouse 2nd ed. Bibliographia Genetica XV. The Hague:
Martinus Nijhoff. 512-526.

Hurr, F. B (1949).  Geneticy of the Fowd. New York: McGraw-Hill.

Lanpauek, W, (1948}, The phenotypic modification of hereditary pulydactylisn of fowl by sclection and
by insulin.  Geneties 33, 133-157.

Lanpaver, W. (1950).  Genetic and developmental relations of the mutations for polydactylous, dupli-
cate and diplopod tocs of fowl.  Moderne Bivlogie pp. 195197 (Grimncberg, H. & Ulrich, W., Ed.).
Berdin: F. W, Peters.

Lanpaver, W. (1953). Recessive and sporadic rumplessness of fowl: cficcts on penctrance and expres-
sivity.  liner. Nat. 89, 35-38.

Lanoaver, W. (1956a).  Cyclopia and related defects as a lethal mutation ol fowl. 7. Genet. 54, 219-235.

Lanpaver, W. (19561). A sccond diploped mutation of the fowl, f. Hered. 47, 57-63.

Muxsra, 5. 5. & Kosin, I L. (1943).  Prool of the existence of pre-oviposital embryonie deaths in chickens
and their bearing on the relation between ‘fertility’ and hatchability, Conad. 7. Res. Sec. D Zool,
Sri. 23, 129-138.

Taveow, L. W. & Gusws, G AL (1947).  Diplopodia: a lethal forn of polvdactyly in cliickens.  J. fHered.
38, 67-76.



