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INTRODUCTION 

Diplopodia occurs in chicken embryos homozygous for ,alp, an autosomal recessive 
lethal gene (Taylor and Gunns, 1947). Taylor, Abbott and Gimns (1959), by selecting 
different genetic backgrounds for alp, were able to develop lines of keterozygous carriers 
characterized by significantly different incidences of diplopod offspring. They were 
able to show that factors affecting gametic or very early zygotic viability were not 
responsible for the different phenotypic segregation ratios. Studies of comparative 
development of diplopod and normal embryos fi-om the selected lines indicated that 
diplopod embryos were retarded and that this retardation was most marked in those 
from the normal-ratio line, I, (Abbott, 1959). Abbott also found the three lines to 
produce diplopod embwos differing significantly in length of embryonic survival. 

Dip[opod Morphology 

The diplopod gene affects the numbers of digits on the feet and wings, the numbers 
of metatarsal bones, the size and shape of the long bones, and the structure of the beak. 
Embryos with typical expressions of the anomaly have six toes per foot, which are 
arranged in two sets of three each (Plate 1). The normal set consists of digits II, III  
and IV, while the other three replace the hallux (digit I) and are usually smaller than 
normal and variable in structure. Extra metatarsal hones are present as well. The 
femur, tibiotarsus and tarsometatarsus are shortened and thickened. The tibiotarsus 
is bent. There are either three or four digits on each wing replacing the normal wing 
finger o1" pollex. The pre-maxilIa is shortened. 

Atypical expressions of diplopodia (with less than six toes per foot) were found to be 
especially common in progenies of low-ratio carriers produced after art introduction of 
germ-plasm from the unrelated U.C. Production Flock of White Leghorns. Before 
this outcross 94~ of all diplopod embryos had at least six toes per foot (average, 11-9 
toes per embryo). After the outcross alp-carriers produced both normal and deficient 
phenotypic segregation ratios. Of  diplopod embryos produced by dams with normal 
(3:I) segregation ratios, 77% had at least six toes per toot (average, 11"5 toes per embryo) 
while those from hens with deficient ratios averaged only 11.2 toes per embryo. 

* Now at tile University of Cali%rnia, Davis. 
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A4~,,tmetrical E@rm'siolz.f of ,~lperttumera O, Toes 

"]'aylor and Gunns (pp. cir.) found that asymmetrical numbers o1" toes occurred in 

about 1/6 of the diplopod embryos they examined, and that 5/6 or these had more toeu 
on the right than on the left foot. Their dam included post-outcross progenies, as well 
as those produced by the original carrier stock. This finding was later confirmed by 

]Landauer (1948). Other  investigators (Punnett and Pease, t929; \'Varren, 294<t-; 

Landauer,  1948) have round that in cases of asymmetrical development of extra digits 
in other types of polydactylism, the leti side is generally more affected than the right, 

This observation has been explained (by Landauer) as a reHection of the well known 
differential growth potentials on the two sides of the developing avian embryo. He 

ti~rther postulated that the l~ailure of diplopodla to conform to this general rule might 
be due to the specific time of action of the dp  gene; and suggested that the side of the 

embryo which shows the more intense growth activity at the determinative pcciod is 
more resistant to a genie effect. 

PROeI::DURES AND RESULTS 

Chal~ges i1~ et?ressivit), of diplopodia accompany changes in peJzelral~ce 

The three lines of diplopod carriers established by Taylor,  Abbott and Gunns included 

line I, in which the original 3:t phenotypic segregation ratio was restored; line II ,  
selected for an intermediate (12-14%) incidence of diplopod offspring but which had 
dropped below a I0 ~ incidence by 1954-; and line I I I ,  seIecLed for the lowest detect- 
able segregation ratios, and which approximated a 5~ incidence of diplopod offspring 
in 1954. Descriptions of all diplopod specimens produced in the three lines and in 
line crosses detailed the numbers of extra toes and fingers, the presence or absence of 

the hallux and extra metatarsals and the presence of a normal or shortened pre-maxilla. 
Early in the period of Iine differentiation it became obvious that phenotypic variability 
in the expression of the dipIopod syndrome was increasing. New effects of the muta-  

tion were discovered, especially in the normal-ratio line. The original method of 
describing specimens gradually became inadequate; that is to say, distinct differences 
in the extent of reduction of the pre-maxilla, tibiotarsus and tarsometatarsus and in 
the degree of tibiotarsal bending were found. The investigator conducting the post- 

mortem examinations w~is tempted more and more to make use of" comparatives such 

as ':slightly" or "greatly reduced", etc. I t  became clear that this variability was 
increasing between lines and decreasing within lines, at least within line I. Accord- 
ingly, after llne separation had progressed to the point that significant differences in 
phenotypic ratio could be demonstrated between line I and the two lower-ratio lines 

a more comprehensive analysis of pheaotypic expression was carried out. This paper  
deals specifically with the analysis or differences in the expressivity of diplopodia in 

the three selected lines and in line crosses from data collected during 2953 and 1954. 

In addition a further study os asymmetry or discordance in digit expression was made. 

Data  on discordance are included tbr the period between 1947 and 1954. In  1954 
t 

the incidence and type of discordance in wing finger expression was studied as well. 
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T h e  procedure used in recording data on phenotypic expression was as tbllows: In  

the case of  digit number,  which was anaenable to a quanti tat ive t reatment ,  total 

numbers  of  fingers I and toes present on each foot and wing were recorded. This proce- 

dure allowed a consideration of  embryos with normal expressions on any limb. For  

shortening or bending of  the long bones and for reduct ion in the length of the pre- 

maxilla, a present or absent classification and a classification describing severity were 

adopted.  In  each case three arbi t rary classes were used where 1 =slight,  2~-interme- 

diate and 3 =-~severe. Thus, in the ease of  disproportionate long bone reduction (micro- 

melia) class ! included diptopod embryos with the tibiotarsi equal in length to the 

tarsometatarsi  and both bones approximat ing 2/3 of the length of the normal tibio- 

tarsi. Class 2 included embryos with tibiotarsi shorter than the tarsometatarsi and 

approximately  1/2 of  normal  length, and class 3, embryos with tibiotarsi 1/2 the length 

of  the tarsometatarsi  and less than 1/3 of normal length. A simple present or absent 

classification was used for hallux, pollex and newly discovered expressions of diplopo- 

dia such as egg tooth ventral  (rather than dorsal), w o l f j a w ' a n d  other beak abnormali-  

ties. Da ta  relating to the pat tern  of  expression of supernumerary  digits were recorded 

by means  of a code describing their relative size, shape and position. The observation 

that  abnormal  development in organ systems not usually diagnostic for d p d p  appeared 

to be increased in diplopod embryos led to the systematic recording of the incidence of 

all anomalies in all embryos, whether diplopod, normal or early unidentified deads. 

Where  possible, as in crooked toes, account  of severity of  the defect was taken; in this 

instance severity was measured in four grades from 1, slight, to 4, severe. Ali data  

were recorded on I.B.M. cards. 

NEW EXPRESSIONS OF DIPLOPODIA 

1. Attenuated e~pressioJzs 
(a) 141ilzg duplicatrs 

A new phenotype considered here to represenl the most at tenuated and yel identifi- 

able form o[" the mutation was discovered in low-ratio progenies in 1953 and I954.. 

These embryos lack the diagnostic supernumerary toes but  have otiler phenotypic ex- 

pressions of  the diplopod syndrome including extra wing fingers. Taylor  and Gunns 

classified embryos as normal or diplopod according to the presence ofext ra  toes. They  

found addit ional wing fingers in 97% of the diplopod embryos they examined. They 

did not find errtl)ryos with extra wing fingers but normal numbers  of' toes. In addition 

to extra digits on one or both wings, this new eIass of embryo typically has a slight 
micromella and tibiotm'sal bending and either a normal or ve ,y  slightly reduced pre- 

maxilla (Plate 2). Wing duplicates (as we have called them) gene,'ally survive the 

incuhat ion period; some hatch, but the rm\iority are found alive-in-shell at hatclaing 

time. 

~As explained in Taylor, Abbott and Gunns (1959) total finger mmabt'r rci}'rs to the anlcrior comple- 
ment in a spread wing (,replacing oz" in adclldon to the l:)olIcx). 



200 Expressivily and penetrance of diptopodia 

The high incidence (Table 1) of this type of embryo in line III  progenies, typified 
also by a higher incidence of other atypical expressions of diplopodia, as well as their 
absence in line I, supports the suggestion that wing duplicates represent the final identifi- 
able stage in the phenotypic modification of the diplopod mutant toward normality. 

(b) Yon-duplicates 

A second phenotype, which may rep,'esent a further attenuation of diplopod expres- 
sion, was observed in 1954. Non-duplicates (Plate 3) have no extra digits on the feet 
or wings but show instead some combination of the following characteristics, inc|uding 

at least two of the first three listed below: 
(I) micromelia of the lowest grade; 
(2) pre-maxilla slightly reduced; 
(3) tibiotarsi slightly bent; those which hatch may be crippled; 
(k) ventral position of the egg tooth; 
(5) body size slightly tess than normal sibIings. 

For all calculations of phenotypic progeny ratios both wing duplicates and non- 
duplicates were perforce considered as normal segregants since they lack the criteria 
(doubled foot structures) which has given diplopodla its name (see Taylor, Abbott and 
Gunns, 1959). However, in this paper, dealing as it does specifically with expressivity 
of the diplopod syndrome, wing duplicates are considered as attenuated forms of" diplo- 
podia; non-duplicates, which are more difficult to recognize and which may be confused 
easily with sporadic types of micromeEa, are classified as normal embryos. Their  

incidence in 1954 is reported in Table i. 

Table 1. Incidence of Dip[opods (D), Wing-duplicates (WD) and Non- 
duplicates (ND) Among 1954 Progenies. 

Parental Line Total Progeny Phenotype 
~' oo Classified % D % WD % ND O O ~-r 

I I 1797 26"2 0"0 0'2 

[ I  I I  822 8-2 1-8 I'2 

I I I  I I I  629 4"3 4'8 3'2 

I* I [  690 16"7 3"2 i "4 

I* I I I  507 13"6 2"0 1"6 

I LC~" 136 15"4 2"2 1"5 

I I I  LCj" 614 7"2 3"4 1"5 

* Reciprocal cross data. 
~" LC--female progeny from a mating of a line l l I  male with line I females. 

2. Severe expressions 

(a) A&mrmal position of the egg tooth in dip&pod embryos 
The egg tooth, a horny protuberance located in normal embryos on the dorsal surface 

of the upper beak and used by the chick to pip the shell at hatching time, is in an ab- 
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normal ventral  position in a large propor t ion ofdip lopod embryos. In  t953 the several 

lines and line crosses dil~Ered in the frequency of this defect. The  egg tooth was loca ted  

in the abnormal  ventral position in 75.6% of the diplopod embryos of line I but  in 

only 4 ' 9 %  of those of  line I I I .  The  ventral  position of the egg tooth may  be one of the 

major causes of lethality (failure to hatch) of diplopod embryos. In  both 1953 and 

1954, all diptopod hatched chicks had the egg tooth in its normal dorsal location. 

(b) Wolf jaw (la gueule de loup) 

Another  anomaly  affecting the beak region, the absence of the latero-ventral  par t  

of the maxilla, was found in diplopod embryos, especially those of  line I, but  not in 
their normal  siblings (Plate 4). The  edge of  the maxilla in this region is serrated. 

The normal ly  cleft palate of  the chicken is widened to form a large irregular breach. 

The nasal orifice remains open ventrally. Occasionally the defect involves the face 

parts adjoining the maxilla. Expression may  be either unilateral or bilateral. Uni-  

lateral or disproportionate involvement of  the two sides of  the face leads to asymmetrical  

beak development  and thus to a typical crossed beak. In some cases the maxilla does 

not show the characteristic defect but  is crossed and extremely short. This syndrome 

resembles one described by Ancel (1950), as la gueule de loup (wolf jaw),  which results 
from a deficiency in, or faulty development  of, the upper  maxillary bud. Ancel 

reported that  more  severe interferences with the developing ma~I la ry  bud led to colo- 

boma of  the face, which fl'equently occurred with wolf jaw. Crossed beaks occurred 

in cases of  unequal  involvement of  the two sides of the face in Ancel's material  as -,veil. 

Ancel was able to produce la gueule de loup and facial coloboma by arresting the deve- 
�9 lopment of  the upper  maxillary bud by the injection of trypaflavine into the early deve- 

loping embryo.  Such treatments also led to abnormal  development of  the limbs and 

of celosomia. 

Tab le  2. Incide,,ce of Wolf Jaw (14"])') a,,d Crossed Beak (CB) i,, Dipfopod* 
Progew, 1954. 

Parental Line Diplopods Number Percent 
d'd '-(.i' Classified 

w j  cB w.} + w j  wj  --/or 
CB CB 

1 l 464- 4-1 9 56 2l-6 23-5 
It I1 82 3 2 2 6.1 8-5 

III Ill 56 0 0 0 0-0 0.0 
I]- II 135 5 3 I0 11-1 13-3 
}~ III 79 0 l 2 1-3 3-8 
I LC 23 0 2 2 8.7 17.4. 

1 II LC 64 0 0 0 0.0 0.0 

* ~Includes embryos with extra wing digits but norrnal numbers af tocs. 
"[" Data from rcciprocal crosses. 

In  a similar fashion Landauer  (1952) produced a syndrome of anomalies resembling 

in several respects those of  the line I diplopod phenotype,  complicated with wolf  jaw,  
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by injecting boric acid into developing embryos. He lbund the most li 'equent beak 

and face defects to be cleft palate and bilateral titcial coloboma, bod~ tbund  in some 

diplopod embryos, and a shortening of the lower beak, not lbund in diplopodia.  L imb 

abnormali t ies accompanying these l~q.cial defects included micromelia, abnormal  bc'nd- 

ing of the limbs and curled toes, all of which are characteristic of the diplopod phenotype.  

In general, diplopod embryos witi~ severe expressions of d~plopodia in other organs 

(i3 or 14 toes anti 9 or more fingers) had wolf j aw as well. In line 17, 23'5 percent  of 

all diplopod embryos classified in 1954 had either wolf jaw, wolf j aw complicated wh.h 

coloboma or some/brm of crossed beak. This syndrome was rare in embryos produced 

fi'om matings of the intermediate  ratio line and absent in the low-ratio line (Table  2). 
A high incidence of wolf jaw was characteristic also of crosses of !ine l. 

Abnor~lmlities Jzo* diaglwstic for diplopodia 

I. C?oolccd toes 
Crooked toes, a foot defect expressed as a persistent Itexion of the p lan ta r  digits ol ~ 

the fbot, is influenced by both hereditary and envi ronmenta l  factors (Hicks, 1953) 

and occurs fi 'equendy in diplopod embryos. The incidence of crooked toes here 

reported for diplopod segregants refers only to the embryonic and day-old form of the 

disorder. AII embryos, reaching 13 days of embryonic  age, were classified as normal  

or crooked-toed; and if tee latter, the severity of the defect was described in four grades 

Table  3. b~cidence and Average Severity of Oooked Toes, 1_ oo. 

Class of Embryo ParentaI Line Percent Crooked Toes lt.ight or Average Severity 
r o9 Left Foot 

Right Foot Left Foot Right Foot Left Foot 

Diplopod ((2: :< C)~" I I 57"5 52"5 66"4 2' 1 2"2 
II II 41'5 32"I 47"8 2"0 2"2 

III III 30"0 20"0 38"7 1 "6 2"0 } 

I II* 50'7 45'3 59'0 1 "8 1 "9 
I III* 28"6 52"4 57"1 2"0 i'6 

II tII* 25'0 25"0 2540 I'0 2"0 

TOTAL 49-6 -1.5.7 

Normal 'C >; C) I I 6"9 6'8 

59"4 2"0 2' 1 

I2"I 1"8 1"8 
lI II 3"6 4.1 6"6 1"5 1"6 

IIl  III 7% 5-I 12"8 1'6 1"6 

i II* 7"4 8"6 i,'1,'5 l "7 I"6 
i lII* 6'4 6"2 10"3 2"I 2'0 

II III* 4.,1 6-7 10.8 1-5 1.3 

TOTAL 6"3 6"3 I 1"2 1"7 I'7 

Normal (NC** :< C) 4"9 4-4 6'7 1'7 I '6 

* Reclprocal  crosses. 
"I C=l " Ie terozygous curr ier of  dp. 

* *  N C ~ N o n c a r r [ e r  o f 'dp.  



from slight  (grade 1) Io severe (grade 4). Crooked toes occurred on either one or 

both feet, were of  the same grade  on both feet or showed bi la teral  d i scordance  in ex- 

pression (Plate 5). In  d ip lopod  embryos  this defect involved both the no rma l  and 

s u p e r n u m e r a r y  digits at the same time or the normal  or supernumerar ies  alone. 

Crooked toes were sometimes lbund together  with a cur led- toe  condit ion.  A f e w  emb,'yos 

had curled toes only;  these often showed other  symptoms of r ibof lav ine  deficiency.  

The  incidence of crooked toes in the d ip lopod stocks was relat ively high. T h e  

incidence in normal  embryos from non-car r ie r  mat ings  was 6-7%, and tha t  from car r ie r  

mat ings  was II-2~ considerably higher than the 2~ incidence repor ted  by Hicks for 

the U. C. Produc t ion  Flock. The  incidence of crooked toes was far h igher  in d ipIopod  

embryos than in their normal  siblings. In  1953, 59.4% ofa [ l  d ip lopod embryos  classi- 

fied for tills defect had crooked toes on either the r ight  or left foot or both  (Tab l e  3). 

A s y m m e t r y  in both expression and severity was common.  However ,  no s ignif icant  

difference in the f iequency of crooked toes between the left and  right foot was found. 

Line I and  crosses of line I p roduced  the largest  p ropor t ion  of  affected embryos  with. 

the highest  average grade of the defect. The  relat ively high incidence of  crooked toes in 

normal  embryos  may  reflect the compara t ive ly  high level of  inbreeding of  all d ip lopod  

stocks. T h e  high incidence in the progeny of line crosses may  reflect the level of in- 

b reed ing  of  the dam,  influencing nut r i t iona l  value or shell quali ty,  r a the r  than that  of 

the offspring. ,~,0- values compar ing  the propor t ion  of crooked toes in normal  and  

d ip lopod embryos  of each line ind ica ted  that  in each case, the defect was significantly 

more f requent  in diplopod embryos  than in their normal  sibs. The  X ~ values for the three 

comparisons were all highly significant;  line I, 415-7; Iine I I ,  143-I ; and  line I I I ,  14-'8. 

2. Non-specific anomalies 
Non-speclf ic  abnormal i t ies  were three times as f requent  in d ip lopod embryos  as in 

normal  siblings f iom the same mat ings  (Table  4). The  total  incidence of  these abhor -  

T a b l e  4. Incideme of Sporadic Anomalies i~t .,\'brmal (jV) and D(plopod (D) 
.Progeto, , 1953. 

Parental Line Embryc~ Number of ~ of Progeny 
~d ( I  ~ ' r  Phcrmtype Progeny with Anomalies 

I 1 N 1192 19"0 
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D 356 67.1 
II II N 608 19.,t- 

D I t9 55"5 
I l l  /II  N 315 18"1 

D 3I 38.7 
I II* N 502 22.3 

D 85 63-5 
I I i l *  N 39(I f8"7 

I) 44. 52"3 
[I Il l* N 92 28"3 

D 4 25"0 
TOTAL "N 3099 19-8 

D 639 6I-8 

" - * l~.cciprocal crosses, ".T 



204 Expressivil~, and penelrance of diplopodia 

realities in diplopod embryos was higher in line I matings than in llne I I  or line I I I  
matings. The abnormalities considered under this heading included a variety o f  
malformations, non-specific disturbances of development and chick defects. The  

malformations included cerebral hernia, edema, heterotaxia, microphthahnia,  dis- 
proportionate retardation, dwarfing, anterior and posterior duplications and ompha- 

locepha/y. The non-specific disturbances included hemorrhage, ruptured yolk, 
strangulation by yolk sac, unabsorbed yolk and anemia. The chick defects included 
crippling, spraddled legs and defective seal of the abdomen at the umbilicus. Edema, 

hemorrhage and celosomia, especially, al~cted a large proportion of diplopod embryos, 
particularly those ti'om line I matings. 

7-he relaliom'hip between mmzber ~f toes or fingers and pep~etrance 
Both total foot and total wing digit number were related to parental line. Embryos 

ti'om line [ had the highest number  of both foot and wing digits, line I I  embryos were 
intermediate and those of line I I I  had the lowest number. Line crosses were intermediate 
between parental lines except for the cross I I I  •  in 1953, where the numbers of digits 

in diplopod embryos approximated line I I I .  Figures I and 2, whicl~ are based on 
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Figure 1. Total foot digits of all diplopod 
embryos from matings of line ][, l:I and III 

- ~ "  r:  and line crosses m 19o4.. 

25- 

2 3 4 5 6 7 8 9 IO 

Total Wing Dig~ Number 
Figure 2. Total wing fingers of all diplopod 
embryos from matings of lines I, II and IiI  

and line crosses in 1954. 
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total foot and  wing digit  numbers  respectively, i l lustrate this point.  In  this case the 

compar ison  is based on the total  number  of digits (both no rma l  and supernumerar}~) 

of  both  feet, in F igure  1, and  of  both  wings-", in F igure  2. Thus: for foot digits the 

classes inc lude  8, the no rma l  complement  of four  digits per  foot, through 14, the maxi-  

mum n u m b e r  of  foot digits observed in any embryo.  These  totals represent  any  combi-  

nat ion of  r ight  and  left foot or wing digits with the restr ict ion tha t  the m i n i m u m  n u m b e r  

of digits on any  one foot is 4 and  that  on any one wing, one. Tha t  the difference in 

digit  numbers ,  i l lustrated in Figures  1 and 2, was a r e a I  one is attested to by  T a b l e  5, 

Tab le  5. Analysis of ~'}triance of Foot Digit Number, 1954. 

Source of Variation df Mean Square 

Total " 607 
Between Lines 2 234.86 

Between Sires 14 1-56 

Between Dams 107 1"31 
Within Dams 484 "77 

]vIean Digit Numbe~ 
Line I tl.8--.01 
Line II 10.3• 
Line III  9 '2• 

150"55" 

1'19 

Analysis of ~'hriance of Wing Digit .Number, 1954. 
(b) 

Source of Variation df Mean Squares F 

Total 604 
Between Lines 2 286'28 

51 '77* 
Between Sires 14 5'53 

3"95 
Between Dams 107 1 "40 
Within Dams 4.[14 1-70 

A4ean Digit Number 
Line I 6 '6 , ' 03  
Line II 4"6-5='4.6 
Line I I l  3.9--'-25 

* P < 01. 

which summar izes  tile resuhs of" all analysis of  var iance  of  total  foot and wing  digit  

number  tbr the three lines. This  s tudy also ind ica ted  tha t  var ia t ion  in p rogeny  digit  

number  was re la ted  to pa ren ta l  phenotyp ic  segregat ion rat io.  Embryos  of  l ine I were 

least var iab le  in both foot and  wing digit  n u m b e r  and those of  line I I  and line crosses 

most var iable .  Wing  digit  n u m b e r  was far rn.ore var iab le  than foot digit  n u m b e r .  

~riable expression of lhe dipl@od syndrome 
Dip lopod  embryos  of  the three selected lines diffet-ed both  in the f i ' equency with  

which different  organs affected by the gene were al tered and  in the relat ive sever i ty  of 

:See tbotnote I~ page 19.1. 
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such alterations. The majority o f d p d p  embryos produced by line I matings exhibited 
a phenotypic expression of diplopodia in all organs cha,'acteristlcally altered by the germ 
(F_;gure 3). Furthermorc, tile majority had either the hltermediate or severe gradcs 
of expression and seldom the attenuated fbrms. On the other hand, diplopod embryos 
fl'om line I I I  rnatings often exhibited normal phcnotypic expressions in a number  of 

the organs typically altered in d p d p  embryos; organs which were affected showed the 
mild or intermediate tbrm of the disorder and seldom the severe form. Line I I  embryos 

were more variable in expression than those of either lipe [ or line I I L  Diplopod 
embryos with typical expression of all parts of the phenotype, tl!osc with severe expres- 

sion in certain organs and attenuated expression in others and those with nearIy normal  
phenotypcs were common in progenies of this line. Line crosses also produced a wide 
range of types of dip[opod embryos; they varied in number of d p d p  phenotypic effects 

per embryo and in grade of severity of these effects. The occurrence of embryos with 
diplopod expression limited to only certain organs, and yet present in severe degree 

in these, as well as those with both severe and mite[ expressions in progenies of the same 
birds, indicated that the several "pleiotropic" effects of the d p d p  genotype may be 
independent of each other. Pleiotropy is not a useful term in this context, seeming, 

as it does, to imply some common eausaiity. 
Average expression in the several organs characteristicaUy altered in diplopod 

embryos is illustrated for the three lines and the line crosses in polygonal graphs (Figure 
3). These graphs do not take into account the variability in expression within different 
matings and between different characters, which has been exemplified by total foot and 
wing digit number. Seven morphological effects of d p d p  and the incidence of embryo-  

nlc death in the three lines of 1953 are represented on the eight radii of an octagon 
(Figure 3a). The point farthest from the intersection of radii in each case represents 
the theoretical maximum effect of the d p d p  genotype. Some of the characters repre- 
sented on the graphs were measured in grades, and for these a severity index, taking 

into account both incidence and grade of expression, was computed. For present or 
absent characters, the,percentage point represented on the graph is equivalent to ~.he 
incidence of the anomaly, expressed as a percen.tage of all diplopod embryos. Figure 

3b represents foot and wing expression (severity, incidence and type of asymmetry) ,  
premaxillary expression and percent of embryos lacking the pollex from each line and 

linecross of I954. 
Selection for lower phenotypic ratios of diplopodia decreased the average expression 

in all characters measured. Several of the characters considered differed in their 

response to selection. Lines I and I I I  are distinct in phenotypic expression wttile line 

I I  produced embryos with intermediate expressions, closer to that of line I I I .  

Asymmelrical expression of extra toes alzd fingers 
The incidence of diplopod embryos with unequal numbers of extra toes on the right 

and left foot increased after the introduction, in 1942, of germ-plasm fi'om the unrelated 
U. C. Production Flock. The incidence fluctuated between 1947 and [952 but in- 
creased after this time (Figure 4a). This latter trend reflected in part, at least, tile 

relatively larger prope~rtion of diplopod cmbryos coming fioln matings of lines I f  and 

/ 
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I I I  a n d  f rom lmc crosses in 1952, 1953 an d  1954. S y m m e t r i c a l  expression of  ext ra  

digits  was highest  in line I d ip lopod  embryos,  i n t e r m e d i a t e  in  l ine I I  and  lowest  in 

l ine I I I  in  both 1953 and  1954. (Figures  3b an d  5). Both l ine crosses had  c o n c o r d a n c e  a 

A 

G C 

E 

Figure 3a. ,Sew-n morphological expressions ofdiplopodla, 1953. 
l inel  l ine l l  . . . .  ; l ineI I l  . . . . . .  

Radii C'J*aracter 

A % hallux absent 
B foot digit severity index 
C % diplopod emhryos clying in shel[ 
D wing digit severity index 
E % diptopod embryos with vcmral egR lt,oll'~ 
1~ limb curvalure severity index 
f; mieromelia sever;ty index 
H metatarsal severity index 

a p p r o a c h i n g  or  surpassh-~g the lower pa ren t a l  l ine.  I n  l ine I, which  p r o d u c e d  

the h ighcs t  p ropo r t i on  of  d ip lopod  embryos  wi th  s y m m e t r i c a l  expressions of  digi t  

n u m b e r ,  most often symmet ry  was associated wi th  the typical  exm'ession of d ip Iopod ia ,  

aConcordance is hcrc used to denote equivalent expression ~n t.hc two sldcs of Ihc body in either fool 
?1' ~,%'iLlg d ig i t  Illlzllht,l-, and discordance, the appeMlc express[an, i.e. unequal h~vc~lvemem c,f the Iwa side';. 
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three extra foot digits. Matings producing a substantial proportion of embryos with 
attenuated expressions of diplopodia aIso had a big'her proportioa with an asymmetri- 
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kxpressions and concordance in diplopodia, 1954. 
(a) line II 
(b) llne I 
(c) line III  
(d) line I >;line II (reciprocal cross) 
(e) line I ;<line I I I  (reciprocal crc~ss) 
(f) line I • Iinecross.?_o (line III;< Iine I, 1953) 
(g) line I I I •  linecrossC!9 (line III  :-', line I, 1953) 
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foot digit severity index 
% right asymmetry in lbot digit number 
% pollex absent 
% right asymmetry in wing digit aumber 
% wing digit concordance 
pre-maxillary severity index 
% tbot digit concordance 
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cal expression of extra digits, most generaliy among  the a t tenuated  forms. O n  the 

other hand,  a tendency toward an increase in more severe expressions (four extra digits 

per foot) in line I increased the proport ion of diplopod embryos with d&cordant expres- 

sions of foot digit n u m b e r  in this line in 1954. Embryos with five or seven digits on 
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Figure 4 Incidence of discordance in foot digiL l~.tmber in diplopod embry,as in 
194.3 and from 1945-1954. 

Incidence of dipiopod cmbryus with more digils on the right than on thc 
Icft lc 5 as a proportion of total discordal~t in 19'13 ant.] fi'om 19'15-I95.t. 
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one foot were more likely to have a difl 'erent n u m b e r  on the o the r  I'oot t han  tlmse with 

four or six digits (Table  6). 

Tab le  6. Concorda~we in Several E~vflressions o.f Digil .A'~mber 
(a) Foot Digit ,'u 

']'oral Digits Number % with khmtical 
Right Foot Diplopods Number Left 

Foot 

8 1 0 .0  

7 38 21.1 
6 686 83-2 
5 209 54-5 
4 134 78.:1. 

(b) Wing Digit Number 

Total Digits Number % with Identical 
Right "Wing Diplopods Number 

Left Wing 

6 ~ 0.0 
5 36 25.0 
4 287 35-9 
3 :1.54 6I-2 
2 250 58-0 
I 36 83-3 

Tay lo r  and Gunns repor ted  that  three or four wing fingers were presen t  in d ip lopod  

embryos.  They  did not  repor t  on d iscordance  in wing finger expression. Accord ing ly ,  

da t a  were collected in 1953 and 1954 compar ing  discordance in toe a n d  f inger  expres-  

sions in the several lines and crosses. Wing  digit  number  proved to be Far more  irre- 

gular  in its expression than  foot digit n u m b e r  in d ip lopod progeny  o f  all lines and  

crosses. However ,  the highest p ropor t ion  of  embryos discordant  tbr f inger n u m b e r  

occurred in line I I I  or in line cross progenies.  Concordance  in numbers  of  fingers was 

also associated with the typical  expression of d ip lopod ia  (three digits per  wing) and 

discordance  with both the more severe and  a t t enua ted  expressions (Tab l e  6). Dis- 

cordance  in both toe and finger expression was higher  in I954 than  in 1953 in line I, 

~)het'e it  was also associated with an increase in the number  of embryos  wi th  the most  

extreme manifestat ions of  d iplopodia ,  seven foot digits and five or more  wing digits.  

Concordance  in both. foot and  wing digits was s tudied in the fol lowing ma ,mer .  

Dip lopod  embryos with equal  numbers  of  digits on the feet were descr ibed  as t -  in a 

two numera l  expression, while those with unequal  numbers  of  digits on each foot were 

descr ibed as 0-. Expression in the wings was recorded in the same m a n n e r  wi th  the 

wing descript ion following that  of the legs. The  propor t ional  r ep resen ta t ion  it, the 

fi~ur classes describing~:symmet, 'ical digi t  expression changed be tween I953 and 195~b 
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(Figm'e 5). In all lines and crosses the proportion of cliplopod embryos falling into 

the 1-1 class decreased while the proportion in the 1-0 class increased. In line I pro'- 

genies this change was due to an increased severity of expression (an increase in the 

proportion of diplopod progeny with four, five or six digits per wing). On the other 

hand, in line I~[I .progenies the change was due to a reduction in both total numbers 

of toes and fingers. A higher proportion of embryos had only the normal complement 

of toes but one extra digit on the right wing. A X ~ analysis of the relationship of con- 

cordance in foot digit number with that in wing digit number revealed that in line I 

the two systems were dependent (related) while in lines I I  and I I I  they were 

independent. 

Figure 5. Concordance and discordance in foot and wing digit number in 1953 (above) arid 195-1 (below). 
i-1 feet and wings concordant 
1-0 fcet concordant, wir~gs discordanl 
0-I fcct discordant, wings concordant 
0-0 feet and wings dlscc~rdant 

Discordance in digit number implies that one of the fcet or wings (as the case may be) 
will have more digits than the other. According to Taylor and Gunns (I9'-1.7), 5/6 of 

the embryos they found with unequal numbers of toes on the tWb feet had the larger 
7 
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number  on the right toot 'L. I t  should be noted that Taylor  and Gunns  came to this 

conclusion fiom a study of diplopod embryos produced both by the original stock, in 
which the mutant  was found, and in progenies with varying amounts of  foreign germ- 

plasm (from the U. C. Production Flock). Landauer ,  who received some diplopod 

carrier stock fi'om this station, later confirmed Taylor  and Gunns'  conchtsion (1948). 

Right  asymmetry in toe number  was not found to be characteristic of  all diplopod 

stocks. The original high incidence decreased (Figure 4B). 

I n  1953 and 1954 the three selected lines and the severaI line crosses differed in 

incidence of right asymmetry in both feet and wings. Wing digits showed a tb.r higher 

incidence of right asymmetry than foot digits in all cases. The highest incidence of 

right asymmetry in foot digit expression was tbund in line I, the lowest in line I I I  and 

in line I I I  • LC cross while the highest incidence in wing digit expression occurred in 

line I I I  progenies and in the mating of  line I I I  :<LC (from I I I  •  and the lowest in 

line I. The  high proport ion of  embryos with right asymmetry in finger n u m b e r  in the 

low-ratio line directly reflected the incidence of  wing duplicate embryos. This most  

at tenuated identifiable expression of diplopodla consists largely of  embryos with two 

digits on the right wing (one supernumerary)  and only the normal ly  present wing 

finger on the left. The  converse a r rangement  was rare. 

Bilaterality in position, relative size and arrangement of extra digits. 

Bilaterality in extra digit a r rangement  was investigated in diplopod, embryos f iom 

the three iines and line crosses. Normal  embryos have identical sets of  four toes on 

bo th  right and Ieft feet and one finger on right and left wings. These sets of  toes and 

fingers are identical in size, shape and position. Diplopod embryos may have the 

same or different numbers  of toes per foot and fingers per wing. In  the case of  identical 

numbers of toes on a pair  of  diplopod feet, the normal  ~ o u p  (II ,  I I I  and IV) will 

always be identical in pat tern on both feet. The  supernumeraries may  or may  not be 

identical. They  may differ in position, size o1" shape or alt three (Abbott,  1959). 
.5 

Similarity in pattern (pattern concordance) in both foot and wing digits was greatest 

in Iine I and lowest in line I I  (Table 7). The  most common expression of diplopodia  

Table 7. Incidence of Patlern Concordalwe in Digit Patterns of Diplopod Embryos 
Parental Line % Concordant % Concordant 
~c~ ~ Foot Patterns Wing Patterns 

I I 70"8 47-0 
II II 55.5 46.3 

III  III 52.8 6I-I 
I* I I  61-8 43-7 
I* III 31.8 50"0 

�9 II* ]II 50"0 75-0 
TOTAL 64-2 47.6 

* Reciprocal cross data. 

'~For the sake of convenience a discordant exprcsslon 
has the Iarger number of supernumerary digits is here 
expression is described as l~,;(t asymmetry. 

of digit number in which the right foot or wing. 
referred to as right asymmetry. The opposite 
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(six digits per foot) also exhibited the highest incidence of pattern concordance. Wing 

digit patterns were less consistent than foot digit patterns but in this case too, emhrv;os 
with three wing fingers had the highest degree of exact bilateral replication in pattern. 

DISCUSSION 

The studies of diplopodia. (Taylor, Abbott  and Gunns, 1959; Abbot:, 1959) and the 
results reported here illustrate the interrelationship between the action of a major gene 
and its residual genotype in vertebrate organisms. They demonstrate the dependence 

of all developing parts of an embryo on the entire genotype. 
TEe investigation of the manifestation of a major gene in a variety of genetic environ- 

ments is a means of establishing the nature of whatever interactions may  exist. The  
study of the ontogeny of such a mutant  phenotype helps to clarify these relationships. 

As well as providing information relating to the major action~of the gene, this compara- 
tive approach is useful in interpreting development in terms of what Waddington 

(194:0, 1942) has called canalization. 
In diplopodia the ease with which both the penetrance, or proportion of hornozygous 

genotypes expressing diplopodia in a measurable form, and the expressivity, or form 
teat this phenotypic manifestation may take, may be changed by altering the genetic 

milieu is impressive. The effect of a gene in a line of birds, selected from a population 
exhibiting decreased penetrance and expressivity, can be increascd until the gene 
achieves a regular mendelian behaviour. This process is illustrated in the present 
study by the reestablishment of a line of carriers, typified by the complete penetrance 
and the predictable expressivity of a recessive genotype. While selection for regular 
mendelian behaviour may be successful, efforts to alter dominance relationships are 

more :tedious, as illustrated by the failure of our attempts to exceed a 3:1 phenotypic 

ratio significantly through the selection of line i birds with especiaUy high phenotypic 

ratios for diplopodia (Taylor, Abbott  and Gunns, 1959). 
A second type of change in gene expression, cxemplified in this study by the low- 

ratio line, is selection in the direction of a new type of balance and expression charac- 
terized by the gradual attcnuation of the deleterious effects of the mutant  syndrolne. 

Concomitantly, il]-adapted and inviable fbrms appear among the normal segregants 

of tEe population. The probable end point of this type of selection is the masking of 

a once lethal phenotype in norma{ity. 
In the case of diplopodia, the original carrier stock was at a stage wherc all affected 

individuals expressed the diplopod character in a highly rcgular fashion. It: othe,  
words, the population was characterized by full penetranee and a relatively unifbrm 

exprcssivity in kerms of all Ihe organs affected and tirne of" embryo death. The mum-  
tion undoubtedly had been present irt this stock fur several generations since it was 

faMy widespread when first discovered. The results of our selection program (from 
the post-outcross stock) indicate that a balance of this sort, if not present initially, could 
be established in as few as four or five generations under adequale sclection pressure. 
There is no particular rcason for assuming that a mutation, whi~.n it first occurs, must 
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conform to a specific mendelian phenotypic ratio. The particular pppulation genotype 
in which it appears may undergo considerable alteration before predictable phenotypic 
segregations result. Flexibility in this respect may be brought about by changes in 
both penetrance and expressivity. Regularity in behaviour o~" a mutation or the ap- 
parent Iack of it thus depends on the other components of the genotype. As a result 
the history of the population carrying a mutation and that of the mutation itselt; in 
terms of nun~bers of its appearances, affect its behaviour at any given time. After an 
initial occurrence, ~ts spread and eventual integration into the population depends on 
its effect on fitness. If  low in penetrance and variable in expressivity and lethality 
initially, it may be found in more extreme forms guaranteed to elimilmte homozygotes. 
I f  it has only slight effects, eventually modification may proceed toward the gradual 
disappearance of any detectable expression. 

The introduction o[" foreign germ-plasm flom the Production Flock iL~to the diplopod 
carrier stock destroyed the existing balance and produced a number of birds typified by 
progenies varying in penetrance and expressivity. Subsequently, artificial selection 
favored, in one case, individuals with genotypes allowing full expression of diplopodia 
and in the other, those with genotypes masking the phenotype effectively. In this 
regard it is interesting to note that Landauer (1956), studying a second and apparently 
independent mutation for diplopodia in 'Minorca fowl, reported a broader range of 
phenotypic variability (toe number, complexity of hand structures and age at death) 
than that typical of the original diplopod mutation in Leghorns. However, the in- 
creasingly severe expressions of the syndrome now typical of line I more closely approach 
the Minorca mutant and, indeed, considering our three lines at once, our phenotypic 
variability transcends that of the new mutant. It is not clear how much of'the higher 
expressivity reported by Landauer may be due to actual differences in gene activity 
and how much to differences in residuaI heredity. The genetic background provided 
in the Minorca stock may allow greater developmental lability. Thus Landauer  
(1953) found highly significant differences in response to boric acid treatment between 
embryos fi-om Black Minorca and certain white breeds. 

Two aIternat~ve explanations of the manner in which the residual genotype exerts 
its controI over penetrance and expressivity in diplopodia may be considered. Ac- 
cording to the original premise used in constructing the breeding program, a limited 
number of specific modifiers of diplopodia were introduced into the diplopod carrier 
stock from the Production Flock. The impact of these modifiers in inhibiting diplopod 
expression was. detectable in the progeny of females of the second backcross generation. 
These atypical carriers exhibited both lower penctrance of the gene and variable and 
lower grades of expressivity. Subsequent selection eliminated these: inhibitors from 
line I and established them in different frequencies in lines II and III. The highly 
variable behaviour of line I[ in both penetrance and expressivity, after selection, 
suggested heterozygosity for the modifiers while the strong ratio-suppressive effect of 
certain Ibm I l l  individuals, suggcsted homozygosity for one or more modifiers in this 
line. According to this interpretation, the variable phenotypic segregation ratios 
obtained by crossing l{~es, indicates heterozygosity of the intermediate- and .low-ratio 
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lines for different numbers of modifiers. Back-crosses of" linecross pullets to lines I 

and I I I  indicated tlmt an explanation of diplopod expression, based on a single domi- 

nant inhibitor of d p d p  expression as suggested by the behaviour of certain iit~e I I I  

birds, was not tenable (Ta, ylor, Abbott and Gunns, 1959). Instead the data ,",'uggest 

that a large number of modifiers, some with at least partially dominant action, are 

present in different combinations in the low-ratio lines. 

An alternative view is that the mode of action of the different residual genotypes 

selected in the three lines is based upon a series of epistatic interactions. Under this 

assumption, the original diplopod carrier stock had a batanced and internally inte- 

grated set of chromosomes, stabilized to produce full phenotypie expression of diplopo- 

dia according to a simple 3:1 expectation. The phenotype was highly regular in form 

and almost completely lethal during embryogeny. The introduction of new chromo- 

sornes, with a different internal balance fi'om the Production Flock, resulted in the upset 

of this system. Both the first atypical ratios and the first atypical expressions appeared 

in the progeny of a backcross to the original diplopod carrier stock as a consequence of 

the breaking up by crossing-over of the delicately adjusted internal balance. Segrega- 

tion, recombination and ffuther crossing-ov'er led to the appearance of low-penetrance 

birds homozygous or heterozygous for different numbers of these unbalanced chromo- 

somal combinations. These birds produced progeny characterized by variable pene- 

trance, expressivity and embryo viability. 

Selection for low ratios favored these unbalanced combinations. The variable 

behaviour of line II, especially in crosses with line I, reflects the heterogeneity and 

imbalance of this line. Selection far exceeded the original objective, based on the 
assumption of modifiers, and continues to be effective as more and more chance combl- 

nations of chromosome parts give rise to additional "modifier effects". The end point 

of selection for low ratios is a diplopod carrier stock characterized by the complete 

absence of a phenotypic expression o[" dipiopodia, based on a new intra- and inter- 

chromosomal balance. Line ~[II may be-approaching this state. However, in this 

instance the end defeats the means of identification. The predictable and uniform 

behaviour of'line I suggests that the pre-outcross balance has been restored or a new 

balance attained by the seIection of individuals largely free fi'om foreign chromosomes 
and cross-ore," products. 

According to Waddington (1940), the epigenotype of an organism can best be 

visualized as a branching system of developmental patltways, each leading to a different 

expression of one of" the components of adult form. Each path is, to a greater or lesser 

extent, canalized or buffered. This means that the reactions detc,'mining the path 

are so interlocked with one anothcr that there is a strong tendency t~)r a normal result 

even after considerable environmental or genetic disturbance, lNaddington has 

suggested that such bulTel'ing is strongest in wild genotype.s and weakest in strains 
carrying recent mutations. Similarly, Schrnalhausen (194.9) has indicated that mu- 

tants and gene combinations not historically established as normal constituents of 

natural populations of a species may be deficient in homeostatic responses, even in their 
ustlal environments. Other investigators have been led to coli'clude that phenotypie 
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likeness does not depend upon genotypic similarity, but rather upon the balance and 
interrelationships between the various genes and chromosomes present and their inter- 

play during development (i.e., Thoday, t953; Lerner, 1954). 
The most fit individuals or strains are those which give rise to the highest proportion 

of progeny epigenotypes able to achieve normal phenotypic expression ~n spite of 
aherations of their developmental euvirom;qents. The dlpIopod studies provide 
additional evidence that mutant  genotypes are hnpaired in their developmental cana- 
lization. Embryos carrying dpdp ,  a genetic stress, are less well buffered in develop- 
ment thar~ those with only one dp  gene or none. The loss in developmental canaliza- 
tion due to the dpdp genotype has been expressed in an increased incidence of non- 
specific abnormalities of development in systems not characteristically altered in diplo- 
podia; in bilateral asymmetries of foot and wing digit number (affecting supernumerary 
digits and occasionally' the hallux and pollex) and of pattern or arrangement of super- 
numerar~es; and in irregular phenotypic expressions among the different organs altered 

by dpdIp. Landauer (194.8) also found bilateral asymmetry in foot digits to be more 
common in polydactylous progeny of stocks which had not been selected for polydactyly 
than in progeny of welI established polydactylous breeds. 

Absence of the normal allele of dp  acts as a switch mechanism, which throws deveiop- 
ment out of its normal well-defined channels into a variety of unusual developmental 
pathways. The residual genotype is not so adjusted that it may always cope effectively 
with minor environmental fluctuations under these conditions, and consequently, the 
new course produces a spectrum of forms. 

The relative stability of characters used in taxonomy as compared with those seldom 
used for such purposes, suggests that organ systems also may differ in degree of develop- 
mental lability. The diplopod studies indicate that developmental flexibility differs 
in the several systems characteristically affected by the gene, suggesting that the concept 
of genotypic canalization may be broadened to include specific structural canalization. 

Baumann and Landauer. (1944), studying the expression of supernumerary wing 
fingers in polydactylous fo{vl, carrying the dominant gene Po~ found that selection 
for increased expression of extra foot digits increased the numbers of progeny with extra 
lingers. However, the response was relatively minor compared to that achieved for 
foot digits. In addition (in cases of asymmetrical expression) they reported a strong 
tendency for sinistral heterodactylism in wing digits as well as in foot digits. They 

-cor~cluded-that the development of wing fingers in polydactylous stock was in part 
controlled by the same system of modifiers as those affecting toe number and in part by 
different modifiers. The relatively low incidence of extra wing lingers at hatching time 
and in embryos of some advanced ages as compared to the incidence in embryos of 

approximately i~h~e days of embryonic age corrobora ted earlier resuIts of Barfurth (1911 ) 
and Schma!hausen (1934), who reported that wing fingers were fi-eqttentiy formed in 
polydactyI0us breeds and subsequently lost during embryonic development. In 
diplopodia extra wing lingers persist and in addition show a strong response to selection 
based on parental phenotypic ratio. Extra foot and wing digits have been found to be 
independent in tl,e selected low lines. They are character{zeal by greater discordance 
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than that reported For polydactyly and in ac[dition tend to have the greater number  
of extra digits on the right rather than on the left wing. Although the selection method 
of Baumama and Landauer differed from that employed here, in both instances evidence 

for independence of the two systems was obtained. 
In diptopodia the wing digit system proved to be far more flexible (unstable) than the 

foot digit system. The fact that asymmetrical expression of digit number was far more 
common in wings than in feet leads to the inference that the wing digit system is less 

effectively buffered and so more likely to be influenced by varying environmental or 
genetic conditions. This difference may reflect the operation of historical selection 

pressures if  it may be assumed that regularity in both the normal and supernumerary 
complements of digits is under similar control. A strong selective disadvantage results 
from irregular expression of foot digits, which have a well-defined Function, while it is 

possible that no such selective disadvantage accrues from irregularity in wing digit 
expression, since the pollex of the normal wing has no knowr/function in the chicken. 
For this reason natural sdection may have failed to organize a system of modifiers able 

to control expression of this character under stress conditions. The striking asymmetry 
in wing digit number  of all stocks, most marked in the low-penetrance line and in low- 
penetrance crosses, may then reflect both the lower developmental canalization of the 
wing digit system as well as the presence of genetic variation not yet stabilized by selec- 

tion and which gives these groups a higher developmental flexibility. 
Rasmuson (1955) made the interesting suggestion that characters Lhat can be allowed 

some instability in development ought to respond more to artificial selection than those 

more rigorously determined. The demonstrably greater flexibility of the wing digit 
system appears to support this proposition. As well as fluctuating more with varying 
genetic arrangements,  total wing digit number  showed a greater response to selection 

(for penetrance) than total foot digit number. By 1954- embryos with ten wing digits 
were more common in the normal-ratio line and those with only three wing digits were 

very fi-equent in the low-penetrance line. 
The diplopod studies emphasize the dangers besetting attempts to infer causal 

explanations of  reIated or pleiotropic phenotypic effects. The original cliplopod carrier 

stock and the selected normal-rat.io line were both characterized by full penetrance and 
expressivity in a number  of morphological characters. Accordingly, diptopodia could 
be described as a pleiotropic syndrome. However, the demonstration that lines could 
be established characterized b 7 different incidences of these phenotypic effects and 
different severities of expression of each suggested that parts of the syndrome may be 
independent and that their relationship is largety a property of the integration of the 
genotype as a whole. In addition the occurrence oF characters not known to be related 

to the action of d p d p  as well as the general tendency for other systems to display an 
iacreased vm'iety of non-specific developmental clisturbances ~n the presence of d p d p  
becloud efforts to use meaningfully the term pIeiotropic syndrome in reference to the 

diplopod case. 
The tendeacy to abnormal development in systems or organs not diagnostic t'or d p d p  

also proved to be dependent to some exlet~t on tI~e rt~sidual genotyp~. IFone is prepared 
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to consider micromelia, pre-maxillary reduction, and egg tooth position as pleiotropic 
efl'ects, :lie incidence of all of which is lowered by selection of low-penctrance stocks, 

then there appears to be equal justification for considering any characteristic appeariiqg 
with comparable regularity in association with the diplopod phenotypc as a pleiotropic 

effi:ct as well. For example, crooked toes were fi-equent in diplopod embryos of the 
normal-penetrance line, yet this character is completely disassociated from diplopodia 
in other strains of chickens and has indeed been stzown to depend largely on genotyplc 
balance (Lerner, 1954). 

Similarly, wolf jaw appeared specifically in approximately one-quarter of the diplopod 

(but in none of the normal) progeny of line I and in a lower fiequency in diplopod 
embryos produced by crosses of line I. It  did not occur ill progeny of line I I I  or in 

diplopod embryos hom line I I  or line crosses with mild expressions of the phenotype 
(as judged by foot digit number).  Rather than suggest that woff jaw belongs to tile 
diplopod syndrome in one line and not in the others, it seems more reasonable to 
consider this character as an expression of a severe developmental upset, occasioned by 

ttle preserme of d p d p  unmitigated i,a effect by modifiers. The injection of certain 
chemicals into embryos cluring their early differentiation leads to remarkably similar 
phenotypic effects (Ancel, 1950 and Landauer, 1952). The absence o fwo l f j aw  as well 

as the reduced incidence of other anomalies of development in diplopod progeny of the 

intermediate- and low-penetrance lines suggest that the three lines differ in develop- 
mental canalization. Heritable differences in buffering capac i ty  have also been 
demonstrated by Landauer (1948), who found polydactylous and non-polydactylous 
breeds of chickens to vary in resistance to abnormalities resulting from the injection of 
insulin. 

The line producing tile highest proportion of phenotypicatly like individuals may  be 
considered best canalized in its development. With respect to the diplopod character  
itself, line I embryos showed a higher developmental canalization than those of lines I I  
or I I I .  Selection of birdswith Iow ratios of diplopodia in one sense was a selection fox" 
lower developmental canalization. Possession of the d p d p  genotype no longer results 
in an automatic switch to :he pathway leading to the characteristic diplopod phenotype. 

Instead embryos, with a d p d p  genetic constitution may develop in several ways as 
follows : 

a) a characteristic diplopod phenotype, 

b) an attenuated form of diplopodia with Iess than three supernumerary digits per 
foot, 

c) a nearly masked form of diplopodia such as that of wing-duplicate or non- 
duplicate individuaIs, " 

d) a normal phenotype (not yet established by progeny-test), 
e) any cornbination of normaIity and severity among the several different organs 

affected in diplopodia. 

Thus, while the kinds ofgenotypes present in the normal-ratio line determine precisely 

the kinds of phenotypes present, the kinds of genotypes present in the intermediate, 

and Iow-ratio iines give rise to a wide spectrum of phenotypes. 
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SUIvlMARY 

In diplopodia both penetrance and expressivity vary according to the genetic back- 
ground of the carrier parents. Selection based on a progeny test for phenotypic ratio 
produced lines differing in proportion of d p d p  offspring displaying the phenotype 

and in kind of expression among those affected. The typical form of expression in 
normal-ratio stocksj including both the pre-omcross and the selected normal-ratio line, 

I, involved six digits per foot, three or fore" digits per wing and grade 2 or 3 micromelia, 
limb curvature and pre-maxilla reduction. In addition many  embryos of line I had a 
ventral egg tooth, wolf jaw and an increased tendency toward abnormalities in other 
systems not diagnostic for diptopodia. After selection line I produced a larger proportion 
of forms with seven digits on one or both feet and one exceptional specimen with eight 

digits on one foot. Expression in lines I I  and I I I  was attenuated and more variable in 
all characters. Both total foot and wing digit number differed significantly in the three 
selected ]ines. Line I I I  averaged fewest toes and fingers. More than 1/2 of the dip- 

lopod phenotypes produced by Line I I I  matings in 1954 had only the normal comple- 
ment of toes, the diplopod phenotype being marked by extra wing fingers and a very 

slightly shortened pre-maxilla or grade I micromelia. 
Phenotypic expression in other organs was more variable than that for toe number.  

While in typical expressions the wings possessed tlaree or four fingers, embryos with only 
one finger (the normal pollex) or as many as skx fingers (all supernumerary) appeared. 
Wings exhibited a greater tendency toward discordance both in digit number  and 

arrangement than feet. 
Degrees of severity in the several organs altered in d p d p  were related in typical 

expressions of diplopodia but were not related in the low-and intermediate-ratiolines 
or in Iine-crosses. Selection for low ratios broke up the pieiotropic syndrome charac- 
teristic of the original carrier stock. While ~hc average severity of expression in all 
organs increased in the line selected for normal ratios and decreased in the lines selected 
for intermediate and low ratios, the responses of the several organs involved were not 

uniform. Some organs displayed additional phenotypie variability after selection. 
Thus finger number, which was more variable than toe number,  showed a prolonged 

response to selection. More severe beak effects appeared following continued selection 

for high ratios. Some pares of the syndrome showed little response to selection in either 

direction. 
Right asymnretry ill toe expression was not characteristic of all diplopod progeny as 

suggesled by Taylor and Gunns and confirmed by Landauer.  Fingers showed a more 
strildng asymmetry than tocs. Almost invariably the larger number  were tbund on the 
right wing. Discordant digit expression appeared to be ,-elated to level of expression 
in other organs. 

Two alternative explanations of the manner in which the residual geaotype exerts 
its control over penetrance and expressivity arc considered. Diplopod expression is 
discussed in terms of Waddingtoa 's  (1940) concept of developmental canalization. 
These studies provide additional evidence of the loss in developmental canalization 

experienced by mutants. The lower developmental canalization due to the d p d p  
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ge~otype  has been expressed in  art increased inc idence  of  abt~orma~ d e v e l o p m e n t  in 

systems not  character is t ica l ly  a l te red  in d ip lopodia ,  in bi lateral  a symmet r i e s  of  toes and  

fingers (affecting s u p e r n u m e r a r i e s  a n d  the b.allux or pollex) a n d  of p a t t e r n  ot" super -  

n u m e r a r y  expression, a n d  in va r iab le  pheno typ ic  expression a m o n g  di f ferent  organs  in  

the s ame  ind iv idua l .  T h e  d ip lopod  studies ind ica te  that d e v e l o p m e n t a l  f lexibi l i ty 

differs a m o n g  systems, sugges t ing  that  the concept  o f  geno typ ic  c a n a l i z a t i o n  m a y  be  

b r o a d e n e d  to inc lude  specific s t ruc tura l  cana l i za t ion ,  and  emphas ize  the dangers  

beset t ing  a t tempts  to infer causa l  exp l ana t i ons  of re la ted or  p le io t ropic  pheao typ i c  

effects. 
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PLATE I 

Living normal and diplopod siblings of 21-days cml?ryonic age. The cliplr eml2ryo illustrates tilt: 

expression typical of line 1 embryos. 
Total /lumber o[ toes--12 
Foot pattern 6f)lI (Halluces absent} 
Total number  of l lngers- -10  
Wing pa t te rn- -56  (one wing larks p,~llcx) 

Micrr~melia-grade 3 
Limb curvature-grade--3  
Pre-maxilla 3 +!duclion-grade--3 
~l~lpel'lllllttel'~.ll'}' l l l e ta ta rsa i s  l)l'eScl'l[ 
Curled lnes and cranked toes on one l"~)ot 
Egg lemlh venlcai 
Wolf jaw 

Crossed beak 
t?.e,:hleed body slzc 



222 Expressi~,ity and penelrance of dipl@odia 

e L~,?rE 2 

A wing-dupl icate  embryo fi'om line I I I .  The  pollex 
and one supernumerary  digit arc present. The  embryo 
has micromelia  and a reduced pr, '-maxiIla (grade I} 

and a venlral egg tooth. 

P L A T E  3 

A non-duplicate embryo from Iine II~" with 
the normal  numbers  of  fool and wing digits 
bu t  with micromelia,  l imb curva ture  (tibio- 
tarsal bending) and a reduced pre-niaxilla 
o rg rade  I and a slightly reduced body size. 
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PLATE 4 

'Fop row frnm le['~ to r ight--reduced pre-maxilla grades 3, 2, 1. 

P, ottom row reduced pre-maxilla grade 3 and well 'jaw. 
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(b) Several views of line 1[ diplopod embryos with unilateral or hilateral expressions of,.','nll" jaw.  M'[ddle 
row right it tilde III diplopod embryo witlao:tt wolfjaw. 
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PLATI  4 5 

Solu~: cliplopod J~:ct i l lustrating scvccal expression patlc~'n.~ with and wi lhout  cro,~kc0 and curled ~_~es h~ 

n(,z'ma] and/or Mlperz~,dlrlet'az'y Ivies. 


