Developmental Biology 449 (2019) 63-82

Contents lists available at ScienceDirect

Developmental Biology

journal homepage: www.elsevier.com/locate/developmentalbiology

Commentary

Check for
updates

Commentary on “Regeneration, duplication and transdetermination in
fragments of the leg disc of Drosophila melanogaster”: Schubiger, G. (1971)

To celebrate the Society for Developmental Biology's 80th anniversary, Developmental Biology is reaching into its archives to republish a set of
editorially-curated classic papers. For my part, I have chosen to highlight some of Gerold Schubiger's seminal work on Drosophila imaginal discs,
published in 1971 while he was working in the lab of Howard Schneiderman at UC Irvine. As Gerold was my PhD mentor from 1996 to 2001, it's difficult
to separate a deep personal regard for the author from a purely professional perspective. Nevertheless, my time in his lab left me with a unique
appreciation for the classic imaginal disc studies he carried out together with a group of his esteemed colleagues. Performed in the decades prior to a
brewing revolution in Drosophila developmental genetics, their body of work helped establish the logical foundation for a molecular-genetic approach to
pattern formation that blossomed nearly 20 years later. As we now know, that golden era yielded profound insights into signaling pathways, growth
regulation, morphogen gradients, and more.

In the decade prior to the 1971 paper highlighted here, a group of Drosophila luminaries including Ernst Hadorn, Walter Gehring and Antonio Garcia-
Bellido were leveraging the transplantation methods of Ephrussi and Beadle (1936) to provide a progressively more complex view of imaginal disc
pattern formation and cell determination, as well as the associated process of transdetermination. These experiments began with simple fate-mapping
studies, including earlier works by Schubiger as a student of Hadorn, wherein fragments of imaginal discs were injected into larval hosts in order to
determine which adult cuticular structures were differentiated. Because specific structures (bristles, bracts, and sensillae for example) were stereo-
typically differentiated from distinct regions, highly detailed fate maps could be generated for each imaginal disc. As a further experimental evolution to
explore the maintenance of determined cell states, the same imaginal disc fragments were also cultured under growth-permissive conditions in adult
female hosts, explanted, and then re-transplanted into larval hosts for differentiation and analysis. These challenging manipulations led to the stunning
discovery that given time, certain imaginal disc fragments could grow and exhibit unexpected regulative behaviors, producing more cuticular structures
than expected from the fate map. Even more intriguing, some cultured fragments could even differentiate structures associated with other imaginal discs
(such as wing tissue growing from a leg), a phenomenon known as transdetermination.

Dismissed by some regeneration purists as phenomenological folly, we can imagine that analyzing the mysterious regulative behaviors of cultured
disc fragments could be regarded as a distraction from the central issues of developmental biology. Nevertheless, today Schubiger's painstakingly
rigorous 1971 analysis of regeneration, duplication and transdetermination in the leg disc stands as a classic Developmental Biology manuscript
remarkable for both its simplicity and its conceptual impact on the field. Reading the paper with a modern eye offers a fascinating window into the
logical underpinnings of imaginal disc development, as Schubiger exploits careful observation to probe the elemental relationships between cell
proliferation and cell determination, and between growth and regeneration. Although similar experiments had been performed in other insect species,
because this paper and a host of related studies were performed in Drosophila they collectively set the stage for future genetic analyses catalyzed by the
paradigm-shifting screens of Wieschaus and Nusslein-Volhard that would be published 10 years later. Careful, curiosity-driven descriptive work is the
foundation upon which modern Developmental Biology is built, and refreshingly free from either mechanism or artifice, this classic paper reflects a pure
essence of the field.

Matthew C. Gibson
Stowers Institute for Medical Research, 1000 East 50th Street, Kansas City, MO 64110, USA
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Regeneration, Duplication and Transdetermination in
Fragments of the Leg Disc of Drosophila

melanogaster’

GEROLD SCHUBIGER

Developmental Biology Laboratory and Center for Pathobiology, University of California, Irvine,
Irvine, California 92664

When fragments of the foreleg disc are injected into old larval hosts, they differentiate struc-
tures according to the anlage plan. When a short additional time for growth is allowed, they can
also duplicate patterns, regenerate, or form multiple copies of units of markers. Transdetermina-
tion is observed only when fragments are cultured for longer periods.

The type of differentiation which is produced is dependent on the origin of the fragment. Medial
halves regenerate, show multiplication of units, and later on transdetermine very frequently; pat-
tern duplications are rare. Under the same conditions, lateral halves do not form allotypic struc-

tures but often duplicate their patterns.

Regeneration occurs in a proximodistal as well as a mediolateral direction. It was shown that
a specific quarter of a disc is capable of regenerating a complete leg.
It seems that structures are successively replaced predominantly from one cutting region.

INTRODUCTION

When imaginal discs or disc fragments
from mature larvae of Drosophila melano-
gaster are transplanted into mature host
larvae, they metamorphose with the host
shortly after the operation. The adult dif-
ferentiations obtained from such discs or
fragments are predictable: a specific region
of the disc gives rise only to certain struc-
tures of the adult fly. Thus it has been pos-
sible to localize in a disc the anlagen for
structures such as groups of sensilla, clasper
teeth or sexcomb bristles, arista, claw or-
gan, and so on. Experiments of this kind
provide an anlage plan, or fate map, for a
specific imaginal disc. Such anlage plans
have been made for the male and female
genital disc (Hadorn and Gloor, 1946; Ha-
dorn, et al., 1949; Ursprung, 1957, 1959),
the wing disc (Hadorn and Buck, 1962), the
eye-antennal disc (Vogt, 1946; Gehring,
1966; Ouweneel, 1970), the haltere disc
(Loosli, 1959), and the male first leg disc
(Schubiger, 1968). It has been concluded

! This investigation was supported by the following
grants to Dr. Howard A. Schneiderman: GB-16690
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01 from the National Institutes of Health.

from these studies that an imaginal disc in
a late third instar larva is a mosaic of de-
termined anlagen, such that a small number
of cells is determined to form, for example,
a group of sensilla or even a single bristle,
such as an edge bristle (Schubiger, 1968).
The last step to the final determination
seems to occur after puparium formation, as
was indicated by Tobler (1966), who
showed that, after dissociation and reaggre-
gation of leg discs from mature larvae,
bracts were formed only in association with
bristles, never in isolation. It was concluded
that bracts were not yet determined at the
time of dissociation.

There still remained the problem of
whether the mosaic determination of the
disc is maintained when fragments are
given additional time to grow, either by cul-
turing them in adult flies or by transplant-
ing them into young larvae before metamor-
phosis. That disc fragments can grow in
larval and adult hosts has been shown by
Ursprung (1962) and Wildermuth (1968a).
Generally, additional growth of the frag-
ment leads to duplication of the anlagen al-
ready present in the original piece (Vogt,
1946; Ursprung, 1959; Hadorn and Buck,
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1962; Gehring, 1966; Nothiger and Schu-
biger, 1966). Such duplications have also
been described in Ephestia (Kroeger, 1958)
and in Tenebrio (Hadorm et al., 1969). Cy-
tological (Kroeger, 1958) and autoradio-
graphic (Wildermuth, 1968b) studies have
shown that mitoses are a prerequisite for
these structure duplications. Thus a disc
fragment, during growth, usually produces
copies of the anlagen that were already
present.

Growth of disc fragments can also lead to
structures that are normally formed by
other discs (allotypic structures; Hadorn,
1965b). Hadorn (1965a) proposed the term
“transdetermination’’ for this change.

A third process, which may occur after
growth, has been reported by Spinner
(1969), who examined how missing parts of
the leg disc of Culex were replaced. He
found that fragments that contained only
the prospective material for proximal leg
structures could regenerate the missing
distal parts if cultured in vivo for sufficient
time before metamorphosis. The same phe-
nomenon was also found in Tenebrio moli-
tor (Hadorn et al., 1969). A high regenera-
tion capacity of the Lepidoptera, for struc-
tures such as the wing disc, is well known
(Meisenheimer, 1908; Ubisch, 1911;
Bodenstein, 1935; Pohley, 1960; Madhavan
and Schneiderman, 1969). Here the extir-
pation of the complete anlage is followed
by regeneration and all wing structures are
differentiated, provided that the time be-
tween the operation and the pupation is
long enough.

The present study supplies information
on the behavior of imaginal disc fragments
of Drosophila after growth. We were espe-
cially interested to find out whether regen-
eration also occurs in disc fragments of
higher Diptera as it does in lower Diptera,
such as Culex, and, if such regeneration oc-
curs, whether it is restricted to a certain re-
gion in the disc. Furthermore we have in-
vestigated the relation between growth and
regeneration, pattern duplication and trans-
determination.
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Fic. 1. Fragments from mature leg discs used to
locate regions with regenerative capacities. (a) Iso-
lated endknob (K), remainder piece (R). (b) Endknob
with additional material (K*), corresponding re-
mainder piece (R-). (¢} Disc halves, medial (M), lat-
eral (L). (d) Disc halves without endknob material.
(e) Cap (Ca), basal (Ba) fragments. (f) “Upper medial”
quarter piece (%) and the three-quarter piece (%)
(g) Modified basal piece without the endknob. (d,
f, g) Experiments where the endknob was not used.

MATERIALS AND METHODS

In all experiments we used the wild-type
Oregon-R stock of Drosophila melanogaster
both as donors and as hosts. The animals
were reared on standard medium (corn-
meal, sugar, agar, and yeast) at 25°C. The
age of the larval donors and hosts is given
in hours after egg deposition. The time of
puparium formation was about 115 hr after
egg deposition. The adult hosts were 2-day-
old fertilized females.

The first leg disc of mature male lar-
vae were dissected in a Ringer solution
(Ephrussi and Beadle, 1936) containing
1.79 gm of tricine buffer (CalBiochem) per
liter and adjusted to pH 6.8. Thin tungsten
needles (diameter at the point about 10 wu)
were used to cut the discs into different
fragments as illustrated in Fig. 1. Electron
microscopical observations of discs cut in
this manner show that cell death usually
does not extend more than two cells beyond
the cut edge (Poodry, personal communica-
tion). The pieces were than transplanted
into larvae or adults by the technique of
Ephrussi and Beadle (1936). In control ex-
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periments the larvae formed puparia within
8 hr after injection. In the regeneration ex-
periments the fragments were given three
different time periods for growth. In the
first series fragments were injected into late
second instar larval hosts (68 hr) where they
grew and underwent metamorphosis with
the host. In two other series the fragments
were cultured in adult females as described
by Hadorn (1963). After 3 or 8 days the
fragments were isolated from the adult host
and injected into larvae (78-85 hr old),
where they metamorphosed simultaneously
with the host. The results from all three
series of experiments were similar and in-
dicated that differences in hormonal milieu
between larvae and adult were not impor-
tant for the phenomena under investigation.
Differentiated implants were retrieved
from the hosts, dissected, and mounted in
Gurr’s water mounting medium.

RESULTS

Regeneration in the Proximodistal Direction

In a previous publication (Schubiger,
1968), we examined the structures pro-
duced after metamorphosis when particular
parts of a mature leg disc were implanted
into old host larvae for metamorphosis.
These experiments showed that in a male
foreleg imaginal disc of a mature larva, the
endknob (K) represents the anlage for tar-
sal segments 2, 3, 4, and 5 including the
claw organ. A disc from which the endknob
is removed, called hereafter the remainder
piece (R), differentiates only proximal leg
structures when implanted into an old lar-
val host (Figs. 1a and 2a). This fragment
usually produces some sexcomb teeth,
which are structures of the first tarsal seg-
ment. These easily recognizable bristles are
also differentiated at a low frequency from
the K pieces. We therefore concluded that
the anlage for the sexcomb lies at the junc-
tion of the R piece and the K piece (Schu-
biger, 1968).

In the first of the present experiments we
cultured the R and the K pieces sepa-
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rately in adult females for 8-10 days before
letting them metamorphose. The results
(Fig. 2b) show that the R pieces differenti-
ated not only proximal leg structures, but
also claws and all the tarsal segments in
55 of the implants. In 84 of the cases we
were able to recognize some tarsal seg-
ments distal to the basitarsus. The K pieces
almost always differentiated, as we ex-
pected, tarsal segments (100¢/) and claws
(89¢). Sexcomb teeth were observed in a
lower frequency than from the R pieces.
One preparation also showed some tibial
bristles. These results indicate that K pieces
rarely regenerate proximal structures, if at
all, whereas R pieces regenerate distal leg
parts frequently.

The formation of the tarsal structures by
the R piece might result from a transdeter-
mination to the distal parts of the meso- or
metathoracic leg. Indeed in this experi-
ment we observed allotypic wing structures
in 6 cases out of 44. However, when R frag-
ments from old third instar donors were im-
planted into second instar larval hosts (68
hr after oviposition) no allotypic structures
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Fic. 2. Differentiations of remainder pieces (R)
and endknobs (K). (a) After transplantation into old
larval hosts. (b) After culturing for 8-10 days in adult
before passing metamorphosis. Leg segments: Co,
coxa; Tr, trochanter; Fe, femur; Ti, tibia; 1-5 TS,
tarsal segments, all, allotypic structures. Cl, claw;
d, days; n, number of cases; SC, sex comb. Differ-
entiated segments are stippled.
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Fic. 3. Differentiations of the endknob with addi-
tional material (K*) and the corresponding remainder
piece (R-), after transplantation into 68-hour-old
larvae (/). Abbreviations as in Fig. 2.

arose, but in 12 cases (719) we recognized
several tarsal segments besides the first
segment and in 5 cases (29%) we found a
fully differentiated leg with a whole claw
organ. Evidently R pieces can regenerate
without first forming allotypic structures.

To exclude the possibility that the R
fragment included parts of the K anlage,
we fragmented discs in such a fashion that
the K pieces also had some R material.
Such fragments are referred to as R~ and
K+ pieces (Fig. 1b). They were injected
into larval hosts 68 hr old. Figure 3 shows
that even under these conditions the R~
pieces were able to differentiate the 2nd-
5th tarsal segments (86¢:) and the claws
(43¢%¢). The very high percentage of proxi-
mal differentiations from the K* pieces
indicates that these fragments now con-
tained proximal anlagen. Furthermore both
the R~ and the K+ fragments of individual
discs were followed together in this experi-
ment. Of 11 paired R~ and K+ fragments,
5 differentiated claws in both pieces of the
same disc. This rules out the explanation
that a mistake in cutting is responsible for
the apparent regeneration.

All these observations lead us to con-
clude that distal leg segments can regen-
erate from the proximal anlagen, if the frag-
ments have enough time to grow before
differentiating.

Regeneration of Claws from Half Discs

Figure 4 compares the frequencies with
which claws differentiated in various ex-
periments. The first pair of columns on the

DEVELOPMENTAL BioLoGy

VoLuME 26, 1971

left side (a) shows that when the lateral
halves (L) of leg discs were injected into
old larval hosts they made claws much
more frequently (829%) than did the medial
halves (M, 11%). This control experiment
confirms the results from earlier work
(Schubiger, 1968) in which we concluded
that the primordium of the claw is in the
lateral half of the endknob.

When the medial and the lateral halves
were cultured in adult flies for 3 days prior
to metamorphosis, the frequency of claw
formation in lateral pieces remained the
same (86%) as in controls. However, the
medial halves were now able to differen-
tiate claws far more often than controls.
This is shown in the second pair of columns
in Fig. 4.

In the next experiment we cut discs in
half and removed the endknob parts from
both fragments, before they were trans-
planted into young larvae (68 hr old). The
result of this experiment is represented in
the third pair of columns (c); medial halves
now differentiated claws far more fre-
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Fic. 4. Frequencies of claw (Cl) differentiation of
half leg discs with (a and b) or without (¢ and d) end-
knob after injection directly into larval hosts or after
culturing for 3 days in adults before passing metamor-
phosis. M, medial; L, lateral halves; n, number of
cases.
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quently than in the controls (40¢¢). This is
not the case for the lateral halves, where
claws only rarely differentiated (9¢¢). The
medial halves also regenerated claws much
more frequently than the lateral halves
even after a 3-day culture in an adult fe-
male before differentiation (last pair of
columns in Fig. 4). Therefore, it seems that
the ability to regenerate a missing part is
restricted to proximal anlagen and, further-
more, to the medial half of the disc.

Regeneration within Leg Segments

Nothiger and Schubiger (1966) demon-
strated that disc fragments, for example
half a leg disc, usually do not regenerate
missing structures even after additional
growth. Instead, culturing commonly re-
sulted in an enlargement or duplication of
the anlagen already present. But in several
cases it was observed that some fragments
differentiated structures of the leg other
than those expected from the anlage plan.
Similar results were found by Gehring
(1966) working with the antennal disc. In
his experiment, the posterior half of the
antennal disc in some cases was able to
regenerate the missing palpus, when it was
cultured for 8 days in an adult host before
differentiating. The palpus anlage is lo-
cated in the anterior half of the disc which,
after prolonged growth, shows only du-
plications of the anlagen already present
and no regeneration of missing structures.

In the present study we have investigated
this regeneration-like phenomenon in more
detail for the leg disc. The results are sum-
marized in Table 1. The markers which we
studied are listed in Table 1 and are illus-
trated in Fig 5. In the control experiment
(C) we implanted medial and lateral halves
from longitudinally cut discs into old larval
hosts which metamorphosed within 8 hr
after injection. This experiment gives us
the frequencies with which different
marker structures occur in each half
(Table 1, C). The data confirm earlier
work (Schubiger, 1968): structures missing
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from the medial half were formed from the
lateral half and vice versa.

For further studies we cut leg discs in the
following way: in experiment 1 we made
longitudinal halves (medial and lateral); in
experiments 2 and 3 we also removed the
endknobs from the halves. Then pieces
either were injected directly into young
larvae (68 hr old, experiment 2) or were
cultured for 3 days in adult females before
metamorphosing (experiments 1 and 3).
We compared the frequencies with which
different markers occurred in metamor-
phosed implants and in controls: in Table 1
all structures are underlined which ap-
peared rarely (less than 50¢¢) or are miss-
ing from controls. These results show that
after a period of in vivo culture many me-
dial halves were able to replace missing
parts, but that lateral halves did not have
this capacity.

We next compared the developmental
capacities of the medial fragments in ex-
periments 1-3 (Table 1) with the medial
control fragments which metamorphosed
immediately. Table 1 shows that in con-
trol coxa, the joint to the prothorax (JTh)
occurred rarely (6°¢). However, this struc-
ture was formed eight times more often if
the fragment had time to grow (experi-
ments 1-3: 47-51¢). Also the frequency of
the two rows of sensilla trichodea (RSt) and
of the isolated bristle BH- is markedly in-
creased. Coxal structures which were usu-
ally differentiated in controls (St8 and JTr)
were found in experiments 1-3 with the
same frequency. For the trochanter, the
control experiment shows that the medial
half never differentiated the edge bristle
(EB) nor the group of sensilla campani-
formia on hairless cuticle (Sc-8). Also the
row of 3 sensilla campaniformia (Sc3) and
the row of 5 sensilla trichodea (St5) were
observed in 11¢/ and 44¢/, respectively, of
the cases. However, all these structures
occurred much more frequently after fur-
ther proliferation (EB, 26-30%; Sc-8,
49-58; Sc3, 80-95¢; Stb, 94-100%).
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Most of the remaining markers in the tro-
chanter were found with equal frequencies
in controls and experiments 1-3. Similar
observations were made for the markers in
the femur (Scll), the tibia (transverse
bristle rows), and the first tarsal segment
(sex comb) (Table 1).

From these results we conclude that me-
dial halves can regenerate structures which
in controls are differentiated only by the
lateral halves. We found 14 preparations
from medial halves which formed all of the
markers and bristles of a complete leg, so
that it was not possible to distinguish them
from implants from injected whole discs.

The results obtained with lateral halves
were different. The missing markers in
control halves were never replaced in ex-
periments 1-3. This holds true without ex-
ception for the group of sensilla trichodea
in the prothorax (GSt) and the joint be-
tween coxa and trochanter (JTr). In the
trochanter we never observed the single
sensillum trichodeum (St1), the group of
sensilla campaniformia on hairy cuticle
(Sc*5) or the two groups of sensilla tricho-
dea (GSt). The transverse rows of the tibia
as well as the sex comb teeth in the first
tarsal segment also were always missing.
The structures which normally differen-
tiate from lateral halves (e.g., lateral
markers of the trochanter) were found with
no higher frequency in experiments 1-3
than in controls. Even after culture, the
lateral halves gave rise to more or less the
same structures as controls. There seems to
be a reduction in the frequencies of certain
markers (EB, St5) after culture (e.g., in
experiment 3, lateral halves). The cause of
this is unknown. At first glance it seems
that the second of the two rows of sensilla
trichodea (2RSt) in the lateral half of the
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coxa can be regenerated (control 18,
experiments 1-3, 64-78%). But in implants
we are often not able to distinguish be-
tween rows 1 and 2. Since many of the lat-
eral halves show pattern duplications, and
because we found no significant increase in
the frequency of the marker JTh near these
two rows of sensilla, it is more likely that
this is a duplication of an anlage which was
already present rather then a regeneration
of the second row of sensilla.

The one case where St8 in the coxa was
differentiated from lateral halves (experi-
ment 3) could possibly be an exception to
the above results. This may indicate a low
regeneration capacity of lateral halves, but
could also be explained by an occasional
error in cutting the disc.

Regeneration (R) from medial halves is
not the only phenomenon of interest
which occurs in fragments after prolonged
culture. We also found multiplication of
units in the markers (M. Table 2), trans-
determination (T), pattern duplication
(D), and differentiation according to the
anlage plan (A) (Fig. 6, Table 2),

A typical case of multiplication of units
1s illustrated in Fig. 6b. The figure shows
that the group of 8 sensilla trichodea (St8)
in the coxa has increased to about 20. This
multiplication of units (e.g., sensilla) was a
common occurrence. Figure 6f shows an
example of a pattern duplication. Here
the markers St5, Sc3, and one GSt in the
trochanter appear twice, all completely
separated from each other. The number of
units in the duplicated sensilla may be the
same as in controls or may be smaller in
one of the two groups. The fragments may
also show the above phenomenon in
various combinations. In Table 2 we have
recorded for each implant the types of

FiG. 5. Coxa (a) and trochanter (b) of control implant. Markers of the coxa: JTr, joint between coxa and
trochanter; St8, group of 8 sensilla trichodea; JTh, joint between coxa and prothorax; 2 RSt, two rows of
sensilla trichodea; BH-, isolated bristle in a hairy island. Markers of the trochanter: 2 GSt, two groups of
sensilla trichodea; Sc*5, five sensilla campaniformia on hairy ground; Stl, one single sensillum trichodeum;
EB, edge bristle; Sc '8, eight sensilla campaniformia on naked ground, Sc3, row of three sensilla campaniformia,

St5, row of five sensilla trichodea. (a) X 370; (b) X 540.
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differentiations that occurred. In this table in an adult host before metamorphosing.

we used the results from experiments 1, In column A all preparations are listed

2, and 3 (Table 1) and combined the data  which differentiated according to the

from experiments 1 and 3, since in both anlageplan; that is, they formed the same

cases fragments were cultured for 3 days markers with the same number of units as
T . : R— N——

Fic. 6. Types of differentiations. (a) Structures of the trochanter differentiated from a medial half disc,
according to the anlage plan. (b) Multiplication of units. The group of 8 sensilla trichodea (St8) in the coxa is
enlarged to about 20 sensilla (units). The row of sensilla trichodea (RSt) and the joint to the thorax (JTh) are
normal. (c) Transdetermination from leg to wing (w), direct contact between tarsal segments (TS) and the wing
spread. Cl, claw organ. (d and e) Regeneration. (d) A complete trochanter differentiated from a quarter piece
(Fig. 1) after 8 days of culturing in an adult. (¢) In the same preparation as (d), tarsal segments (TS) and claw
organ (Cl) also regenerated. SC, sex comb; TR, transverse bristle rows of the tibia. (f) pattern duplication.
This differentiation originates from a basal piece (Fig. 1) after injection into 68-hour-old larvae. Markers of the
trochanter as in Fig. 5. (a, and c-f, X 280; (b) X 450.
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TABLE 2
TyPES OF DIFFERENTIATION OF Disc FRAGMENTS AFTER ADDITIONAL GROWTH®
A
R R R R R
M M M M M M M M
D D D D D
Host Fragment n T T T T T T T
68 hr 1 M 35 1 10 9 0 10 0 0 0 0 0 0
3day A M 42 1 6 3 0 9 1 1 8 7 1 2 1 1 1
1
68 hr 1 L 35 1 0 1 21 0 12 0 0 0 0 0 0 0
3day A L 41 7 0 1 25 0 7 1 0 0 0 0 0 0 0

1

@ Medial (M) and lateral (L) disc fragments; host: 1, larva; A, adult. The following types were distinguished:
A, according to anlageplan; R, regeneration, M, multiplication; D, pattern duplication; T, transdetermination.

The observed combinations are also given.

controls. From Table 2 it is evident that
medial halves never showed pattern dupli-
cation alone (D). However, in lateral frag-
ments, pattern duplication was the most
common kind of differentiation. The only
cases where we observed duplication in
medial pieces were in implants which also
showed multiplied (MD) or regenerated
(RMD) structures.

Regeneration alone (R) and with multi-
plication (RM) was found only in medial
halves.

The two halves also show differences in
the tendency for multiplication of units.
This phenomenon (M) occurred alone
much more frequently in medial halves
than in lateral halves. Furthermore, in me-
dial halves multiplication tended to occur
together with regeneration or transdeter-
mination whereas in lateral halves it oc-
curred almost exclusively together with
duplication.

These data lead us to believe that when a
medial half of a disc grows, the first recog-
nizable difference from the anlage plan is
regeneration or multiplication. When lat-
eral halves grow, they seem to show dupli-
cation first, multiplication only later, and
regeneration extremely rarely.

A striking fact recorded in Table 2 is
that transdeterminiation was never observed
in lateral halves, and in medial halves it
was observed only after a period of culture

in the adult. When transdetermination oc-
curred we always found it combined with
multiplication or regeneration. There is a
correlation between transdetermination,
multiplication, and regeneration. From our
results, it seems likely that multiplication
is closely related to transdetermination,
since these two types of differentiations
appear more frequently together than do
the other combinations.

Localization of a Region with High Regen-
erative Capacity

In the previous experiments, regenera-
tion from medial halves was best observed
in the trochanter. Since the anlage of this
segment is larger in medial halves than in
lateral halves, it seemed possible that the
size of the trochanter anlage which was ini-
tially transplanted could be responsible for
the different capacities to regenerate. To
exclude this possibility the disc was cut in
such a manner that one piece (cap piece
Ca, Fig. 1e) had little trochanter material,
the other (basal piece Ba, Fig. le) con-
tained a large portion of the trochanter an-
lage. First these fragments were injected
into mature larvae for metamorphosis.
The results of these transplantations are
given in Table 3 (controls). The markers
which were studied are the same as in
Table 1, and the structures which appeared
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TABLE 3
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rarely in controls (less than 50¢¢) are under-
lined. This experiment shows, as did the
previous one, that structures which were
missing from one fragment were differen-
tiated by the other. On the basis of these
controls we were able to compare the fre-
quency of structures which were produced
when the fragments were injected into
young larval hosts (68 hr old) and given
time to grow. Under these conditions in
some cases the cap pieces were able to re-
generate the missing structures: in the
coxa, the isolated bristle (BH-, 12%); in
the trochanter, the row of 5 sensilla trich-
odea (St5, 35%), the 3 sensilla campan-
iformia (Sc3, 35¢), both groups of sensilla
trichodea (2GSt, 47¢); and in the femur,
the group of 11 sensilla campaniformia
(Scll, 419%). Also, the structures which
were rare in the controls now appeared far
more frequently: for example, in the coxa,
the joint to the trochanter (JTr) was formed
in 53¢ compared to controls with 14¢.. In
EE the trochanter the appearance of Sc-8 in-
o) & . creased from 36 to 82¢. In 8 out of 18 cases
' the tibia was fully differentiated, whereas
in controls only a few bristles were formed
(10 or less). Two preparations showed com-
pletely regenerated legs, with all markers,
including the claw organs. Thus, the cap
piece can regenerate all structures of the
leg. This result demonstrates that differ-
ences in the amount of trochanter anlage in
the fragments are not responsible for the
differences in regeneration capacity.

The basal piece was never able to dif-
ferentiate a complete leg; in the trochanter
we found the same structures as in controls,
although in one exceptional case an edge
bristle was differentiated. A comparison
between controls and the pieces which were
injected into 68-hr-old hosts shows that in
the latter the group of sensilla in the pro-
thorax (Pt, GSt) differentiated in 36¢/ of
the cases whereas in the former this struc-
ture was not observed. In the coxa the
group of 8 sensilla trichodea (St8) was
formed more often (50¢/) than in controls

93
93

100
100

+ 3.3 100
il 100

7

34
88.1 +

0

00
100

86 50
64 7

100
100

00
100

86
7

14
14

68 hr
o Abbreviations as in Table 1 and Fig. 5. br. no., bristle number; £, mean value; SE, standard error

Ba
Ba
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(7%), and in one case we observed the joint
between coxa and prothorax (JTh). This in-
dicates a low capacity for regeneration in
the basal piece.

We found an increase in the bristle num-
ber (compare Table 3) in fragments which
regenerate (Ca) and in those which dupli-
cate (Ba), indicating that in order to dupli-
cate or regenerate the fragment has to
grow,

After additional growth, either in young
larvae or in adult flies cap and medial
pieces from old donor larvae showed a high
ability to regenerate. This is in contrast to
the basal and lateral fragments, which usu-
ally failed to regenerate. This observation
suggests that the region which both cap and
medial pieces have in common, namely the
upper medial quarter (Fig 1f), is respon-
sible for regeneration. To test this, we in-
jected upper medial quarter discs without
the endknob into 4 different types of hosts
(Fig. 7). In the control experiment (C) the
pieces were caused to metamorphose with-
out additional growth. In three other ex-
periments, the fragments were allowed to
proliferate before metamorphosis either in
young larval hosts (68 hr old) or for either
3 days or 8 days in adult females. Figure 7
represents the frequency at which different
markers occurred. The innermost circle
shows the frequencies for the control ex-
periment (C). These data agree well with
those from our earlier work (Schubiger,
1968). The circle labeled 68h 1, shows that
when the same fragments were implanted
into young larval hosts (68hr) only little re-
generation was observed and limited to
structures situated near the region of the
cut, for example the joints of the coxa to the
trochanter (JTr) and to the prothorax (JTh)
and also the two rows of sensilla trichodea
(2 RSt). This low capacity for regeneration
is further expressed in the trochanter,
where we found both groups of sensilla
trichodea (2 GSt) in 12¢: of the prepara-
tions, and in the femur, where the 11 sen-
silla campaniformia (Sc11) were formed in
6¢c. One case with tarsal segments also in-
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dicates regeneration of distal structures, but
this seems to occur rarely. No transdeter-
mination was observed in this experiment.

The next circle, labeled 3d A, 1, shows
that the amount of regeneration increased
when fragments were cultured for 3 days
in adult flies. The missing anlage of the
coxa appeared in 11-21¢¢ of the prepara-
tions and those of the trochanter in 11-32¢;.
The marker Sc 11 in the femur regenerated
in 37% of cases. In 2 of the 19 preparations
a complete leg was differentiated. Allotypic
structures were noted in 4 cases.

After culturing for 8 days in an adult
host, some of the fragments resembled nor-
mal mature leg discs with all folds includ-
ing the endknob. At metamorphosis these 4
implants differentiated complete legs,
which contained all the markers and bristles
that are formed from a transplanted whole
disc. In 4 other cases almost an entire leg
was produced and some of the other prep-
arations showed partially regenerated leg
segments. The outermost circle in Fig. 7
records the frequency of occurrence of re-
generated structures such as those just de-
scribed. In the coxa the missing markers
were noted in 33-60¢: of cases, in the tro-
chanter in 23-67¢, and in the femur in
70¢¢. The distal parts were also regen-
erated and in 47¢¢ we found the claw organ.
These results demonstrate that the upper
medial quarter of the leg disc is able to re-
generate and differentiate a complete leg.

Furthermore, it is interesting that when
pieces have only a short time to grow, only
those markers regenerate which, according
to the anlage plan, are located nearest the
region of the cut. After prolonged prolifera-
tion (8 days in adult) the frequencies of re-
generated markers are not equal within a
segment. For example, the edge bristle and
the Sc-8 in the trochanter have the lowest
values (23¢. and 40¢), whereas the
markers Sc3, St5, and BH- more often re-
generated (60-67¢:). It was also observed
that in all cases where the markers Sc-8
and EB were regenerated, the Sc3, St5,
BH- and Scll were also found. But there
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FiG. 7. Percentage of cases in which specific markers were differentiated from the upper medial quarter
after different culture periods (four series). The percentage is represented by the {ength of the column. Data
from each series are arranged on a circle. n, number of cases; |, larval hosts; A, adult host; C, control, mature
larval host. Markers as in Fig. 5. The disc is drawn from a simplitied anlage plan after Schubiger (1968).

are cases where regeneration was incom-
plete, and ended for example with Sc3, no
Sc -8 being found. This indicates that re-
generation occurs sequentially from the
horizontal cut (Fig. 7). However Fig. 7 also
suggests that there may be limited regener-
ation from the vertical cut surface, for ex-
ample of the markers JTh and RSt, but
this is always much less pronounced than
the regeneration from the horizontal cut.

As in previous experiments, trans-
determination occurred from quarter frag-
ments after prolonged growth in adult fe-
males (3 days, 217 ; 8 days, 53).

The complementary three-quarter disc
fragments (lateral and basal part without
the endknob: Fig. 1f} after 3 days of adult
culture produced pattern duplications in
mirror image arrangement in 15 out of 16
cases (Fig. 6f). None of these cases formed a
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complete leg. However, a partial regenera-
tion was observed; in the prothorax, the
group of sensilla appeared twice, in the
coxa, the St8 was found three times: in the
trochanter, the Stl1 was differentiated in
4 and Sc*5 in 3 cases; and the marker Scl
in the femur was found in one implant. All
these markers are mapped in the missing
part. Hence, the capacity for regeneration
of upper medial structures is low in this
fragment. However the claw was differen-
tiated in 14 out of 16 cases. This indicates
that the three-quarter pieces have the
ability to regenerate missing distal struc-
tures (derivatives from the endknob), but a
low ability to regenerate proximal struc-
tures (derivatives from the medial quarter).
Allotypic structures were found in 4 cases.

Pieces smaller than one quarter of a disc
failed to show regeneration because they
were difficult to culture and differentiated
only those structures found in control ex-
periments. This indicates that these frag-
ments grow very little.

In the last set of experiments, we cut the
disc as shown in Fig. 1g in order to obtain
more information on the developmental
capacities of the basal portion. Such frag-
ments were cultured for 7 days in adults
and then injected into larval hosts. We ob-
tained 24 metamorphosed pieces, none of
which had transdetermined. Twenty-two
showed pattern duplications, most evident
in the trochanter. The remaining 2 im-
plants had regenerated some of the missing
structures, for example Sc*5 and St1 in the
trochanter. This again demonstrates the
low regeneration capacity and the frequent
duplication of structures from the basal
piece.

DISCUSSION
Regeneration

The results described in this paper for the
leg disc show that culture of fragments for
brief periods results in duplication of
anlagen (see Fig. 6f), multiplication of units
such as sensilla (see Fig. 6b), and/or regen-
eration of the missing parts of the disc (Fig.
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6d and e). Only after prolonged growth do
we observe a high incidence of transdeter-
mination. Similar results for transdeter-
mination were reported by Wildermuth
(1968a) working with the labial disc. Fur-
thermore we found that different frag-
ments behaved in different ways. The dif-
ferences in developmental capacities of
fragments lie in their original position in the
discs, and probably not in their size or in
the degree of damage from cutting. Re-
generative ability seems to be restricted
to the upper medial quarter of the disc,
whereas other regions show a high tend-
ency to duplicate the anlagen already pres-
ent in the fragment. Similar results were
obtained by P. Bryant (personal communi-
cation) using a technique of in situ surgery.
Bisection of a 96-hr-old leg disc into cap
and basal portion results in a regeneration
from the cap piece and a duplication in the
basal piece. Regional differences in de-
velopmental capacities have also been re-
ported from other imaginal discs. For ex-
ample Gehring (1966) found that in the
antennal disc a certain portion of the frag-
ments regenerated other regions of the
disc.

Our experiments also showed that prox-
imal anlagen regenerated distal structures.
The regeneration process of the leg
seems to be polarized in proximodistal
direction just as in Pyrameis, (Bodenstein,
1937), Culex (Spinner, 1969), and Tene-
brio (Hadorn et al., 1969). When proximal
anlagen (R pieces) are transplanted into
young larvae, they regenerate the tarsal
segments in 71¢ of the cases and only
rarely the most distal elements, the claw
organ (29%). But the frequency of claw
formation can be enhanced (to 55%) if the
growth period is prolonged by an 8-10-day
period of culture in an adult. This indicates
that regeneration occurs successively, per-
haps from the cutting region.

Fragments of proximal anlagen (e.g.,
medial halves, quarter pieces) not only
regenerate distal structures but are also
capable of completing the entire segment,
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that is, lateral elements are formed by the
progeny of the medial cells of the disc
anlage. But we found no cases where
lateral pieces differentiated medial struc-
tures. However, it cannot be excluded that,
under certain circumstances (e.g., ex-
tremely long culture period), they could
replace missing regions. This seems pos-
sible because in a few cases lateral halves
without endknob material differentiated
claws, indicating that lateral fragments had
a low but measurable capacity for regen-
eration of distal structures.

Quarter pieces (upper medial quarter,
Fig. 1f) can sometimes regenerate com-
plete legs if they are given a long time to
grow, The degree of regeneration there-
fore depends on the amount of time
allowed for growth between the operation
and the onset of differentiation. The ob-
servation that after adult culture medial
fragments produce pieces which resemble
a complete leg disc in size and form, indi-
cates that determination in regenerated
parts takes place during culturing. The
data from regenerating quarter fragments
(Fig. 7) demonstrate a successive replace-
ment of structures from the cutting region,
A similar finding was reported by Liiond
(1961), who studied the ‘“regulation proc-
ess” in fragments of the genital disc. He
found a sequence in appearance of the dif-
ferent structures which were regenerated.
Even quarter pieces of the genital disc
could produce a qualitatively normal geni-
tal apparatus, when transplanted into
young larvae.

In quarter leg discs (Fig. 1f) coxa, tro-
chanter, and femur regenerate synchro-
nously. Hence regeneration does not start
in the coxa and then complete the tro-
chanter and femur. There are two possible
mechanisms for the observed regeneration
in proximal segments: (1) each segment is
regenerated from cells of that specific seg-
ment; that is, coxa cells only replace coxa
structures, for example. (2) A blastema of
rapidly dividing cells is formed at the
cutting region, so that cells from one seg-
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ment might contribute material for other
segments. These cells would be arranged
in a sector that would grow in a medio-
lateral direction. Determination within the
sector would occur along the proximodistal
axis only later on. We favor the second
hypothesis for the following reasons: first,
Gehring (1967) and Postlethwait et al.
(1971) concluded that the rate of cell
divisions in a cultured blastema varies to a
large extent among different cells. Ac-
cording to the first hypothesis, we might
therefore expect that the different seg-
ments would not regenerate at the same
rate. This is not the case. Second, pre-
liminary results from clonal analysis of
regenerates, using X-ray induced somatic
crossing over, showed that the progeny of
a single cell can differentiate structures
from different segments.

The process of regeneration demon-
strates that, under our experimental condi-
tions, cell heredity of a specific determina-
tion cannot always be the rule in the leg
imaginal disc. On the other hand, there is
evidence that in some cases areal specific
determination is replicated and passed on
to daughter cells. Hadorn (1966) observed
that long-term cultures of genital disc
fragments had a tendency to produce mono-
cultures. The inventory of differentiations
became gradually reduced, and finally,
for example, only anal plates and rectum
were found. These two structures were
continuously observed during 70 transfer
generations. This indicates that an areal
specific state of determination can be prop-
agated over many cell generations. A
monoculture of anal plates derived from an
eye-antennal disc for more than 100
transfer generations was also observed by
E. Gateff in this laboratory. Further evi-
dence for the cell heredity of a specific
determination is given by Nothiger and
Schubiger (1966). When certain anlagen in
half a genital disc were eliminated with a
UV microbeam, the grown and meta-
morphosed fragment differentiated to form
a symmetrical but incomplete genital ap-
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paratus. The eliminated structure (e.g.,
the anal plate) was missing in both mirror
images.

How can we explain the different be-
havior of cells which pass their areal
specific determination on to their progeny
and those which can regenerate? All
regions of the imaginal disc show areal
specific determination when fragments are
transplanted into mature larvae and caused
to metamorphose immediately. Conse-
quently it is possible to establish anlage
plans of the discs as mentioned previously.
If pieces of imaginal discs are caused to
grow, they are capable of forming other
structures, depending on the origin of the
fragment. Let us postulate two populations
of cells in a disc. One consists of cells that
replicate their specific state of determina-
tion. Such cells would more frequently be
found in the lateral and base regions of the
leg disc. The seond cell population pro-
liferates rapidly and propagates only the
general quality of “legness.” This type of
cell 1s located mainly in the upper medial
quarter of the disc, and is also capable of
regenerating. Whether specifically de-
termined cells as well as cells carrying only
the quality for a certain disc exist together
in a mature imaginal disc or whether these
pluripotent cells arise only after extensive
proliferation, must remain an open ques-
tion.

Multiplication of Units

In an implant either a single marker can
be multiplied and all the others differen-
tiate according to the anlage plan or several
markers can differentiate an increased
number of units. It is important to distin-
guish between the multiplication of units
and pattern duplication. By multiplication
of units we refer, for example, to an en-
largement of the group of 8 sensilla
trichodea in the coxa such that up to 20
sensilla will be differentiated. In pattern
duplication the anlage of the entire frag-
ment appears twice and the two duplicates
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separate, so that in the end a complete
mirror image is formed of the structures
originally in the fragment.

Wigglesworth (1940) observed a process
in Rhodnius, which resembles the mul-
tiplication of units we have observed in
Drosophila. He showed that cauterized
cells in the abdominal tergites were re-
placed by cells migrating from the
periphery, which underwent rapid divi-
sions. In this process the original determi-
nation for marginal spines of the surround-
ing cells was maintained and was expressed
by an increased number of such spines as
these cells covered the burned spot. In the
case of marginal spines there was a multi-
plication of units. In the present experi-
ments, it could be that multiplication
originated from regions with frequent cell
divisions in which cells passed on to
daughter cells the determination for a
specific marker.

Pattern Duplication

Pattern duplications and the occasional
triplications are composed only of elements
for which the anlagen were present in the
original fragment (Nothiger and Schubiger,
1966). Furthermore, lateral, basal and
three-quarter pieces (Fig. 1) show pattern
duplications far more frequently than do
medial fragments.

Similar results were obtained in this
laboratory by Bryant and Postlethwait,
using a completely different technique.
They X-irradiated animals at 24 hr after
egg deposition and found flies after meta-
morphosis with structure duplications.
Twenty-nine of 30 cases with leg duplicates
had double incomplete trochanters, and
the anlagen of the missing structures all
mapped in the medial half of the disc.

Gehring (1966) studied the formation of
mirror images from cultured antennal disc
fragments and found that duplicated palps
arose when a primordium enlarged, ex-
ceeded the normal size, and divided into
two equal anlagen. Each of the symmetrical
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palps differentiated about the normal
number of bristles. This phenomenon has
been called arealization (Gehring, 1966).
The following observations indicate that
the multiplication of units does not pre-
cede pattern duplication: (1) in a certain
leg segment one marker alone can be
multiplied, leaving the remaining markers
of the pattern unchanged; (2) multiplica-
tion is frequently observed from medial
halves, but these pieces rarely produce
pattern duplications; (3) multiplication can
lead to areas with a greatly increased num-
ber of units, e.g., 45 sex comb teeth in one
comb, or 30 sensilla in the coxal group of 8
sensilla trichodea (St8). Pattern duplica-
tion, on the other hand, involves an
ordered doubling of all structures. Evi-
dently, in multiplication of units, arealiza-
tion is disturbed.

The mechanism which leads to pattern
duplication is not known. Ulrich (1971) in-
vestigated the cell lineage in pattern
duplications from half genital discs by
marking clones of cells genetically by
X-ray-induced somatic crossing over. He
found that the new halves, formed after
culture, contained after differentiation
larger spots than the old halves did. He
concluded that the duplicate is formed
from a small number of progenitor cells,
indicating that the process of duplication
does not depend on cell-by-cell replication
of specific states of determination. Similar
results were reported by Postlethwait et al.
(1971).

It may be possible to obtain conclusive
information on the mechanism of structure
duplication by performing clonal analysis
on lateral fragments, which after trans-
plantation into 68-hr-old larvae never re-
generate.

Transdetermination

Several authors have demonstrated that,
after proliferation, cells from certain re-
gions of a disc transdetermine more fre-
quently than others (Gehring, 1966;
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Wildermuth, 1968a; Mindek, 1968;
Schubiger, 1968). This observation was also
made in the present experiments. After 3
days of adult culture, medial disc halves
differentiate allotypic structures in 52-58¢¢
of the cases (Table 1). Under the same
conditions lateral halves do not transde-
termine. Therefore the average rate of
transdetermination in all half discs (medial
and lateral) is 26-29. In a previous paper
(Schubiger, 1968), we reported a fre-
quency of 34¢. transdetermination in disc
halves cultured for a period of 14 days. In
the present experiments an even higher
rate of transdetermination (53¢¢) was ex-
hibited by quarter (upper medial) frag-
ments cultured for 8 days. This frequency
of transdetermination is comparable to
that for disintegrated leg discs (25-57¢
depending on the genotype, Tobler, 1966).

On the one hand, there appears to be a
correlation between the extent of prolifera-
tion and the frequency of transdetermina-
tion (Schldpfer, 1963; Gehring, 1966;
Tobler, 1966; Garcia-Bellido, 1966;
Wildermuth, 1968a; Mindek, 1968); but on
the other hand, certain disc regions trans-
determine more frequently than others.
This leads to the tentative conclusion that
extensive proliferation is not the only re-
quirement for transdetermination. To
permit transdetermination, much exten-
sive proliferation of cells must occur in a
certain specific region. This conclusion is
strengthened by the observation that some
long-term cultures tend to form mono-
cultures (e.g., anal plates, Hadorn, 1966;
E. Gateff, personal communication) even
though they proliferate well (Mindek,
1968). Apparently growth cannot be the
sole prerequisite for transdetermination.
We have already suggested that either
multiplication of units or regeneration pre-
cede transdetermination. We prefer the
first possibility since multiplication of
units is often found together with allotypic
structures. Multiplication of units might be
the first recognizable consequence for rap-
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idly dividing cells. Surrounding cells would
not divide or would divide only slowly and
would differentiate structures according to
the anlage plan. Wildermuth (1968b) found
that, when cultured discs give rise to
mirror-image copies, rapid proliferation
occurs only in the new part. Moreover
allotypic structures form only in the new
part. The original part always differen-
tiates structures according to the anlage
plan. Our results also demonstrate that in
the cases where transdetermination oc-
curred, the elements expected from the
fate map differentiated next to allotypic
structures. But this does not mean that allo-
typic patterns appear only in direct contact
with differentiations from the medial quar-
ter; it is possible that a fragment can regen-
erate first and that only later do cells from
the newly formed regions start to proliferate
intensively and subsequently transde-
termine,

In conclusion, the foregoing experiments
demonstrate that fragments of imaginal
discs develop in different ways depending
on the position they occupied in the
original disc. One specific area of the disc
is capable of complete regeneration,
whereas in the other areas growth generally
leads to pattern duplication, and regenera-
tion occurs only rarely, if at all. This fact
has several important consequences for
future experiments on imaginal discs. For
example, in experiments dealing with
processes such as determination and trans-
determination, it will be necessary, in
order to interpret the data, to specify pre-
cisely what part of the disc is used. Also, it
may turmn out that an understanding of
processes like transdetermination will re-
quire a prior understanding of the process
of regeneration. Finally, the results demon-
strate that even though imaginal discs
show mosaic determination, this determina-
tion can be altered during a period of
additional growth and they can undergo
regeneration as observed in other insects.

The author would like to thank Dr. Howard A.
Schneiderman, Dr. Peter J. Bryant, and Dr. Clifton
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