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]NTRODUGTION 

The diplopod phenotype (Taylor and Gunns, 1947) appcars in embryos homo- 
zygous for an autosomal recessive gene, dla , which interferes with limb and beak differen- 
tiation. A gene-controlled aheration of this sort provides a tool similar to transplanta-  

tion and extirpation methods ibr the causal analysis of embryonic processes. As well 
as providing information on the specific action of dpdla , the changes observed suggest 
the functions of the normaI altele of dp during development. Selected lines of  dip- 
lopod carriers having different incidences ofd iplopod embryos in their off'spring (Taylor, 

Abbott  and Gunns, 1959) and differing in the expressivity of diplopodia (Abbott, 1959) 
allow the study, of interactions within different genetic milieu, as expressed in the 

developmental patterns of the individual lines and crosses. 
The manifold phenotypic expression of diplopodia, involving as it does bones of lhe 

extremities, indicates a defect in either early cartilage or bone formation. 

PROEEDURES AND RESULTS 

Studies of the embryonic development ofdiplopod embryos felT into several categories. 

Each of these will be discussed separately. 

1. Ear O, slages it~ the development of the limb 4" diplopod cmlnyos 
Embryos fiom the normal-ratio line, I, were removed t iom eggs at six, eight and 

ten days of embryonic age, studied under a dissecting microscope and classified as 
either normal or diplopod. I f  they were diplopod, the numbers, sizes and positions of 
the ['oot digits (on eight- and ten-day embryos) or the shape and degrec of digitation 

(on the six-day embryos) were recorded. From each stage, several diplopod and normal  
sibling control embryos were chosen for thc following taeatment; the left and right 

posterior limbs were severed from the body, flattmled o1~ a small rectangle of  paper  to 
orient the digits and placed in separate vials ofBouin 's  fixa.tive. The tissues were then 
treated by the C, elloidin method. Each block of tissue was divided into five layers 

and 15 or 20 sectiol)s saved /br slaining; this procedure provided a Iairly accurate 
picture of the orientation of the long bones, wtlich were often located on different 
planes. Sections were cut at an average of tdt.t. They were stained for general detail 
with I-Iaematoxylin and gosin and with Iron l-Iaematoxylin, Anilil~e Blue and Methyl 

*Now at the Universi b" of Caliibrnia, Davis. 
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Green and the Mallory Connective Tissue stain for detail on the development of hyaline 
cartilage, periosteal bone formation, fibroblast differentiation and tendon formation. 

Compared with limbs fi'om no,'mal embryos, diplopod limbs were markedly retarded 
in (a) early cartilage differentiation, (b) rate of formation of cartilage bone models 
and (c) rate of osteogenesis. Within the limb of diplopod embryos, normal digits Ill, 

I I I  and IV differentiated at a more rapid rate than the digits of the supernumerary 
group. Within the supernumerary group, the most proximal toe developed most 

rapidly .  

in the normal fowl fbot primitive mesenchyme condenses into lbur rod-like structures, 
the precm'sors of the four normal digits. The precursor of digit I (the haIlux) is the 

last to appear. In the diplopcd foot digit differentiation may follow one of two alter- 
native courses. In diplopod embryos fi'om the normal-ratio line, I, the mesenchymal 
condensations of tissue foreshadowing digits II,  I I I  and IV appear  and eventually 
dilTcrentiate into the corresponding normal digits. However, the tbrerunner of digit 

I does not appear; instead new condensations of mesenchymal tissue appear  in the 
pre-axial region of the foot. These condensations are evident slightly later than those 
in the post-axial region. They form a proximo-distal gradient in size. They do not 
appear  to be mirror images o1" the normal organized mesenchyme. According to the 
second possible sequence, which is typical of embryos from the intermediate and low- 
ratio lines and fl'om line crosses, the four normal condensations of tissue appear  and 
differentiate into digits I, I I ,  I I I  and IV. Digit I is the last to appear. An additional 
condensation of mesenchyme, immediately proximal to the position of digit I, the 
hallux, forms almost immediately. It  eventually differentiates into a normal appear-  

ing digit, which resembles the hallux very closely. Although this latter is the one of 
the most fi'equent sequences in low-ratio diplopod embryos, the numbers, sizes, and 
positions of supernumerary digits in such progenies are highly variable (Abbott, 1959). 

At six days there was a marked difference in differentiation of the normai and diplo- 
pod limb. In the normal embryo three of the four metatarsal bone models and some 
of the tarsal elements couid be distinguished. Accumulations of mesenchyme and 

differentiating cartilage marked the future positions of the bones. In the dipIopod 
limbs only two cartilaginous metatarsal areas were apparent.  The region of the normal 

digits was marked by accumulations of mesenchyme; no cartilage was observed. Addi- 
tionaI areas of compact mesenchyme, proximal to the normal and more distinct mesen- 

chymal accumulations, provided the only indication of the supernumerary digits. This 
mesenchymal tissue appeared normal apart  from its tardy differentiation. Haema-  

toxylin and Eosin stained sections of this stage gave little detaiI~ whereas the h o n  
Haematoxylin, Aniiine Blue and Methyl Green stained sections distinguished the deve- 
loping cartilage bm~e models fiom the undifferentiated mesenchymal condensations. 

In the norrnal embryos these areas were larger and more deeply stained than in the 
c!iptopod embryos examined. 

The tardy development of the diplopod limb was even more evident in the eight-day / 
stages studied. Areas of maturing cartilage, which showed cohunnar alignment but I 

not the characteristic :hypertroph.y of mature cartilage, were fotmd in the larger bone 
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modcls of the diplopod limb. Normal embryos of" this age showed clear alignment and 

hypertrophy of cartilage cells in the central regions of all bone models. Four meta- 

tarsal bone models were evident; these were separ~tte fi'om each other and had not 

yet fused with the tarsal elements. In the diplopod embryos the metatarsal bone 
models corresponding to normal digits II, I I I  and IV were not complete. Super- 

numerary metatarsal elements were more retarded than were those of the normal 

group. 

F[gure 1. A normal (center) and two diplopod limbs from ten-day embryos. 

In Figure 1 (illustration prepared ~q'om a slide tracing), two views of diplopod limbs 

and one o1" a normal after ten days of embryonic development are shown. TJ~e carli- 

lage models of both the metatarsal bones and the individual phalanges were well 

tormed. Subperiosteal bone formation had commenced atld was well underway in 

the medial region o1" all metatarsal bones in normal embryos. In this region a thick 

shell of developing bone could be seen (Figure 1). Metatarsal ossification was retarded 
in diplopod embryos of the same age. Fibroblast ditFcrentiation and tendon Formation 

o 

were retarded in the diplopod limbs. Supernumerat'y digits showed no bone tbrma- 
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tion, and cartilage differentiation in these was well behind that of the normal digits. 
.Figure 1 compares also the position of the three extra digits with tl~at of the haltux of 
a normal sibling. This section demonstrates the difference in orientation and stage 

of development of normal digit I and the supernumerary group. The 15osition, form 
and connection of the extra digits with the metatarsal elements suggests that the extra 
digits in typical expression - ctiplopodia are not mirror images of the normal group. 

2..~':i~le- to si.vleelz-day s/a~es iJz the devel@me~t of  1~orma! atzd typical ~ diplopod embr),os 

Living llormal and diplopod ful1-sib embryos of line I were sacrificed daily li'om 

nine to sixteen days of age. Embryo size, shape, position in ihe egg and tl~e incidences 
of other abnormalities -~ were recorded. The embryos were than treated by the Alizarin 
bone-staining method as a means of studying the daily progress ofosteogenesis and the 
replacement of tim cartilage bone models by bone itself. The degree of ossification 

in the cranial and limb regions for each daily stage was recorded. 
In normat, embryos ossification begins in the limb before it does in the cranium. In  

the first stage studied, day 9, periosteal bone formation was onty slightly advanced.  
In the posterior limb, the tibia and fibula were present as long holtow cylinders of bone;  
the second, third and fourth metatarsals were represented by small separate circular 
shells of bone. No bone was present in the first metatarsal. Tarsal elements were 
not apparent. In the wing, the radius and ulna had barely commenced ossification. 

Bone formation had just begun in the larger metacarpals but not in the wing digits. 
The major bones of the cranium were not visible. The only evidences of bone Ibrma- 

lion in the head region were two short ridges extending medially between tb.e eyes, 

tb.e maxillary and mandibular  processes. 
In the normal embryo the posterior limb ossified more rapidly than the anterior l imb. 

The femur, tibia, fibula, humerus, radius and ulna showed bone formation first, followed 

by metatarsaIs II,  I]~I and IV and shortly thereafter by the metacarpals. Subsequently, 
metatarsal. I and the larger proximal phalanges of the hind limb began ossification. 
Finally, the larger phalanges of the fore limb, the smaller distal phalanges of the hind 

limb and the cranium began bone formation. The bones of the mandibular  and 
maxillary processes developed before and slightly more rapidly than those of the cra- 
nium proper. After the 11th day, bone formation proceeded rapidly in the cranial 
region. 

At all stages diplopod embryos lagged behind their normai siblings in rate of deve- 
lopment, particularly iJa bone formation in the extremities. The sequence of ossifica- 
tion in the normal bones of diplopod embryos was similar to that of normal embryos. 
However, the pre-axial supernumerary digits began ossification after the normal com- 

plement. The appearance of bone in the hallux (if present) was followed by its 
appearance in digits of the supernumer-try group. In diplopod embryos of the normal-  

~Typical in fl=is case refers to embryos with normal fool digits II, 111" and IX" and Ihree supernumerary 
digits replacing the haHu~: (normal digit I). 

'-'Abnormalities n~t characteristic ot" diplopodia. 
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ratio line (lacking halluces) bone appeared even la:er in the extra digits and was 
first apparent  in the large proximal digit. 

Developmental retardation was most marked in the earliest stages studied. Ten- 
day diplopod embryos showed less bone formation than nine-day normal embryos. 

The femur appeared as a small hollow cyIinder of bone; the tibia was represented by 

a dot and the second, third and fourth metatarsals were present as small faintly-staining 
rings of bone. In the wing, only the humerus, radius and ulna had begun ossification. 
The region of the metacarpals was indicated by a small dot of bone. In the head only 

a faint indication of"bone in the proximal portion of the mandibular  region was apparent.  
The eleven-day diplopod embryos studied were approximately equal in degree of 
ossification to the most advanced nine-day normal stage. In all stages studied, diplopod 

embryos were fi-om 1-2 days behind normal embryos in ossification. 
In diplopodia the inhibition of ossification is associated specifically with the type of 

osteogenesis, which is preceded by a stage of cartilage hyper(rophy. Membrane bone 
forms in a more normal manner.  A twelve-day embryo in this series, characterized 
by a syndrome of anomalies often found in embryos with particularly severe expres- 

sions of diplopodia (celosomia, hemorrhage and edema) showed an especially marked 
difference between rate of ossification in the limbs and the formation of membrane bone 
in tee cranium. The head of this embryo was equivalent in bone formation :o its 
normal sibling, whereas the limbs lacked bone enth'ely. In spite of the absence ot" 

bone, digitation was well advanced, suggesting that abnormalities in limb ossification 
are not necessarily associated with abnormalities in cartilage formation, and that ossifi- 

cation rates in different parts of the chick embryo can be independent of each other. 

These studies of bone development further indicated that bending of the limb bones 
in diplopod embryos commences dm'ing the twelfth day. After the twelfth day dystro- 
phy of the limbs becomes increasingly pronounced in diplopod embryos developing 

severe expressions of. the phenotype. 

3. Comparison ~'nb~e- to lwenO,-day stages in lhe development of tm~wlal aTfd diplopod siblfiLU 
.#ore lhe ,zormal-ralio alld low-ratio lilzes 

Eggs containing living normal and diplopod fnll-sib embryos from the normal-ratio 

line and fiom low-ratio matings ~ were opened daily from 9-20 days of age and examined 
alive. The orientation of" the embryo in the co-o. the extent of feather development, 
the incidence of anomalies not characteristic of diplopodia, and the numbe,s of" digits 
were recorded. Two measurements were obtained on each pair of normal and diplo- 
pod embryos. The distance fiom cranium to pygostyle (M 1) estimated body length; 
the distance fiom the hock joint to the tip of digit H I  (M lI)  was considered as a measure 
of"limb lenglh. The embryos were then photographed and prepared for alizarin bone 

staining. 
Diplopod embryos were retarded in such general features as time of assuming ce,'tain 

embryonic positions, rate of feather developmen( and over-all growth rate. The 

1Lines II, III and low-ratio crosses. 
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degree of rctardation was dependent on the source (line or cross) of the embryos. 
Embryos ti-om low-ratio matings, having expressions involving only one supernumerary 
digit and with ~he hallux present, were least retarded. 
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The measurements of embryonic body length (M I) and limb lcngth (M II) have 
been summarized in l Itgure 2 as growth curves. Thc marked el I'ect of d p d p  on o v m ' -  
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all body size and limb length at all developmental stages examined is evident. There 

is a general (akhough not invariable) difference between diplopod embryos from tl~e 

normal-ratio line and from the low-ratio matings; the latter resembling their normal 

controls more than the former. 

The usual criteria for establishing the lime of dead~ of an embryo, based on stages of 

normaI chick ontogeny, proved to be misleading in the case of diptopod embryos. 
These developmentaI studies revealed that actual and apparent ages at death of diplo- 

pod embryos were different. Diplopod embryos ofline I, found alive at 20 or 21 days, 

resembled normal embryos of I8 days in apparent age. Had they died in shell at 

this stage they would have been routinely classified as earlier deads. In subsequent 

tests incubation of embryos for one additional day increased by I0% the incidence 

of diplopod embryos pipping the shell or hatching. The majority of these successful 

emhryos were from the low-ratio matings. A larger number of phenotypically normal 

embryos hatched as well. The "normal" incubation peri:od ibr diplopod embryos 
apparently exceeds 21 days. 
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4.. Dislribulion of emb~5,o mortality in normal apld diplopod embo,ns from lhe three selecled h)~es 
a~td li~e crosses 

In  t953 length of survival was compared in normal  and diplopod embryos from the 

three selected lines and from crosses of these lines. In  195-1 data on survival ofdip lopod 

embryos from the same sources was collected. The  meaa  age at death of" diplopod 

emtwyos based on stages in normal  ontogeny was computed for each type of` mating.  

In  evaluat ing these resuhs it is impor tan t  to bear in mind  that the criteria employed 

in establishing the time of death o1" embryos, whether nornml or diplopod, were based 

on stages ot 'normal ontogeny where the most advanced (normal) s tructure is given most 

weight in age ciassil%ation. Should there be intrinsic differences in developmental  

rate between diplopod and normal  phenotypes, this procedure will be automat ical ly  
biased by the extent of such differences. 

In 1953 and especially in 1954 diplopod embryos ti'om line I died earlier in incuba-  

tion than dmse itore Iines I I  or I I I  (Figure 3). A large," proport ion died betbre the 

14th clay, and l"ewer were found alive-in-shell a: the end of  ̀ the incuba t ion  period or 

hatched. Line cross embryos, part icularly those Front the line I "< f I I  cross, died later 

than line I einbryos, and  more survived the incubat ion  period (Tables 1, 2). Normal  

embryos produced by ~I:e three lines in 1953 t~ad approximately the same death rate 

in the three periods considered. Data  fi'om 1954, when a larger n u m b e r  of progeny 

with the milder forms of diplopod expression occurred in low lines and  in line crosses, 

indicated that line I embryos differed significantly from those of lines I I  and I I [  in 

time of` death (stage of" development  at death). M e a n  ages at death in terms of days 

o[" incubat ion  in this year were:  line I, 17"6~-0"03; line II, 2 0 . 4 ~ 0 . 0 8 ;  line I I I ,  
20.4~0-17.  

Table  I. Comparalive embryo mortality i~ lhree lines and tilde crosses, 1953. 

Parental Geno~ype Progeny % Dead % Dead % Alive-in-shell 
._4c~ 9�9 PIlen.otypeT" Number 1-14 days 15-20 clays �9 at 21 days or hatched 

I "~ I D 356 28-7 65"2 6-2 
N 1205 5.I 13.2 81-7 

IT x II D 119 10-9 63.9 25"2 
N 617 2-9 I5./ 82"0 

l i t  :-: III D 31 6.5 7L .0 22"6 
N 320 4.7 ' 10.q 84'4 

I* :~ fI D 85 '~') ~_'4. 57"6 20"0 
N 504 .t-.4 15'9 79"8 

I* :': iI[ D 44 11 '4 47-7 40"9 
N 39-1. 4' 1 10"9 85'0 

II* ".: IIl. D 4 0"0 25'0 75"0 
N 92 2"2 '27"'2 70-7 

NC** ".'NC N 1639 2'I 9"l 88"8 

* Data from reciprocal crosses. 
** Data from matings o[" noncarr/ers of alI lines. 
'~" D ~ diplopod ; N = not!real. 
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Tab le  2. Comparative diplopod embryo morlali O, i~ three tines and li,~e crosses, 1954. 

Parental Genotypc Number of % Dead % Dead % Alive-in-shell 
ed 99 Diplopod Progeny 1-I4 days 15-20 days a~ 21 days or hatched 

I :,; I ,I.57 22.8 63-0 14..2 
i t  :,: II  82 6-1 36.6 57.3 

II1 '.. 111 55 9-1 29.1 61-8 

I* :.: I I 136 ] 8 .4  44..8 36.8 
I* : ] I 1  79 10.1 58.2 31.7 

I :.: LC 24 25-0 50.0 25.0 
II[ :.: LC 64. -1..7 31.3 64-. 1 

* Data From reciprocal crosses. 

5. I4:ez~ghl a~zd bone measuremenls of  sixZeo~-dq~, normal a~d dipIopod sibli,~gs from the lhrce 
selected lines ald~from the cross I H  "1<, LC I. 
T h e  body  weight  and  seven bone  measurements  were ob ta ined  on a grotlp of  living 

embryos  f iom each of  lines I, I I ,  /IS{ and from tee  cross I I I  •  at sixteen days of  

age. In  each group all d ip lopod  embryos  and one full-sib no rma l  embryo fi'om each 

family,  serving as a control, were saved. The  normal  embryo  chosen as a control  was 

i n t e r m e d i a t e  in size among n o r m a l  embryos p roduced  by each mat ing.  The  norma l  

control  and  all  d ip lopod  embryos  were  weighed and the back length  and six left l imb 

b,~nes measured .  Dupl ica te  measurements  were made  for the r ight  l imbs of d iplopod 

embryos .  The  l imb measurements  recorded Were as follows: 

(a) length  of femur, 

(b) length of t ib io ta rsus ,  

(c) length  of tarsometatarsus ,  

(d) length of  foot digi t  I I I ,  

(e) length of  ca rpometaca rpus ,  

(f)  length of pr incipal  no rma l  wing digit  (digit I I [  accord ing  to Chamberlaha,  

1943). Paired n o r m a l  and d ip lopod embryos  of  each line were 

pho lographed .  

Pla te  1 (a b, c, d) i l lustrates character is t ic  s ixteen-day normal  and d ip lopod  full- 

s ibl ings of each of the three selected lines and of  the cross I I I  >;LC. Differences in 

size and  bone lengths were most marked  in line I embryos  (Figure  4.). Here  the outer 

pe r ime te r  of  a polygon represents  the mean normal  measu remen t  a rb i t ra r i ly  considered 

as 100 percent  expression; the inner  per imeter ,  the mean  d ip lopod  measurement  

expressed as a percentaee  of  normal .  Diplopod embryos  fi'om the normal - ra t io  line 

exhib i ted  more  extreme effects in alI characters  measured than d id  those fi'om the other 

lines a n d  fi'om the line cross. T h e  propor t iona l  effect on differen, bones is appa ren t  

ii 'om compar isons  o[" the axes bofl~ wi thin  and between lines. The  t ibiotarsus was 

inva,- iably more  severely reduced  than  any o[ the o thm bones, cont rary  to L a nda uc r ' s  

ZLC--carrier female progeny fi'om a cross between a llnc 1II male and line I ['cmales, whicl~ gave rise 
to progenies wifla a very low incidm~ee of diplopod scgrcgants [ I aylor, Abbott; anti Gunns, 1959). 
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t934 finding that in micromelia there is a proximo-distal gradient of increasing reduc- 
tion in relative length of bones, 

at A 

H B H B 

G G G C 

Li 

G C G G 

Line 1"[ E b. LC E d. 

Figure 4. Comparison of body w~Jght and scverl bone mcasuremems in diplopod and normal siblings 
of 16 days embryonic age of the three lines and the crass I I I •  LC. The outer perimetr.r represents the 

mean normal measuremen~ arbitrarily considered as 100% expression: the inner perimeter the diplo- 

pod measurement expressed as a percentage of normal. 
Legend 

A. Body VTeight 
B. Back Length 
C. Femur Length 
D. Tihimarsus Length 
E. "Farsometatarsus Length 
F. Leg Digit I l I  Length 
G. Carpometacatqpus Length 
H. Wing Digit III  Length 

In each of the seven characters studied, the mean measurements of diplopod embryos 
from line I were significantly lower than those of their normal siblings, the difference 
being most marked in tibiotarsal length. In Platc 2 the relationships of tbot and wing 
bones of sixteen-day old diplopod embryos are illustrated in pictures prepared from 

Alizarin transparencies': 
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6. Ar, a~gcmelzls of supernumera~2,, digits b~ diplopod embn,os 
Arrangements of extra digits on ~he feet and wings of diplopod embryos, including 

the absolute and relative sizes of digits and their location with respect to the normal 
digits were studied in all lines and crosses in 1953 and 1954. The arrangement of 

extra foot digits was recorded by a code (Abbott, 
of digits, the presence or absence of tile hallux 
the supernumeraries. The max imum number 

In the absence of the halhLx as many  as four 
1954 one exceptional specimen appeared with 
foot (a total of eight digits). 

1955) which described the total number  
and the relative sizes and positions of 
of digits o~ a diplopod foot is seven. 
supernumeraries may be present, in 
five supernumerary foot digits on one 

In the case of wing digit patterns the code described the total number  of digits of 
the anterior field of a spread wing; the extra complement found in addition to or re- 
placing the pollex of.the normal wing which articulates with the radial-carpometaearpal  

junction. Two other digits are considered as normally .present in the mature chicken 
wing by some authors (cf., Chamberlain,  1943). However , the re  exists disagreement 
as to the homology of these digits as well as that of the pollex with digits of the posterior 
limb. Chamberlain,  for example, considers the pollex to be digit I I  although, its 
involvement in diplopod expression does not appear to support this basis. Since the 
presence of these other digits is not affected by diplopodia and since adaptation of 
the avian wing for flight has so profoundly modified their form, all data on wing finger 

number  in this and subsequent papers of this series exclude these from consideration. 
In Plate 2, 16-day digitation of several diplopod spread wings illustrates the field con- 
sidered. On this basis the max imum number of digits on a diplopod wing is five 
(although in 1954 three embryos with six digits on one or both wings wdre described) 
and the minimum number is one. Since the pollex is generally absent in severe expres- 
sions of the syndrome, the maximum number  of supernumeraries is five as well. 

The  positions and sizes of normal foot digits II ,  I I I  and IV remain undisturbed in 
diplopod embryos, while the halJux, normal digit I, may be absent. I f  present, it is 

normal in size, shape and position. In t953, among 925 diplopod embryos fl'om all 
types of matings, 191 had a hallux on the right foot, and 1,% had a hallux on the left 
foot, approximately 20 percent in each instance. In only 76 cases, eight percent, were 
hailuces present on both feet. The incidence of diplopod embryos possessing halluces 

was related to parental line or cross (Table 3) ; 49. I percent of recognized diplopods in 
line I I l  possessed at least one hallux. In both line crosses the incidence of diplopod 

embryos with at least one hallux exceeded that of the mean incidence of the parental 
lines. 

Supernumerary digits occur in a variety of'positions proximal to the hallux. They 
may occur at the hock joint itself (Plate 2-I) or in any position between it aud the 
position ol ' the halJux. In mild [orms of expression, characteristic of low-ratio matings, 

only one extra digit may be present, a "duplicate hallux", which is located immediately 
next to the normal hallux. This digit is similar in size and shape to the normal hallux. 
Embryos with this digit arrangement resemble those flom breeds carrying the dominant 
gent for common polydactyly (Plate I B). 
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ProportioNs ~J dip&pod embrros with right and tcJ-t ha[htces iu liues 1, It, 
H I  and lit. line crosses t953. 

P, igh t Foot 

No. dpdp Halhlx 
Mating Type Embryos Presenl l'crcent 

I ;'. [ 551  3:1. 6"2 
1I.: II 137 50 :36-5 

HI ;.: 111 53 26 4.9" 1 

1;.: Ii* I36 -19 36"0 
I;-.llI* 44 28 63.6 

lI:..:IlI* 4 4 100"0 

To|al 9'25 191 20"7 

Left Foot. 

14ailux 
P r e s e n t  ]? Cl 'cc 'n  |. 

37 6.7 
49 35.8 
26 49'1 

-t.5 './3" [ 
27 61.4 

=1 1 0 0 . 0  

188 20.3 

* Reciprocal cross dala. 

T a b l e  4. Frcquert O, o/" mosl commot~ right foot digit patterns &volviug six digits" 
(601 l, 6009, 6008),Jwe digits (15006, 5102, 510t)  a,dfour ~lormaI digits 

(4100) iJt li,es ]., i1, II[ and itJ tinc crosses, 1953. 

Mating typc % dpdp % 6011 % 6009 % 6008 % 5006 % 5102 ~ o 5iOI % 4100 

I-', I 23-5 50.3 9-8 28"0 2"9 1'5 0.2 1"6 
I['< II 10-4 21"9 11-0 21-9 8-0 i5-3 2"9 8.0 

I I I  >, I II  8.2 22.(/ 1-9 I8.9 5-7 24.5 5-7 17'0 

I* :< 1.1 15-7 30-2 7.3 22.8 3.7 i7.7 4'4 8.1 
I* :.< III  10-0 9.1 i5"9 6"8 2"3 20"5 2-3 22.7 

II* >! III  4.2 0.0 0.0 0-0 0-0 25.0 0.0 50.0 

Total 39"4 ~ 9-4 24.7 3"9 8-2 i-6 5.6 

* Reciprocal cross data. 

T w e n t y - n i n e  patterns ' i  of foot d ig i t  expression a n d  four teen  pa t t e rns  of w i n g  d ig i t  

expression were s tudied.  T h e  r igh t  an d  left foot had  app rox im a te ly  e q u i v a l e n t  inc i -  

dences of all pat terns .  Accord ing ly ,  differences be tween  lines a n d  l ine  crosses in the 

f requencies  of different  pa t t e rns  will  be exemplif ied by da ta  for the r ight  foot. L i n e  

I was more  cons tan t  in digit  a r r a n g e m e n t  t han  e i ther  of  lines I I  o1" I I I  or  Iine crosses, 

as is ind ica ted  in T a b l e  4, wh ich  presents  the f r equency  of the three  mos~ c o m m o n  

pa t t e rns  invo lv ing  six foot digits (6011, 6009, 6008) a n d  those wi th  lower  n u m b e r s  of  

ext ra  digits (.5006, 5102, 5101 a n d  4100). 

W i n g  digit  a r r a n g e m e n t s  va r i ed  more  t han  foot digit  a r r :mgemea t s .  L i n e  I was 

more  consis tent  in w ing  digit  a r r a n g e m e n t s  than  the o ther  lines a n d  crosses. I n  con-  

trast  to foot digit  pa t terns ,  r ight  a n d  left wings differed in patterJ~ l i ' equency.  T h e  

d g h t  wings had  a h igher  r ep re sen t a t i on  of th.e more  ex t reme pa t te rns  a n d  the left wings 

were more  heavi ly  represen ted  in the  iess severe classes (Tab le  5). 

Ex t ra  toes were no t  d i s t r ibu ted  r a n d o m l y ;  they fo rmed  dis t inct  pa t te rns .  It1 the most  

c o m m o n  pa t t e rn  the' most  p r o x i m a l  s u p e r m u n e r a r y  digit ,  which  wan the largest ,  was 
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equ iva l en t  in size to n o r m a l  digi t  I I ;  the media[  digit  was the smalicst :  a n d  the most  

distal, wh ich  was i n t e rmed ia t e  in size be tween  these two, was slightly shor ter  t h a n  die 

hal lux.  These  extra  digits did no t  cor, 'espond to die n o r m a l  digits in size, n u m b e r s  of 

pha langes  o1" in general  o r i en ta t ion .  Digi t  pa t t e rns  in  d ip lopod  embryos  G'om the 

T a b i c  5. Freq,en 9, of mo.;t common wi,g digit patterns involvil~g four digits 
(49), lhrec digits (35, 33), two digits (22, 2I)  and one normal digil (10) 

in lhree lines and in line crosses, 19:)~,. 

Percentage of Pattern Type 
Mating Typc Wi~g 49 35 33 2'2 21 t 0 

I ::.: I right 12 4-4. I I 8 4 1 
left 6 41 15 9 5 '2 

1i:.; II right 3 21 20 i5 . 23 5 
left 1 18 15 21 2i I4. 

1Ii "/I 1I right 3 11 8 17 28 22 
left 3 8 I l 25 19 31 

1' :.' 1I right '2 26 11 23 18 5 
left S 14. 7 20 25 15 

i* ;.: I11 ,'igh~ 0 1G 7 25 36 It} 
lel': 0 11 1G 21 30 23 

I[* :. I1/ right 0 0 25 25 50 0 
lef~ 0 0 25 25 25 25 

T,Jtai right 8 34 13 13 13 ,1. 
left 4 29 1.4 ] 5 13 9 

* 7f(cciprocal cross data. 

i n t e r m e d i a t e  and  low-ra t io  lines a n d  l ine crosses were s o m e w h a t  difl 'erent. He re  Lhe 

digits p resen t  i nc luded ,  most  often, digits I, I I ,  .Jill and  I V  of  the novnaal complenaen t  

and  one  or two supernumeraries. Yrequent ly ,  on ly  one ext ra  digit  was present ,  loca ted  

i m m e d i a t e l y  p r o x i m a l  to the ha l lux  a n d  r e sembl ing  it a lmos t  exact ly in size, shapc  a n d  

o r ien ta t ion .  I n  ottaer cases the single s u p e r n u m e r a r y  was disposed in a cc~mpletely 

different  loca t ion ,  i.e., it could arise d i rec t ly  fi'om the hock jo in / ,  in which case it t ended  

to be ionge r  t h a n  n o r m a l  digits, or  f iom an y  o the r  pos i t ion  be tween  the hock jot Jar and  

the posi t ion  of  tile no) 'mal  ha l lux .  A s(udy of tile var ie ty  of  locat ions occupied  by extra  

digils showed  tha t  the area .on 1he poster ior  l i m b  fi'om the hock jo in t  to the  n o r m a l  

toes was c o m p e t e n t  to form digits.  Digits  of  the supe r rmmevary  group were comple te  

wi th  p h a l a n g e s  a n d  associated wi th  extra ta rso-meta tars l .  Occas iona l ly  the med ia l  

digit  o [ ' a  g r o u p  of  three o) the mos t  p rox imal  of a g roup  of  four  consisted on ly  of  a 

hoIIow pouch  of  skin, lacking even a nai l .  

1)~SCUSS~ON 

Ext ra  digi t  fi)rntatim-~ in d ip lopod ia  m a y  resul t  fi 'om an a l t e ra t ion  in the t i m i n g  

re la t ionships  of  the processes con t ro l l ing  l imb  on togeny .  T h e  ]argesl n u m b e r s  of  

s u p e r n u m e r a r y  digits arc present  in the inost  re~arded elnbry0~s. This  r e Ia t ionsh ip  
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suggests that a limb inductor is active tbr a longer period than usual in diptopod embryos 
or that the ectoderm and mesoderm retain their compctence to form digits fox" a longer 
period. The  hal[ux and its associated metatarsal bone, which arc the last to differentiate 
in normal embryos, are altered in typical expressions of d p a p ,  while normal  digits I I ,  
I I I  and IV and their associated metatarsal bones are not. The hallux, however, 
develops normally in the attenuated expressions of diplopodia characteristic of the low- 
ratio line. Where a greatly retarded developmental rate leads to a prolongation of the 
time ofdigit  differentiation, the material fbr the hailux may be drawn into a field under 
the influence of a new evocation center. In typical line I embryos, which lack a hallux, 
the fact that tile supernumerary digits are unequal in size with the most Proximal digit 
larger than any others suggests a proximo-distal gradient in competence or in distribu- 
tion of morphogenic substances. On :he ottler hand, diplopod embryos from low- 
ratio matings, which are Ieast retarded in developmental rate, possess normal-sized 
halluces; supernumerary digits occur close to the hallux and are either the same size 
or smaller than this digit. In this case the center of digit differentiation remains the 

same, and the gradient of morphogenic substances is highest in the normal  post-axial 
site. These observations are in direct contrast to the idea (Sturkie, 1943) that a reduc- 
tion in growth rate is antagonistic to the formation o f a  polydactylous limb. They find 
support from Gabriel's observation (1946) that growth inhibition occasionally exaggera- 

tes polydactyly. 
There have been two general explanations of the presence of additional digits in 

polO'dactylous breeds or in other embryos following certain mechanical or chemical 
treatments: (1) the addition of extra digits to the pre-axial side of the normal foot 
{Harman and Alsop, 1938; Harman and Nelson, 1941 ; Warren, 1944), (2) the partial 
reduplication of the foot via the splitting of the limb field (Kaufmann-Wolf,  1908; Braus, 

1908; Harrison (Ambtystoma), 1921; Gabriel, 1946). The latter suggestion is based 
on the fact that a polydactylous foot is bilaterally symmetrical and presumes that the 

pre-axial region mir~tor_ images the post-axial area. 
The arrangement of digits typical of diplopod embryos flom line I and flom lines 

I I  and I I I  (as well as other polydaetylous stocks) are basically different, suggesting that 
a threshold effect determines whether additional digits shall be added to the normat 

pattern or whether a shift in the center of pattern formation shall take place. I f  the 
pre-axial region can obtain its independence fr6m the post-axial region, it may form its 
own pattern;  if not, the extra digits appear as additions to the normal  pattern. It  

seems evident that in none of the diplopod lines does mirror imaging form tile basis of 
the duplication process. Mirror imagi~^g implies dichotomous simultaneous events; 

in diplopodia digit differentiation is sequential. 
The studies of diplopod ontogeny and digit arrangements indicate that  at least two 

apparently different types of duplication can occur in lines selected from the same 

stock; one type of embryological process can be abandoned for another by appropriate 
selection. The /bl'm of embryological expression too, [s strongly influenced by the 

residual genotype. It  is probable that the impact  ofdifferent genetic milieu on embryo- 

logical behaviour may-be mediated through an effect on developmental rate. Selection 
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in the low-ratio lines may have favoured individuals producing progeny with genotypes 
able to overcome the effect of d p d p  in slowing developmental rates and altering timing 

relationships in earIy limb differentiation. 

SUMMARY 

Studies of the comparative embry'onic development of diplopod and normal embryos 

from selected Iines differing in penetrance o f d p d p  have led to the following conclusions: 

1. Diplopod limbs are markedly retarded in (a) early ca,'tilage differentiation, (b) 

rate of formation of cartilage bone models, and (c) rate of osteogenesis. 
2. The sequence of digit differentiation in the posterior limb of diplopod embryos is 

as.foIlows: normal digits I],  I I I  and IV;  normal digit I (if present) ; and supernumerary 
digits. I f  the hallux is absent and three supernumerary digits are present (the most 
frequent expression in line I), the most proximal supernumerary digit precedes the 
other two. I f  the halIux and t w o  supernumerary digits are present, the more 

distal (closest to the hallux) precedes the proximal supernumerary digit. 
3. In typical expressions of diplopodia, supernumerary digits are not mirror images 

of the three normal digits present. 
4. When nine to sixteen-day stages of normal 'and diplopod siblings were compared, 

developmental retardation was most marked in the earliest stages studied. The rate 

of ossification in limb bones was from 1-2 days behind that of normal embryos. In- 
hibition of ossification was found to be associated specifically with the type of osteogene- 

sis which is preceded by a stage of cartiIage hypertrophy. Membrane bone appeared 
to form normally with respec~ to the developmental stage. Bending of the limb bones 
in diplopod embryos began during the 12th day of incubation and became more pro- 

nounced after that time in embryos with severe expressions of the phenotype. 
5. Diplopod embryos were lbund to be retarded in general development. Actual 

and apparent  ages (as ha.sod oll stages in normai ontogcny) were diffel*ent. The 

norma! incubation period for diplopod embryos is in excess of 21 days. 
6. Diplopod embryos l'rom the low-penctrance lines (II  and l I l )  significantly ex- 

ceeded those fi'om line I in length of embryonic survival. 
7. The tibiomrsus was more severely reduced than any of the other bones. The 

three lines differed in extent of reduction of lengths of long bones and in body size 

with line l showing the greatest effects in all characters studied. 
8. Presence or absence of hallux and pollex was related to line of origin in diplopod 

embryos. Forty-nine percent of the recognized diplopods from line l l I  matings pc, ss- 

essecl at least, one hallux. The three lines also differed in incidence ofseveraI  patterns 

of supernumerary digit expression studied. 
9. Wing digit arraugcments varied more than foot digit arrangements anct the right 

and left wings diflhrcd in pattern frequency in eonlrast to the right and left legs. 
10. The  area on the posterior limb fi'om the hock joint to the p~)sition of the normal 

hallux was cnmpetenl to form digits. 
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1 I. Se lec t ion  for low p e n e t r a n c e  of  d p d p  appea r s  to h a v e  a l t e red  the  bas ic  e m b r y o -  

logica[  expression o f  the geno type .  

A discussion o f  the. impl ica t ions  o f  the d i p l o p o d  e m b r y o l o g i c a l  studies is i n c l u d e d .  
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P L AT E  I 

Normal  and  diplopod full-siblings of lines I, lI ,  III  aslcl the cross III  >: LC.  
(A) Normal  embryo a~ld diplopod sibling of line i. The  diplopod embryo has 6 digils on each foot 

and  four digits on each wing. The  diplopod embryo shows the cxlrcme fornls of micromel ia  1, 
l imb cur ' :ature and a rcduced body size. The  prc-maxil la is reduced in length [grade 2). 

(B) Normal  embryo and diplopod sibling of line: iI .  The  diplopod embryo has five digits {in each 
foot, /'o~lr of the n~Jrmal complement  and one "'dul)licate ha l lux"  and two digits (,~l each wing, 
the pollex and one rt~dimemary supernumerary  digit. Tile body size is nearly normal ;  the 
micromel ia  and limb curvature  are of grade 1 (slighl). 

((3) Normal  embryo and dip[opod sibling o f / i ne  I l l .  This  cliplof~od embryo i~ a wing-duplicate 
with normal  munt)ers of/i3ot digiis, and extra digits ~n lhe wings. "J'tle rlghl wing has lhree 
digils, the pollex and iw~J small supcrnum~:raricsl r.he left wing hw~ two digits, tile pollex plus 
one sutJt:rnumcrary. The  limbs arc normal  in size and shape.  The  pr~'-maxilla is ~educed in 
lenglb (grade I). 

(D) Normal  cmlJry~ and diplopr,d sibling f'lem a mat ing  of a line l I l  male with a LC Ik'malv. Tile 
diplopod emhr,,o i~as one 1;3o/ with tim normal  complemcnl  of  digits, lbur, and one with (,nc 
extra digit. TIJc wizlgs each have two digits, tim pnllex and one supernumerar), .  Body size 
is almost nurmal and Ihc embryo has grade 1 mierom~'lia ;_tnd Jilnb ('urvattn't_ ~. The  pre-maxilla 
i~ reduced in length (grade I). 

lMicfomelia ,  l imb-curvature  and extent  orreduct ion ofpre-maxi l la  were classified according Io severity 
grades as [oll~ws: 

I .  slight 
2. intermediate  
~. s e v e r e  
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Al{zarin 

(l) 

(2) 

(31 

(4-) 

PLATE 2 

transparencies 

Ibot 
wing 

foot 
wing 

foot 
;ring 

foot 
~A'll]g 

lbo t 

wing 
lbot 
l,V Il lg 

of leg and wing bones of 16-day diplopod embryos illustrating several digit pat terns 
6011 

33 
601i 

22 

5006 
35 

7016 
*18 

6008 
58 

6009 

21 

one long supernumerary metatarsal bone; note shape of femur and tibia. "VVing 

bones almost normal in size: 
a typical diplopod foot', note thickness of metatarsal region and extreme shortening 
and curvature of tibia; 
2 supernumerary foot digits, extreme curvature of bones of both limbs, but almost 

normal length. Crooked toes. 
fourth supernumerary digit attached to long proximal digit which has 4- pha{angcs; 

thick, shortened tibia, well developed supernumerary wing bonc~, crooked toes; 
pollex absent; 
disproportionate effect of d p d p  on foot and wing; pollex present with one 

supc r l l u lTne ra ry .  


