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Classical embryological analysis has 
led to the concept of a developmental 
unit, which Weiss (1) and others have 
called the feld. It can be defined opera- 
tionally as the domain within which 
changes in the presumptive fates of cells 
(regulation) can occur in response to sur- 
gical manipulation. In several organisms 
it has been shown that up to a certain 
stage (for example, up to the gastrula 
stage in the amphibian) the whole em- 
bryo can regulate in response to the re- 
moval of parts and it therefore consti- 
tutes a single field (the primary field). 
But later surgical interventions have 
more localized effects, restricted to de- 
velopmentally autonomous parts of the 
embryo which we will call secondary 
fields (2). Examples of secondary fields 
are the developing limb buds and eye, 
ear, and heart primordia in amphibian 
embryos, and the appendages and imagi- 
nal disks of developing insects. 

Following the removal of parts of a 
field, regulation of the presumptive pat- 
tern of differentiation may result in the 
regeneration of missing elements or in 
the duplication of elements already pres- 
ent in the fragment. It can occur by 
epimorphosis, in which pattern elements 
are added during growth with little 
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change in the remaining part of the pat- 
tern, or by morphallaxis, in which regula- 
tion involves remodeling of the remain- 
ing part of the field to form a miniature 
but complete pattern (3). Most primary 
embryonic fields seem to regulate by 
morphallaxis, whereas secondary fields 
in general show epimorphic regulation. 

Fields can also be given a rigorous 
theoretical definition in terms of Wol- 
pert's positional information theory (4). 
Wolpert proposed that in studying the 
formation and regulation of spatial pat- 
terns of differentiation, we make a dis- 
tinction between the events by which 
cells are assigned positional values (posi- 
tional information) according to their 
physical locations in the coordinate sys- 
tem of a developing field, and the sub- 
sequent responses of the cells (inter- 
pretation of positional information) re- 
sulting in specific cytodifferentiation. 
Stern (5) had previously proposed a simi- 
lar distinction between an underlying 
"prepattern" and the cellular com- 
petence to respond. Distinguishing posi- 
tional information from the cells' re- 
sponse to it is justified on the grounds 
that genetic mutations can affect the two 
events separately, and that different pat- 
terns of cytodifferentiation can apparent- 
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ly result from the same underlying map 
of positional values because of differ- 
ences in the interpretation event (4, 6-8). 
In terms of positional information theo- 
ry, the field can be defined as a set of 
cells which have their positions specified 
with respect to the same coordinate sys- 
tem (4). 

In this article, we propose a model 
which accounts formally and in a simple 
and unified way for the kinds of devel- 
opmental regulation seen in the second- 
ary fields of both vertebrates and in- 
vertebrates. We will discuss in detail the 
regulative behavior of the limbs of am- 
phibians and of hemimetabolous insects, 
and of the imaginal disks of Drosophila, 
systems which have been extensively in- 
vestigated. We expect the model to be 
applicable to other secondary fields, but 
its applicability to situations where regu- 
lation does not occur [for example, the 
limbs of higher vertebrates during the 
later stages of outgrowth and in the ma- 
ture animal (9)] or is limited [the early 
limb bud of chicks (10)] is at present 
difficult to test. We do not present a 
detailed molecular model for pattern for- 
mation; rather, we consider how the reg- 
ulative behavior of tissues can be ex- 
plained in terms of rules for the behavior 
of individual cells. The problem can sub- 
sequently be reduced to consideration of 
molecular mechanisms to explain cellu- 
lar behavior. 

The model we present here is restrict- 
ed to two dimensions. This is justified in 
the case of imaginal disks and insect 
appendages since we are only consid- 
ering the cuticular patterns secreted by 
epithelial sheets, and it is also not unreal- 
istic for amphibian appendages, as we 
shall show later. In fact, it might be 
generally true that patterns are estab- 
lished in two dimensions rather than 
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three; that is, in sheets or layers of cells 
rather than in solid masses of tissue. The 
three-dimensional morphology of em- 
bryos and of secondary field derivatives 
develops by means of folding, shaping, 
and growth of cell layers (as in gastrula- 
tion, neurulation, and imaginal disk evag- 
ination), and their three-dimensional in- 
tegration is accomplished by specific 
inductive relationships between cell 
layers, as in epithelio-mesenchymal in- 
teractions (11), rather than by three- 
dimensional pattern formation in solid 
tissue. 

Description of the Model 

The unique definition of cell positions 
in a two-dimensional array requires spa- 
tial variation in at least two different 
parameters. There are various two-di- 
mensional coordinate systems by which 
position could be specified in terms of 
distance or angle from points or lines, 
but we propose that positional informa- 
tion in epimorphic fields is specified in 
terms of polar coordinates (Fig. 1). One 
component of positional information is a 
value corresponding to position on a 
circle, and the second component is a 
value for position on a radius. Of course, 
the number of values given in both se- 
quences in Fig. I is arbitrary, as is the 
assumption that the positional values in 
each sequence are equally spaced. In 
amphibian and cockroach legs the outer 
circle represents the proximal boundary 
of the limb field, while the field center is 
at the distal tip of the limb. In the imagi- 
nal disks of Drosophila the outer circle 
represents the disk boundary, and in the 
case of disks which produce appendages, 
the center is the presumptive distal tip of 
the appendage (12). 

The two rules we propose for the be- 
havior of cells in epimorphic fields are as 
follows. 

1) Shortest intercalation rule. When 
normally nonadjacent positional values 
in either the circular or the radial se- 
quence are confronted in a graft com- 
bination or as a result of wound healing, 
growth occurs at the junction until cells 
with all the intermediate positional val- 
ues have been intercalated; then growth 
ceases. The circular sequence is contin- 
uous and the position 12/0 does not imply 
a boundary having unique properties; it 
arises inevitably when labeling a circle 
(such as a clockface) with numbers. This 
continuity of the circular sequence 
means that there are two possible sets of 
intermediate values between any two 
nonadjacent positional values. For ex- 
ample, juxtaposition of cells with values 
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Fig. 1. Polar coordinates in a positional infor- 
mation field. Each cell is assumed to have 
information with respect to its position on a 
radius (A through E) and its position around 
the circle (0 through 12). Positions 12 and 0 
are identical, so that the sequence is contin- 
uous. [From (64)] 

3 and 6 gives two possible sequences of 
intermediate values: 3 (4, 5) 6 and 3 (2, 1, 
12/0, 11, 10, 9, 8, 7) 6. A critical stipula- 
tion of the model is that when cells with 
nonadjacent positional values in the cir- 
cular sequence are brought into contact, 
intercalation is always by the shorter of 
the two possible routes. 

2) Complete circle rule for distal trans- 
formation. The entire circular sequence 
at a particular radial level may undergo 
distal transformation to produce cells 
with all of the more central (distal) posi- 
tional values (13). We propose that this 
distal transformation occurs only when 
cells with a complete circular sequence 
of positional values are either exposed at 
an amputation site or generated by inter- 
calation. 

We now consider the experimental evi- 
dence from hemimetabolous insect legs, 
from the imaginal disks of Drosophila, 
and from regenerating amphibian limbs, 
and show that these different systems 
exhibit an intriguing uniformity of behav- 
ior when considered in terms of the pro- 
posed model. 

Evidence from the Legs of 

Hemimetabolous Insects 

Shortest intercalation. The shortest in- 
tercalation rule is most clearly illustrated 
by deletion and grafting experiments on 
the larval cockroach leg. Removal of a 
narrow longitudinal strip of integument 
(cuticle plus epidermis) from any loca- 
tion around the circumference of the fe- 
mur in a larva results in the cut edges 
healing together, thereby confronting 
cells which are normally nonadjacent. 
This results in localized growth and inter- 

calation; in subsequent larval stages the 
leg regains its normal size and the de- 
leted structures are regenerated (Fig. 2) 
(14). 

Grafting a rectangular piece of in- 
tegument to an abnormal position around 
the circumference, without changing its 
proximal-distal position, again confronts 
normally nonadjacent cells at the edges 
and ends of the graft (Fig. 3, a and b) (15, 
16). In a variety of different com- 
binations, this stimulates growth leading 
to intercalation of the structures which 
normally lie between host and graft cir- 
cumferential positions by the shorter of 
the two possible routes [Fig. 3, a(ii) and 
b(ii)]. When the confrontation is between 
opposite circumferential positions there 
is no shorter route and such limbs may 
intercalate either of the half-circum- 
ferences separating host and graft posi- 
tions (17). Grafting between femur and 
tibia gives similar results (16, 17), sug- 
gesting that cells at corresponding cir- 
cumferential positions in different leg 
segments have the same positional val- 
ues in the circular sequence. These ex- 
periments further indicate that the inter- 
calated structures are derived from both 
host and graft (17). 

Proximal-distal intercalation also oc- 
curs in the cockroach leg; association of 
normally nonadjacent levels within a leg 
segment results in localized growth and 
intercalary regeneration of the inter- 
mediate structures. Combining a distal 
graft level and a proximal host level re- 
sults in a normally orientated regenerate 
(Fig. 4a), whereas combining a proximal 
graft and a distal host level produces a 
regenerate with reversed proximal-distal 
polarity (Fig. 4b) (18-20). In these and all 
of the other experiments we discuss 
here, the polarity of pattern elements is 
consistent with the direction of the se- 
quence of positional values; we know of 
no case where one can be altered inde- 
pendently of the other. Grafting between 
pro- and metathoracic legs (20), between 
differently pigmented species (21), and 
between different cuticle color mutants 
(22) has shown that intercalary regener- 
ates are derived from both host and 
graft. 

These results are all accounted for by 
the shortest intercalation rule applied to 
the circular or radial component of posi- 
tional information. However, a com- 
plication arises in that the radial se- 
quence appears to be repeated in each 
segment. Hence combination of midtibia 
and midfemur, for example, provokes no 
intercalary regeneration (Fig. 4c), where- 
as combination of proximal tibia and dis- 
tal femur results in an intercalary regen- 
erate approximately half a segment long, 
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in this case derived mostly from the fe- 
mur (Fig. 4d) (19, 20). 

Distal transformation. After amputa- 
tion in a larval stage, during subsequent 
stages many insect legs regenerate the 
structures normally distal to the amputa- 
tion site, even from an originally proxi- 
mal-facing cut surface created by revers- 
ing part of the leg in the long axis (Fig. 
4e) (23, 24). Distal regeneration can also 
occur from both components of a graft- 
host junction if they do not heal together 
after grafting (Fig. 4f) (20, 22). We inter- 
pret these results as distal transforma- 
tion of the radial sequence (25). Bohn 
(23) combined two external or internal 
longitudinal tibia halves in bilateral sym- 
metry and found either no distal regener- 
ation or very limited regeneration from 
the symmetrical amputation surfaces. 
This result is consistent with the idea 
that a complete circular sequence of posi- 
tional values must be present at the 
stump in order for regeneration (distal 
transformation) to occur. 

Supernumerary regeneration. The 
model can provide an explanation for the 
occurrence, number, position, orienta- 
tion, and asymmetry of supernumerary 
regenerates arising from graft-host junc- 
tions in insect legs (26). When a longitudi- 
nal strip of integument is grafted into an 
abnormal circumferential position, super- 
numerary legs are produced from the 
ends of the graft in some combinations 
(Fig. 3b) but not in others (Fig. 3a), as 
predicted by the model. In combinations 
where graft, host, and the values inter- 
calated at the longitudinal edges of the 
graft comprise two symmetrical copies 
of part of the circular sequence, inter- 
calation occurs at the ends of the graft to 
restore the continuity of longitudinal 
rows of pattern elements [Fig. 3a(iii)] 
(15). Where graft, host, and the tissue 
intercalated at the longitudinal edges 
comprise a complete circumference, dis- 
tal transformation occurs at the ends of 
the graft, forming supernumerary regen- 
erates [Fig. 3b(iii)] (17). 

After a left leg is grafted to a right 
stump (or vice versa) two supernu- 
merary regenerates are formed from 
the graft-host junction (23, 26-28). If the 
anterior-posterior axis of the graft is re- 
versed relative to that of the host, super- 
numeraries arise from anterior and poste- 
rior and their orientation is like that of 
the host [Fig. 5a(i)], whereas the super- 
numeraries arise internally and exter- 
nally after graft internal-external axis re- 
versal [Fig. 5b(i)]. The model predicts 
that intercalation will occur at the graft- 
host junction between the confronted val- 
ues of the circular sequence, always in- 
tercalating the missing values by the 

10 SEPTEMBER 1976 

shorter route. The shorter route is differ- 
ent on the two sides of each point of 
maximum incongruity, hence at these 
points a complete circumference is gener- 
ated [Fig. 5, a(ii) and b(ii)]. Distal trans- 
formation will occur from these com- 
plete circular sequences to form super- 
numerary regenerates, their orientation 
and handedness being determined by the 
direction in which intercalation occurs in 

the adjacent regions of the graft-host 
junction. Figure 5, a(ii) and b(ii), shows 
the graft-host junction after anterior-pos- 
terior and internal-external axis reversal, 
indicating the correctly predicted posi- 
tions and orientations of the super- 
numeraries. 

After reversal of both transverse axes 
by 180? rotation in the cockroach leg, 
Bulliere (28) .and Bohn (23, 27) found 

Fig. 2. Intercalary re- 
generation in the cir- 
cular sequence after 12/ 12/0 
removal of a longitudi- /1 1 1 1 

nal strip of the cock- \ 2 
roach leg. Schematic 10 2 10 
cross section of the fe- 
mur, distal view. Let- \ 
ters A, I, P, and E A 9 P 9 3- 
denote anterior, inter- 
nal, posterior, and ex- 
teral faces; numbers 
0 to 12 physical posi- 
tions around the cir-8 4 

8 4 864 -7 6 5/ 
cumference, corre- 7 6 5. / 

sponding (arbitrarily) a b-- -- C R * to positional values 0 
to 12 in the circular sequence (Fig. 1). (a) Removal of epidermis between positions 4 and 6 
(dashed line) leads to (b) the cut edges healing together and (c) intercalary regeneration (dashed 
line) of the missing values. The regenerated structures (R) are visible after molting (M). 
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Fig. 3. Intercalary regeneration in the circular sequence after transplanting longitudinal strips of 
the cockroach leg. (a) Graft of internal face of the left femur, or (b) graft of posterior face of the 
right femur, into the anterior face of the left femur. In each case (i) and (ii) are schematic cross 
sections through the graft, while (iii) is an anterior view of the distal end of the graft. (i) Graft 
combination: dashed lines represent discarded portions, and bold line represents the graft. (ii) 
Result after two molts (M). Positional values (dashed lines, R) have been intercalated between 
graft (bold line) and host by the shorter route. (iii) At the distal end of the graft there is 
intercalation (shaded area) to restore normal sequences of positional values. Dashed lines 
connect points of equal positional values in the circular sequence. In (a) such intercalation does 
not lead to the generation of a complete circumference, but in (b) it does, and distal 
transformation occurs to form a supernumerary limb (super) at the distal end of the graft. 
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either no supernumerary or two super- 
numerary regenerates (one left- and one 
right-handed), forming in various posi- 
tions and with various orientations. Si- 
pernumeraries were not found after 90? 
rotation (23, 28). We have shown (26) 
that the shortest intercalation rule can 
account satisfactorily for these results 
(see Fig. 6). 

In addition to these results on cock- 
roaches, similar supernumerary regener- 
ates are produced after contralateral leg 
transplantation or 180? rotation in stick 
insects (29), hemipterans (30), lepidopter- 
ans (31), and spiders (32), and after simi- 
lar operations on the anal cerci of crick- 
ets (33) and earwigs (34). 

Organization of the base of the cock- 
roach leg. Bohn (35) found that a leg 
would still regenerate after complete re- 
moval of the entire leg including its most 
proximal segment, the coxa. By extirpat- 
ing different amounts of tissue anterior 
and posterior to the base of the coxa, he 
found that a leg can be produced by a 
confrontation between the sclerites ante- 
rior to the coxa (the trochantin and prae- 
coxa) and a membranous zone posterior 
to the coxa (Bohn's leg-inducing mem- 
brane or LIM; see Fig. 7a). The sclerites 
of one segment are separated from the 
LIM of the next anterior segment by 
another membranous zone, which Bohn 
called the sclerite-inducing membrane or 
SIM since a confrontation between it and 
the sclerites resulted in duplication of the 
sclerites. The base of the leg was thus 
envisaged as comprising several qualita- 
tively distinct transverse zones. 

Bohn's results are in excellent agree- 
ment with the predictions made by our 
mdellP if it ie qcllnmPr thqt the IPOc field 

Fig. 4 (above). Intercalary regeneration and distal transformation in the proximal-distal (radial) ' t V I 

sequence after grafting together different levels of the tibia or tibia and femur of the cockroach extends into the leg base as in Fig. 7a. 
leg. Letters A to E denote physical levels of the leg segment corresponding to positional values The most proximal positional values of 
A to E in the radial sequence (Fig. 1). In each case, the diagram shows the graft combination and the leg field are assumed to occupy the 
the result after two molts (M). (a) to (d) Intercalation (R) occurs between normally nonadjacent anterior edge of the basal sclerites ante- 
positional values in the proximal-distal sequence when the grafts are between tibia and tibia (a 
and b) or between tibia and femur (d), but no intercalation occurs between homologous ror, the reg o o e ose 
positional values in the tibia and femur (c). (e) Transformation (T) from an originally proximally orly. The leg field would be separated 
facing cut surface occurs following reversal of part of the radial sequence. (f) Transformation from those of other segments by the 
(T) occurs from the distal cut surface and from the graft and the host when the grafted parts fail region of the SIM. Within this most prox- 
to heal and interact at a junction. Fig. 5 (opposite). Application of the model to the imal zone of the le field the rules for 
production of supernumerary limbs in cockroaches and amphibians following contralateral ellular int tion ae as e e in 
transplantations with either (a) anterior-posterior or (b) external-internal (dorsal-ventral) axes l nteracton are, as e 

opposed. (i) Diagram of the experiment and the major result in cockroaches (23, 26-28). Letters calation in the circular and radial se- 
I, A, E, and P denote internal, anterior, external, and posterior surfaces; M denotes molt. quences, and distal transformation from 
Supernumerary regenerates are formed at the points of axial incongruity. (iii) Diagram of the complete circular sequences. Consider a 
experiment and the major result in the newt Notophthalmus viridescens (60, 64). In this case few of Bohn's experiments (35) 
regeneration blastemas, rather than parts of mature limbs, are transplanted. The dorsal surface 
is solid black, the ventral surface stippled; A and P denote anterior and posterior surfaces. 
Supernumerary regenerates have formed at the points of axial incongruity. (ii) and (iv) Schematic cross section of graft-host junction, distal view; 
outer circle, host circumference; inner circle, graft circumference. (The diameters of the graft and stump are shown to be different for clarity 
only.) The circular sequence is marked around the circumference by numbers 0 to 12. Numbers between the circles are values generated by 
intercalation (by the shorter route) between the different confronted positional values of host and graft. The shorter route is different on the two 
sides of each point of maximum incongruity, so a complete circular series is generated at that position. Subsequent distal transformation leads to 
the production of a supernumerary limb. The arrangement of the positional values around the supernumerary limbs is determined by the direction 
of intercalation in the adjacent regions of the graft junction and is a consequence of the shortest intercalation rule. The direction of the 
intercalation adjacent to the supernumerary limbs gives their handedness and orientation. As can be seen, both supernumerary regenerates are of 
stump handedness, oriented in the same way as the limb stump, and they are in mirror image symmetry with the transplant. Abbreviations: super, 
supernumerary limb; V, I, A, D, E, and P, ventral, internal, anterior, dorsal, external, and posterior. 
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1) Extirpation of the coxa plus part of 
the posterior (Fig. 7b) or anterior (Fig. 
7c) region of the field will result in wound 
closure, the formation of a complete cir- 
cular sequence by intercalation, and 
hence distal transformation (leg regener- 
ation), as is observed. 

2) Extirpation of the coxa plus the 
complete posterior region of the field 
(Fig. 7d) will not result in leg regenera- 
tion because more than half of the posi- 
tional values in the circular sequence 
have been eliminated. We assume that 
wound healing occurs by contraction of 
the cut edge, as with imaginal disks (dis- 
cussed below). Confrontation of differ- 
ent positional values in the circular se- 
quence leads to intercalation which re- 
sults in mirror-image duplication of the 
anterior values; a duplication of the scle- 
rites is observed. Similarly, extirpation 
of coxa plus the anterior field would 
result only in duplication of the posterior 
values (Fig. 7e); no leg is regenerated but 
there are no markers in this area, so no 
duplication is visible. 

3) Extirpation of the zone separating 
the meso- and metathoracic leg fields 

(Fig. 7f) results in healing of the posteri- 
or region of one leg field to the anterior 
region of the next leg field; intercalation 
will lead to the formation of a complete 
circumference of reversed anterior-pos- 
terior polarity, and distal transformation 
will produce a reversed supernumerary 
leg, as is observed. 

One difficulty with gross extirpation 
experiments is the possibility of varia- 
tion in the mode of healing, and this may 
account for variability in the results of 
some of Bohn's experiments. However, 
Bohn (36) also performed a large number 
of grafting operations on the leg base, 
and almost all of the results are compat- 
ible with this polar coordinate model, 
which provides a unified interpretation 
of the organization of both the basal 
region of the leg and the remainder of the 
appendage. 

Evidence from Imaginal Disks 

Although extensive studies have been 
made of the growth of imaginal disk tis- 
sues of Drosophila cultured in adult flies, 

12/0 

2 
3 

6 5 

I 

LEFT 
A 9 o10 11 12/0 1 2 3 - P TRANSPLANT A - 

E 

I 
11 
10 

6 

6 

! 

20 ----J^^^^ 1/0 1 
12o6 62 

10 10 
positions 1 as adacet (b and c) or opposite (d) 

12 0 

2 

2 
2 

0 

C 2 
6 
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it is only recently that systematic studies 
have been made of the regulative proper- 
ties of specific disk fragments. We now 
consider these regulative properties in 
relation to the proposed model. 

When a disk fragment is transplanted 
to a larval host, it undergoes metamor- 
phosis with the host (having no opportu- 
nity for growth) and discloses its pre- 
sumptive fate in the structures which are 
differentiated. In this way, fate maps of 
the leg and wing disks have been shown 
to be more or less concentric with the 
presumptive proximal structures at the 
periphery and the distal tip of the append- 
age close to the center (37, 38). 

If a disk fragment is transplanted into 
an adult host it grows but does not differ- 
entiate until retransplanted into a host 
larva. Using this technique it has been 
shown many times that during growth 
different disk fragments regenerate the 
missing structures or produce a mirror- 
image duplicate of the presumptive pat- 
tern already present. Furthermore, for a 
large number of different cuts it has been 
shown that bisection of a disk gives one 
regenerating fragment and one dupli- 
cating fragment (38-42). In the most ex- 
tensively analyzed case, that of the wing 
disk (38) it was possible to localize a 
point in the center of the disk which 
defines the direction of regeneration and 
duplication. When the disk is cut into 
three pieces, fragments which have a cut 
edge facing away from the center under- 
go regeneration, while those having a cut 
edge which faces toward the center un- 
dergo duplication. However, the pres- 
ence of the center in the fragment is not a 
prerequisite for regeneration, since frag- 
ments bounded by two cut edges on the 
same side of the center show regenera- 
tion from one side and duplication from 
the other. Neither does the presence of 
the center guarantee regeneration, since 
four-sided central fragments undergo du- 
plication (38). 

The finding of regeneration and dupli- 
cation in complementary fragments of 
imaginal disks led to the idea of a gradi- 
ent of positional values within the disk 
(38, 40). It was suggested that from any 
one level on the gradient, growth allows 
the generation of lower positional values 
but not of higher values. Addition of the 
same set of positional values to the two 
halves of the gradient comprises regener- 
ation in one case and duplication in the 
other. This gradient model accounted 
well for the behavior of fragments of the 
wing disk if it was assumed that there 
were multiple, different gradients radiat- 
ing out from the center (38). However, 
several results are inconsistent with this 
formulation. First, it was shown that cen- 
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Fig. 7. (a) Organization of the base of the cockroach leg, after Bohn (35), with the addition of a hypothetical circular sequence of positional values 
at the proximal boundaries of the mesothoracic and metathoracic leg fields. Dashed lines connect points of equal positional value in the circular 
sequence [based on the results of French and Bulliere (16) and French (17) on the tibia and femur, and of French (14) on the coxa]. 
The mesothoracic leg is removed at the base of the coxa (crosshatched). (b to f) An interpretation of some of the results of Bohn (35); see text 
for details. Abbreviations: R, leg regeneration; D, duplication of regions of the leg base. Reversed super means regeneration of a supernumerary 
leg with opposite handedness. 

tral fragments of the wing disk, con- 
taining the center and bounded by four 
cut edges, undergo duplication instead of 
the expected regeneration, and that the 
complementary peripheral fragment can 
regenerate the center (43). Second, the 
four different 90? sectors show dupli- 
cation, whereas each complementary 
270? sector regenerates. This result is not 
explicable in terms of the predicted be- 
havior of each free edge, since a given 
edge would have to undergo regenera- 
tion under some circumstances and dupli- 
cation under others. Third, it has now 
been demonstrated that the regulative 
behavior of a fragment can be modified 
by mixing it with fragments from other 
regions of the disk (44). Thus, the pre- 
sumptive notum region of the wing disk, 
when cultured alone, shows duplication, 
but when mixed with presumptive wing 
it can regenerate wing structures, a phe- 
nomenon analogous to intercalary regen- 
eration in cockroach and amphibian 
limbs. Intercalary regeneration was also 
demonstrated between anterior and pos- 
terior wing disk fragments (44). 

The present model can explain these 
results if the regulative behavior of a 
fragment is not merely a function of the 
independent behavior of free cut edges, 
but is the result of interaction between 
the cut edges after they fuse together 
during wound healing. Wound healing 
occurs very rapidly in imaginal disk frag- 
ments, probably before much growth has 
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occurred (45). In the case of 90? and 270? 
sectors, the two radial cut surfaces ap- 
parently heal together during the first 
2 days of culture (Fig. 8). 

We assume that regulation occurs in 
the circumferential direction as a result 
of the apposition of different circum- 
ferential positions by wound healing. 
Then the shortest intercalation rule ac- 
counts simply for the regeneration of 
270? sectors and duplication of 90? sec- 
tors (Fig. 9a). It also accounts for the 
behavior of wing disk segments which 
are bounded by a single cut edge, if we 
assume that wound closure occurs by 
contraction along the cut edge, as in Fig. 
9b. Again, the evidence indicates that 
wing disk segments do show the appro- 
priate type of wound healing (45). 

It has been shown (41) that in the leg 
disk, in contrast with the wing disk, the 
upper medial quarter of the disk can 
regenerate the remainder, while the com- 
plementary three-quarter sector dupli- 
cates. This is consistent with the model if 
there is a nonuniform spacing of position- 
al values in the leg disk, such that more 
than half of the values are crowded into 
the upper medial quarter of the disk (Fig. 
9c). There is, of course, no reason to 
assume uniform spacing, and there is 
evidence of nonuniform growth of the leg 
disk during metamorphosis (37). As dis- 
cussed below, nonuniform spacing of po- 
sitional values is also suggested by the 
results of certain types of grafting experi- 

ments on regenerating amphibian limbs. 
The model predicts that the periphery of 
the disk should undergo distal transfor- 
mation to regenerate the center, which is 
true of the leg disk (41) and wing disk 
(43) and that central fragments should 
duplicate (Fig. 9d), which was shown to 
be the case in the wing disk (38). 

The experimental evidence indicates 
that the complete circle rule is followed 
during regulatory growth in both leg and 
wing, disks. Schubiger (41) cultured half 
leg disks from which the presumptive 
distal regions ("end knob") had been 
removed. He showed that the lateral half 
undergoes duplication, and usually fails 
to regenerate distally, whereas the medi- 
al half, which is able to regenerate the 
missing lateral half, also regenerates the 
distal structures at high frequency. Simi- 
larly, when "cap" and "base" pieces 
lacking the end knob are cultured, the 
cap piece, which regenerates the base, 
shows distal regeneration, whereas the 
duplicating basal piece usually does not. 
In the case of the wing disk, it is known 
for a variety of pieces from the edge of 
the disk that regeneration toward the 
center does not occur during duplication 
of the fragment (38), although such regen- 
eration does occur from an annular frag- 
ment (43). 

The genital disks produce bilaterally 
symmetrical adult derivatives, and in 
such cases the model predicts that frag- 
ments generated by cuts parallel to the 
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line of symmetry will either regenerate 
or duplicate depending on the position of 
the cut (Fig. 9e), but if the cut is per- 
pendicular to the line of symmetry there 
will be no regeneration or duplication 
(Fig. 9f). The first prediction is amply 
borne out by the work of Hadom et al. 
(46), and we have tested the regulative 
abilities of four fragments of the male 
genital disk produced by horizontal cuts 
and have observed neither regeneration 
nor duplication (47). 

Evidence from Amphibian Appendages 

Location of positional information. 
Unlike Drosophila imaginal disks and 
cockroach legs, amphibian limbs cannot 
be regarded as two-dimensional epithe- 
lial sheets. The limb is a three-dimen- 
sional structure with a central core of 
bone, surrounded by a cylinder of 
muscle and covered by dermis and epi- 
dermis. Nevertheless, our two-dimen- 
sional model for patter regulation is 
adequate to account for many of the 
regulative phenomena in amphibian ap- 
pendages. Experiments on developing 
limbs have shown that the information 
for the limb pattern initially resides in a 
circular disk of mesodermal cells (48- 
50). When presumptive limb bud meso- 
derm is grafted to other regions of the 
embryo without its overlying epidermis, 
a limb develops (in cooperation with non- 
limb epidermis) in which the anterior- 

posterior organization is the same as that 
of the original graft. Presumptive limb 
epidermis without limb mesoderm can- 
not support the development of a limb. 
Further support for the premise that posi- 
tional information may only be specified 
in two dimensions comes from recent 
experiments by Carlson (51). When the 

position of muscle or dermis within a 
mature axolotl limb is changed and the 
limb is amputated through the reoriented 
region, regenerates with multiple distal 
limb elements are produced. Such abnor- 
mal regenerates would be expected if 
muscle and dermis were to carry posi- 
tional information and behave according 
to the rules for epimorphic regulation 
described here. However, Carlson also 
found that bone and epidermis do not 
produce similar effects on limb morpho- 
genesis when their positions with respect 
to their surroundings are altered. Hence, 
it seems as though positional information 
for both development and regulation in 
the axolotl limb may be specified in two 
dimensions rather than three; that is, in a 
flat disk of mesoderm in the presumptive 
limb region or in a hollow cylinder of 
mesoderm in the mature limb. 

Distal transformation. It is well 
known that the mature limbs and tails of 
urodeles can regenerate distal structures 
after amputation. In the tail, the accu- 
racy of regeneration has been demon- 
strated by showing that the number of 
vertebrae regenerated is proportional to 
the number removed by amputation (52). 

Distal regeneration can also occur from 
originally proximal-facing surfaces of am- 
phibian limbs (53) and tails (54). In these 
experiments, limb or tail segments are 
grafted so as to reverse their normal 
proximal-distal orientation, allowing dis- 
tal levels to survive and undergo pattern 
regulation, whereupon duplicate distal 
parts are regenerated. Distal regenera- 
tion also occurs from the proximal-facing 
stump of larval anuran tails in culture 
(55). 

Distal transformation is also shown by 
the developing limb field and early limb 
bud of the embryo. When presumptive 
limb bud material is excised, a limb bud 
can frequently reform from the remain- 
ing surrounding tissue (48). But if only 
the peripheral portions of the limb field, 
the presumptive girdle rudiments, are 
excised, they are not regenerated by 
more central regions of the field (56). 

Evidence that distal transformation 
will occur only from a complete set of po- 
sitional values in the circular sequence 
comes in part from experiments per- 
formed by Carlson (57) and Lheureux 
(58) on x-irradiated limbs, which do not 
usually regenerate when amputated. If 
an irradiated limb stump is provided with 
a cuff of nonirradiated skin (epidermis 
and dermis) in which the complete circu- 
lar sequence of positional values is pres- 
ent, distal regeneration will occur. How- 
ever, if such a cuff of skin, although phys- 
ically complete, contains only a small 
part of the circumference, then distal 
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Fig. 9 (left). Wound healing in a 270? sector of the Drosophila wing 
disk (45), (a) after 1 day of culture in an adult abdomen and (b) after 2 / 
days of culture. The two cut edges have fused together. Fig. 10 
(right). Intercalation in the proximal-distal (radial) sequence in Not-^\ 
ophthalmus viridescens. (a) After grafting a blastema (ranging in age \^\ l \Q 
from early bud to early digits) from a level in the distal half of the / ll ) t 
lower arm to a stump in the proximal half of the upper arm. (i) Graft / 
combination. (ii) Schematic representation of resulting limb at the end 
of regeneration, showing intercalation. (b) After grafting a blastema . * 

(varying in age from early bud to early digits) from a level in the I j (' 
proximal half of the upper arm to a stump in the distal half of the lower 
arm. No intercalary regeneration is observed. This operation is per- 
formed between left and right limbs and frequently leads to the production of supernumeraries, but for simplicity these are not shown. (i) Graft 
combination. (ii) Schematic representation of resulting limb at the end of regeneration. 
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transformation fails to occur. Since the 
quantity of tissue available to participate 
in regeneration is approximately the 
same in each of these cases, it appears 
that distal transformation is dependent 
on the presence of cells comprising a 
complete circular sequence of positional 
values at the level being tested. Experi- 
ments have shown that compound limbs 
(double anterior, double posterior, 
double dorsal, or double ventral) are un- 
able to regenerate distally after amputa- 
tion (59), as predicted by the model. 

Shortest intercalation. Intercalation in 
the proximal-distal sequence has been 
demonstrated in regenerating amphibian 
limbs (60, 61). When a forearm blastema 
is transplanted to the upper arm there is 
considerable dedifferentiation of the 
stump and transplant, and intercalation 
occurs so that the resulting limb contains 
all the proximal-distal levels (Fig. 10a). 
Similar results have been obtained using 
the tail (52). Stocum (61) has presented 
evidence showing that some of the cells 
in the intercalary growth in limbs come 
from the stump. Grafting an upper arm 
blastema to a lower arm stump does not 
evoke intercalary regeneration (Fig. 10b) 
(60, 61). 

The shortest intercalation rule for the 
circular sequence has not been directly 
tested in amphibian limbs. However, ex- 
periments by Harrison (48) and Swett 
(62) in which half of the embryonic limb 
field was removed, or in which the two 
halves were separated by a tissue bar- 
rier, indicate that the reciprocal halves of 

the field behave differently. For ex- 
ample, isolated ventral or anterior half- 
limb fields often fail to form limbs, 
whereas isolated dorsal or posterior half- 
limb fields usually form normal or dupli- 
cated limbs. This suggests that inter- 
calation can occur in the circular se- 
quence, and that the ability of a half-limb 
field to form a complete limb depends on 
whether a complete sequence of position- 
al values can be generated. Similar exper- 
iments performed on regenerating limb 
blastemas (63) did not reveal any differ- 
ences in the behavior of reciprocal 
halves of blastemas. This is probably be- 
cause half-blastemas developing in situ 
can always reconstruct a complete circu- 
lar sequence of positional values by vir- 
tue of their contact with the adjacent nor- 
mal limb stump. 

Supernumerary regeneration. The 
shortest intercalation and complete 
circle rules together can account for the 
occurrence, location, handedness, and 
orientation of supernumerary limbs 
which are formed after certain grafting 
procedures. If a limb blastema is grafted 
to the contralateral limb stump such that 
the anterior-posterior axes are mis- 
aligned, a maximum of two super- 
numerary limbs form from anterior and 
posterior regions of the graft junction 
[Fig. 5a(iii)] (60). Similarly, when a blas- 
tema is grafted to the contralateral limb 
stump such that the dorsal-ventral axes 
of the graft and stump are misaligned, 
again a maximum of two supernumerary 
limbs are formed, but this time in dorsal 

and ventral locations [Fig. 5a(iii)]. When 
a limb blastema is rotated 180? and re- 
placed on the same limb stump, both an- 
terior-posterior and dorsal-ventral axes 
of graft and stump are misaligned. Once 
more, a maximum of two supernumerary 
limbs are formed and they are located in 
the anterior-ventral and posterior-dorsal 
positions with respect to the axes of the 
limb stump at the graft junction (Fig. 11) 
(64). 

The results of the contralateral grafts 
are exactly analogous to those obtained 
with cockroaches and can be explained 
in the same way [Fig. 5, a(iv) and b(iv)]. 
The handedness and axial orientation of 
the supernumerary limbs are the same as 
those of the stump. Both handedness and 
orientation are defined by the direction 
in which intercalation occurs in the adja- 
cent regions of the graft junction. 

In contrast to the variable results in 
cockroaches, the two supernumerary 
limbs formed after 180? rotation of blas- 
temas in amphibians are found in con- 
stant circumferential positions. A simple 
way to account for this is to assume that 
positional values in the circular sequence 
have slightly nonuniform spacing, as 
shown in Fig. 11. There are then only 
two locations around the graft junction 
where the two possible routes of inter- 
calation involve the same number of posi- 
tional values. Intercalation occurs in op- 
posite directions at each side of these lo- 
cations, generating complete circular 
sequences from which distal transforma- 
tion will occur to form separate super- 
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a RIGHT b 
Fig. 11. Application of the model to the production of supernumerary limbs following 180? 4' 
rotation of a right limb regenerate on a right limb stump in the newt Notophthalmus viridescens 5 
(64). (a) Diagram of the experiment and the, major result. (b) Schematic cross section of graft- 
host junction, distal view, from (64). Abbreviations are as in Fig. 5. Because of nonuniform 
spacing of the circular series, complete circular sequences are generated by intercalation at v 
anterior-ventral and posterior-dorsal locations only. The arrangement of positional values 
around the supernumerary limbs, which is a consequence of the shortest intercalation rule, gives the handedness and orientation of these structures. 
As can be seen, the posterior-dorsal supernumerary is a left hand, a mirror image of the transplant. The anterior-ventral supernumerary limb 
is a right limb which is normally oriented with respect to the limb stump, and it is not a mirror image of the transplant. Dark shading, dorsal; light 
shading, ventral. 

SCIENCE, VOL. 193 978 



numerary limbs. One supernumerary 
limb is of the same handedness and orien- 
tation as the stump, whereas the other is 
of opposite handedness. It is important 
to note that the assumption of slight non- 
uniformity in positional value spacing 
has no effect on the predictions made for 
the contralateral grafts, other than to 
change very slightly the predicted posi- 
tions of supernumerary regenerates. 

The model also allows one to under- 
stand the production of supernumerary 
limbs following transplantation of devel- 
oping amphibian limb buds. Harrison 
(49, 65), Swett (62, 66-68), and others 
[see (64)] transplanted limb buds of vari- 
ous ages in various axial orientations ei- 
ther to a limb region of the embryo (or- 
thotopic transplants) or to a flank region 
(heterotopic transplants). In many in- 
stances, supernumerary limbs were pro- 
duced. If the principles discussed above 
for the production of supernumerary 
limbs are applied to the developing limb 
bud, it becomes apparent that certain 
grafting operations would be expected to 
lead to the formation of supernumerary 
limbs, whereas others would not. Bryant 
and Iten (64) have categorized many of 
these early experiments into these two 
groups, and have found that in experi- 
ments in which the model would predict 
the occurrence of supernumerary limbs, 
59 percent of the animals (N > 1700) 
formed one or more supernumerary 
limbs. In experiments in which the mod- 
el would not predict the formation of su- 
pernumerary limbs, only 5 percent of the 
animals (N > 800) formed super- 
numerary limbs. Thus, the occurrence of 
supernumerary limbs in these classical 
experiments agrees very well with the re- 
sults expected according to the model 
presented here. 

Initial Establishment of Epimorphic 
Fields 

The secondary fields which we have 
discussed develop at particular locations 
in the primary morphallactic field which 
comprises the whole early embryo: the 
insect blastoderm (69) and the amphibian 
blastula and early gastrula (2). The avail- 
able evidence suggests that secondary 
fields acquire a polar epimorphic charac- 
ter very early and that they are initiated 
by the sequential establishment of cer- 
tain key positional values. Intercalation 
between these initial positional values 
then controls the growth of the field dur- 
ing development. 

In the case of imaginal disks, several 
workers have studied the normal devel- 
opment of pattern by removing disks 
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from young larvae and causing them to 
undergo metamorphosis prematurely by 
implanting them into old larvae. It is then 
assumed that the structures which are 
differentiated give an indication of which 
positional values had been established at 
the time of explantation. When a leg disk 
from a second instar larva is caused to 
metamorphose, only the most proximal 
and distal structures are differentiated, 
but disks from older larvae are able to 
produce the intermediate structures (70). 
This could, of course, occur by the same 
mechanism of positional value inter- 
calation that we are proposing for regu- 
lative development. Similar studies have 
been done with the eye-antenna disk, but 
the results are somewhat contradictory 
(71). Studies on duplication and deletion 
resulting from damage to imaginal disks 
at the blastoderm stage or during the first 
larval instar (72) suggest that the basic 
polar organization of imaginal disks is es- 
tablished very early, when they each con- 
sist of only 10 to 20 cells. 

Our model provides a close link be- 
tween pattern formation and growth con- 
trol in imaginal disks. We propose that 
growth is stimulated by the apposition of 
positional values which are ordinarily 
nonadjacent. Thus, growth during nor- 
mal development will occur until the pat- 
tern is complete, and during culture of a 
disk fragment growth will occur until ei- 
ther regeneration or duplication is com- 
plete. All small fragments of disks will 
duplicate and then cease to grow, where- 
as dissociation and reaggregation will 
stimulate growth until intercalation of po- 
sitional values is complete. All of these 
predictions are in accord with the experi- 
mental findings (73). 

Much interest has recently centered 
around the progressive establishment of 
clonal restrictions (compartmental- 
ization) during the development of the 
wing disk (74). A major clonal boundary 
separates presumptive posterior from 
presumptive anterior tissue at the begin- 
ning of disk development, and later, clon- 
al boundaries separate ventral from dor- 
sal, and so on, to generate a number of 
clonally separate subcompartments with- 
in the disk. During normal development 
even a rapidly growing clone will not 
cross an already formed compartment 
boundary. There are some indications of 
a similar anterior-posterior clonal separa- 
tion of cells in the cockroach leg (14, 26). 
However, during regeneration and dupli- 
cation of disk fragments, cells can gener- 
ate structures in other compartments 
(38, 44). There is evidence that the ante- 
rior-posterior boundary is often ob- 
served during intercalation, but in some 
cases cells from one compartment prolif- 

erate into the other compartment (44). 
The relevance of compartmentalization 
to the processes of intercalation and 
transformation which we describe here 
remains to be established. 

The normal development of pattern in 
amphibian limbs has been studied by 
transplanting limb buds at different 
stages of their development to abnormal 
locations in the embryo. At the earliest 
of the stages studied (50) presumptive 
limb bud mesoderm was removed from 
embryos at the slit-blastopore stage and 
transplanted to the presumptive flank re- 
gion. Regardless of the orientation of the 
grafted mesoderm in its new environ- 
ment, the anterior-posterior axis of the 
limb which develops conforms to the 
original polarity of the graft. It was not 
until later in development that a limb bud 
would retain its original dorsal-ventral 
polarity, following grafting in reverse ori- 
entation (66, 75-77). Later experiments 
by Swett (67) showed that only dorsal tis- 
sue is of importance in establishing this 
axis. Experiments on other developing 
organs (78) have demonstrated a similar 
sequence in the establishment of the or- 
thogonal axes of these secondary fields. 
This fact need not, however, lead inevita- 
bly to the conclusion that positional in- 
formation in such fields is specified by 
means of orthogonal coordinate systems. 
Rather, it is possible that anterior and 
posterior positional values in the circular 
sequence are established first, followed 
later by dorsal and then ventral values. 
All intermediate values could be estab- 
lished by intercalation, leading to growth 
in diameter of the limb bud, followed by 
distal outgrowth (transformation), ac- 
cording to the complete circle rule. 

MacDonald (79) has independently de- 
veloped a polar model for pattern specifi- 
cation in the amphibian retina. He argues 
that sequential orthogonal polarization 
could reflect the formation of several ref- 
erence points for the establishment of a 
polar coordinate system, rather than that 
positional value within the field must be 
specified along orthogonal axes. 

Possible Classes of Molecular Mechanism 

We do not present here a detailed mo- 
lecular mechanism for the epimorphic 
field, but merely comment briefly on the 
suitability of several general classes of 
mechanism. 

Many previous attempts to understand 
pattern formation have been based on 
gradient models: it is assumed that there 
is a spatial gradient of some cellular pa- 
rameter in the tissue, so that the local val- 
ue of the parameter provides positional 
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information (4, 19, 80). A linear concen- 
tration gradient of a diffusible substance 
could be established by maintaining a 
source of material at one boundary and a 
sink at the other. More complex gradient 
models have been proposed, but they 
need not concern us here. Almost all in- 
volve the assumption that cells at the 
boundary have special metabolic or per- 
meability properties. 

While gradient models can and have 
been used to explain the regulative be- 
havior of limbs in the proximo-distal di- 
rection (23, 81) they are inadequate to ac- 
count for the regulative behavior we 
have described in the circular direction. 
A gradient must have low and high 
points but, as we have seen, the circular 
sequence of positional values behaves as 
though there were no discontinuities or 
regions with unique "boundary" proper- 
ties. Two gradients with opposite polar- 
ity could be joined around a circle with 
no discontinuities, but to uniquely speci- 
fy every position would require at least 
two different double gradient systems ori- 
entated at an angle to each other. Each 
point could then be specified by the val- 
ues of two parameters. However, such 
mechanisms do not readily account for 
the shortest intercalation rule (82). 

The phase-shift model proposed by 
Goodwin and Cohen (83), with appropri- 
ate modification, provides an attractive 
model for regulation in the circular se- 
quence. All cells at a given radial level 
could undergo metabolic oscillation with 
the same amplitude and frequency, but 
cells at different positions in the circular 
sequence could differ in a regular manner 
in phase. A total phase shift of 360? 
around the circumference would then 

give a circle of positional values with no 
discontinuities. Although it is not obvi- 
ous how this kind of positional informa- 
tion could be interpreted by cells, the be- 
havior of coupled oscillators (84) does al- 
low such a model to account for the 
shortest intercalation rule. The radial 

component of positional information 
could, of course, be encoded as the am- 

plitude of the oscillation (85). 

Summary 

We have described a formal model for 
pattern regulation in epimorphic fields in 
which positional information is specified 
in terms of polar coordinates in two di- 
mensions. We propose that cells within 

epimorphic fields behave according to 
two simple rules, the shortest inter- 
calation rule and the complete circle 
rule, for both of which there is direct ex- 
perimental evidence. It is possible to un- 
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derstand a large number of different be- 
haviors of epimorphic fields as a straight- 
forward consequence of these two rules, 
and the model therefore provides a con- 
text in which to view many of the results 
of experimental embryology. Although 
we have confined our discussion to cock- 
roach legs, the imaginal disks of Dro- 
sophila, and regenerating and developing 
amphibian limbs, the fact that the model 
can explain regulative behavior in such 
evolutionarily diverse animals suggests 
that it may have general applicability to 
epimorphic fields. The predictions which 
the model makes should make it possible 
to assess its applicability to other devel- 
oping systems, and to investigate the cel- 
lular mechanisms involved. 
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Squall in Chesapeake: Marine 
Institute Rammed by Junk Charge 
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In an astounding series of legal moves, 
Virginia officials are prosecuting one of 
the nation's prominent marine scientists, 
William J. Hargis, Jr., director of the 
Virginia Institute of Marine Sciences 

(VIMS) and chairman of the National 

Advisory Committee on Oceans and At- 

mosphere (NACOA). Friends of Hargis 
say that the charges against him are so 

flimsy that they must have been brought 
in retaliation for his warnings about the 
hazards of the pesticide Kepone in local 
waters, which have angered state author- 
ities. Hargis will stand trial in Gloucester 

County Circuit Court in Gloucester, Vir- 

ginia, on 1 and 7 September. 
On 6 July, a county grand jury indicted 

Hargis on two counts of embezzlement. 
One charge alleges that in October Har- 

gis "fraudulently" disposed of a diesel 

engine which belonged to the state by 
allowing a carpenter, Jim Taylor, em- 

ployed by VIMS, to take it home. 
The second charge alleges that Hargis 

committed embezzlement when he asked 
VIMS to rectify its leave records from 
1971 onward, so that 130 hours of annual 
leave and 37 hours of sick leave would be 
restored to him. 

Supporters of Hargis argue that no 
crime took place on either matter. They 
say that Taylor, seeking some parts from 
the. engine for his own use, had agreed 
with Hargis aide John B. Pleasants to 
donate free labor to VIMS in return. He 
tobk the whole engine home, they say, to 
dismantle it and get the parts he wanted. 
Besides, they say, supply laws of the 
state of Virginia allow Hargis, as the 
state's agent at VIMS, to dispose of 

10 SEPTEMBER 1976 

In an astounding series of legal moves, 
Virginia officials are prosecuting one of 
the nation's prominent marine scientists, 
William J. Hargis, Jr., director of the 
Virginia Institute of Marine Sciences 

(VIMS) and chairman of the National 

Advisory Committee on Oceans and At- 

mosphere (NACOA). Friends of Hargis 
say that the charges against him are so 

flimsy that they must have been brought 
in retaliation for his warnings about the 
hazards of the pesticide Kepone in local 
waters, which have angered state author- 
ities. Hargis will stand trial in Gloucester 

County Circuit Court in Gloucester, Vir- 

ginia, on 1 and 7 September. 
On 6 July, a county grand jury indicted 

Hargis on two counts of embezzlement. 
One charge alleges that in October Har- 

gis "fraudulently" disposed of a diesel 

engine which belonged to the state by 
allowing a carpenter, Jim Taylor, em- 

ployed by VIMS, to take it home. 
The second charge alleges that Hargis 

committed embezzlement when he asked 
VIMS to rectify its leave records from 
1971 onward, so that 130 hours of annual 
leave and 37 hours of sick leave would be 
restored to him. 

Supporters of Hargis argue that no 
crime took place on either matter. They 
say that Taylor, seeking some parts from 
the. engine for his own use, had agreed 
with Hargis aide John B. Pleasants to 
donate free labor to VIMS in return. He 
tobk the whole engine home, they say, to 
dismantle it and get the parts he wanted. 
Besides, they say, supply laws of the 
state of Virginia allow Hargis, as the 
state's agent at VIMS, to dispose of 

10 SEPTEMBER 1976 

scrap property as he sees fit. VIMS ac- 
quired the engine as part of a generator- 
diesel unit, which it bought for $177 in 
1971; the engine had stood outdoors, 
rusting, since that time. In March, when 
police began asking questions about the 
engine, Taylor returned it, together with 
all its parts, to VIMS (see photo) and 
signed an affadavit to that effect. 

On the matter of annual leave, support- 
ers of Hargis say that, when he was 
appointed to NACOA in 1971, he as- 
sumed that NACOA business was an 
outside activity and took annual leave 
when attending meetings. But in Janu- 
ary, the VIMS Board of Administration 
ruled that Hargis' NACOA business was 
part of his duties as director of VIMS. 
Gilbert L. Maton, chairman of the board, 
wrote in a memo that Hargis "has been 

scrap property as he sees fit. VIMS ac- 
quired the engine as part of a generator- 
diesel unit, which it bought for $177 in 
1971; the engine had stood outdoors, 
rusting, since that time. In March, when 
police began asking questions about the 
engine, Taylor returned it, together with 
all its parts, to VIMS (see photo) and 
signed an affadavit to that effect. 

On the matter of annual leave, support- 
ers of Hargis say that, when he was 
appointed to NACOA in 1971, he as- 
sumed that NACOA business was an 
outside activity and took annual leave 
when attending meetings. But in Janu- 
ary, the VIMS Board of Administration 
ruled that Hargis' NACOA business was 
part of his duties as director of VIMS. 
Gilbert L. Maton, chairman of the board, 
wrote in a memo that Hargis "has been 

William J. Hargis, Jr. William J. Hargis, Jr. 

authorized to adjust his official working 
schedule so as to participate in the re- 
quired activities of NACOA." Thus, say 
his defenders, when Hargis asked for 

adjustment of his leave records, he was 
following orders and thus he had no in- 
tent of defrauding anybody. 

Other scientists who have heard of the 
Hargis case have been angered by the 
situation. One, Roscoe Meadows, of 
Deepsea Ventures, Inc., has helped to 
organize a defense fund to pay Hargis' 
legal fees which have been estimated at 
between $20,000 to $40,000-an amount 
well beyond his total annual income of 

approximately $30,000.* Another is Wil- 
liam J. Nierenberg, a former Chairman 
of NACOA and an equally prominent 
oceans adviser. To Nierenberg, the 
charges sound as though they might have 
been politically motivated. "If you want 
to be political you can really sock a civil 
servant, even just by making him incur 
legal fees. Bill [Hargis] is really in a 
jam," he said. 

Some VIMS staffers say that the 
whole matter may have arisen out of the 
personal antipathy of J. K. Adams, a 
state police investigator, toward Hargis, 
which developed while Adams was inves- 
tigating another VIMS matter late last 
year. Adams was assigned to look into 
charges that another VIMS scientist, 
John L. Dupuy, was engaged in a con- 
flict of interest situation. Although 
Adams appeared to have finished the 
Dupuy investigation in December, VIMS 
staffers say that he "hung around" for 
several more months, often interviewing 
Hargis at length and asking other staffers 
apparently unrelated questions whose 
common theme always seemed to be 
Hargis. "He was always barging in on 
people and reading them their rights," 
says one staffer. "He wouldn't let you 
have witnesses present or tape-record 
the interview." It appears to have been 
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391, Gloucester Point, Virginia 23062. 
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