
Normal Development of Drosophila 

Malignant Neoplasms of Genetic 

Origin in Drosophila melanogaster 
Some developmental genes that control differentiation 

can also cause malignant neoplasms when mutated. 

Elisabeth Gateff 

Cancer is defined as a malignant neo- 
plasm, which implies a new, lethal pat- 
tern of growth (1). Malignant neoplastic 
development closely relates to funda- 
mental biological questions, such as de- 
termination, differentiation (2, 3), and 
the maintenance of the differentiated 
state (3, 4). It is generally accepted that 
these processes are under the dual con- 

ferentiation of the tissue or cell type. 
My attention was first drawn to the ex- 

istence of such genetic aberrations in 
Drosophila by the occurrence of a spon- 
taneous, recessive-lethal mutation in one 
of our wild-type stocks. The new muta- 
tion was the fourth allele at the locus of 
the already well-known mutant lethal (2) 
giant larvae [l(2)gl], discovered in 1930 

Summary. Malignant neoplasms that develop in 12 recessive-lethal, larval mutants 
of Drosophila melanogaster are discussed. These mutations affect the adult optic 
neuroblasts and ganglion-mother cells in the larval brain, the imaginal discs, and the 
hematopoietic organs. The malignant neoplasms exhibit fast, autonomous growth, 
loss of the capacity for differentiation, increased mobility and invasiveness, lethality in 
situ and after transplantation, and histological, fine structural, and karyotypic abnor- 
malities. Intermediate neoplasms are also found. These combine both benign and 

malignant qualities. They grow in a noninvasive, compact fashion, typical of benign 
tumors, yet they also exhibit malignant qualities such as fast, autonomous, and lethal 

growth, loss of differentiation capacity, changes in cellular morphology, and lethal 

growth after transplantation into wild-type hosts. Thus Drosophila and vertebrate neo- 

plasms show striking similarities. 

trol of genetic and epigenetic factors (5). 
The relative roles of genetic as opposed 
to epigenetic factors in the etiology of 
vertebrate cancers are unresolved (6). In 
most vertebrate tumor models, more 
than one mutant gene seems to be in- 
volved, which renders it difficult to 
prove which particular gene in a gene 
complex is primarily responsible for ma- 
lignant neoplastic transformation (7). Re- 
cent genetic and developmental studies 
with the fruit fly Drosophila melanogas- 
ter have demonstrated that mutant 
genes, causing malignant neoplastic 
transformation of specific tissues and 
cells, are distributed over the entire ge- 
nome. Moreover, the mutations involve 
developmental genes which control cru- 
cial events during determination and dif- 

by Bridges and studied by Hadorn (8). 
Developmental studies of the larval neo- 
plastic tissues showed that the primordia 
for the adult integument, the imaginal 
discs, represented lethal, transplantable, 
and noninvasive neoplasms, and that the 
presumptive adult optic centers of the 
larval brain developed into a malignant 
neuroblastoma (9-12). 

After these initial studies, it was im- 
portant to decide whether the l(2)gl locus 
represented a unique case of a mutated 
gene causing malignancy, or whether the 
Drosophila genome contained other sim- 
ilar loci (13). Therefore, I began to iso- 
late tumor mutants and to characterize 
their lethal neoplasms. Before discussing 
the abnormal development caused by the 
malignant neoplastic growth in the dif- 
ferent mutants, I shall first consider the 
normal development of D. melanogaster 
and the criteria used in characterizing 
Drosophila neoplasms. 
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The fruit fly is a holometabolous in- 
sect, developing through an embryonic 
stage, three larval stages, a pupal stage, 
and an adult stage. The generation time 
is 11 to 12 days at 25?C. 

In the embryo two types of anlagen 
(precursors for specific organs) are de- 
termined, the larval and the adult. The 
larval anlagen differentiate during the 
course of embryonic development into 
the respective larval organs, while the 
precursors for adult organs, such as the 
integument, the adult optic centers, the 
gonads and others, consisting of 10 to 40 
cells, remain in an undifferentiated state 
(14). After the hatching of the larva from 
the egg, the larval tissues grow by cell 
enlargement (without cell division), be- 
coming progressively polyploid or poly- 
tene. The undifferentiated adult pre- 
cursors, on the other hand, divide rapid- 
ly and become, for instance, the imaginal 
discs which during metamorphosis and 
adult development give rise to the adult 
integument. Similarly, nests of optic 
nerve precursor cells (optic neuroblasts) 
in the larval brain give rise to the adult 
optic centers. In the gonads, precursor 
germ cells divide and differentiate during 
adult development into eggs and sperms. 
Furthermore, distinct cell nests within 
larval organs form the respective adult 
organs, such as the salivary glands or the 
gut. 

The capacity for neoplastic transfor- 
mation depends primarily on the ability 
of the cells to divide. Postmitotic cells, 
which are found in many organs of both 
the larva and adult, are presumably not 
capable of malignant transformation. 
Most larval and adult cells grow by endo- 
mitosis and cell enlargement and, thus, 
are considered incapable of neoplastic 
transformation. The only cells in the lar- 
va capable of malignant neoplastic 
growth are the imaginal disc cells; the 
adult optic neuroblasts and ganglion- 
mother cells in the larval brain; the blood 
cells; the cells in the gonads; and other 
smaller cell nests within different organs. 
Finally, in the adult, only the blood cells 
and the gonads can be expected to be- 
come neoplastic. 

Criteria for Malignant and Benign 

Neoplasms 

Vertebrate neoplasms are classified in- 
to two main groups: malignant and be- 
nign (1). Malignant neoplasms are char- 
acterized by rapid autonomous growth; 
invasiveness into adjacent healthy tis- 
sue; metastasis to distant sites of the 

body; lethality to the host; loss of struc- 
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ture and function; lethal autonomous 
growth after transplantation; and lack of 
contact inhibition in culture in vitro. Be- 
nign neoplasms, in contrast, show slow 
autonomous nonlethal growth; are non- 
invasive and nonmetastasizing; do not 
grow after transplantation into a new 
wild-type host; and show in their struc- 
ture and function high similarities with 
the tissue of their origin. In addition 
there are numerous intermediate neo- 
plasms which exhibit characteristics of 
both classes (1). 

The neoplasms of Drosophila can also 
be classified as malignant and benign 
(13). Furthermore, Drosophila exhibits 
neoplasms with intermediate character- 
istics. Those neoplasms which grow in a 
compact, noninvasive manner often pos- 
sess qualities of malignant neoplasms, 
such as fast autonomous growth, loss of 
the capacity for differentiation, and le- 
thality in situ and after transplantation. 
Truly benign neoplasms in Drosophila 
are the ovarian tumors developing in 
some female sterile mutants (13, 15), but 
these will not be discussed herein. 

Vertebrate tumor classification divides 
malignant neoplasms into sarcomas and 
carcinomas. This classification is in- 
tentionally avoided in Drosophila, since 
homologies between insect and verte- 
brate organs and tissues are by no means 
established. Instead, the different Dro- 
sophila neoplasms are simply designated 
by the name of the affected organ, tissue, 
or cell type, for example, lethal, benign, 
and transplantable imaginal disc neo- 
plasm or malignant blood cell neoplasm. 

Isolation and Characterization of 

Tumor Mutants 

I mentioned earlier the tissues and 
cells of the larva which grow by cell divi- 
sion and, thus, should be capable of ma- 
lignant neoplastic transformation, for ex- 
ample, the imaginal discs, the adult optic 
neuroblasts and ganglion-mother cells in 
the larval brain, the blood cells, and the 
gonads. Mutations which promote ex- 
cessive and uncontrolled growth in the 
above tissues and cells and, thus, de- 
stroy the larva, are candidates for tumor 
mutants. Since all cells of the body carry 
the mutant gene, but it is expressed only 
in some cells, we can assume that the 
mutant gene has tissue-specific activity 
during development and in some way 
controls the proliferation rate and dif- 
ferentiation of a particular cell-type. 
Thus, a tumor mutant in Drosophila is 
simply a special type of developmental 
mutant. 

In searching for recessive-lethal tumor 
mutations affecting the larva, we used 
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standard mutagenesis and genetic isola- 
tion procedures (13). Among 2500 tested 
chromosomes, each of which was de- 
rived from a single male gamete that was 
exposed to a mutagen, approximately 30 
percent recessive-lethal mutations were 
found. 

Individual mutant lines were checked 
for the presence of malignant neoplasms 
in the larvae by means of a procedure in- 
volving four steps: (i) examination of the 
external anatomy and appearance of the 
larvae; (ii) dissection of the larvae and 
search for enlarged organs; (iii) appli- 
cation of a series of transplantation tests 
to determine the degree of the neoplastic 
transformation of the tissues in question; 
and (iv) histological and fine-structure in- 
vestigations of the tissues in situ and af- 
ter transplantation into wild-type hosts. 
Of the investigated recessive-lethal mu- 
tants 0.3 percent showed malignant or in- 
termediate neoplastic growth (13). All 
mutations described below are lethal at 
the end of larval life, and the mutants are 
maintained in stocks in which the mu- 
tated chromosomes are complexed with 
so-called "balancer" chromosomes (16). 
These chromosomes prevent crossing- 
over between the homologous chromo- 
somes and thus preserve the original ge- 
netic content of the mutant chromo- 
somes. In these stocks the mutant genes 
are propagated by the heterozygous ani- 
mals, while the homozygous individuals 
develop the neoplastic growth. Table 1 
shows the known tumor mutants located 
on three of the four Drosophila chromo- 
somes. The table also shows the various 
larval tissues in which tumorous growth 
has been found. Mutants with neoplastic 
larval gonads have not yet been detect- 
ed. 

Malignant Neuroblastoma 

A short description of the wild-type 
central nervous system in the embryo 
and larva may facilitate an understanding 
of the aberrant development of the mu- 
tant brain (17, 18). The Drosophila ner- 
vous system differs from the typical in- 
sect nervous system in that the single 
ganglia are not segmentally arranged but 
form a fused central nervous system, 
consisting of two brain hemispheres and 
a compound ganglion (Fig. la, A). The 
larval nervous system differentiates in 
the embryo and consists of a cellular cor- 
tex surrounding the centrally located 
neuropile. In the lateroposterior region 
of each brain hemisphere one finds 13 to 
20 large neuroblasts which represent the 
primordia for the adult optic centers 
(Fig. Ic). These neuroblasts begin to di- 
vide after the larva hatches from the egg 

and continue to do so until the end of lar- 
val life. During the first portion of larval 
life the large optic neuroblasts divide 
equally forming additional neuroblasts 
(19). At the end of the second larval in- 
star the neuroblasts separate into an in- 
ner and an outer formation center (18). 
Throughout the third instar the optic 
neuroblasts divide unequally giving rise 
to large neuroblasts and smaller gangli- 
on-mother cells. The large neuroblasts 
remain in the formation centers while the 
smaller ganglion-mother cells enter the 
space between them forming the optic 
glomeruli (Fig. lb). Here the ganglion- 
mother cells divide an unknown number 
of times before differentiating into pre- 
ganglion cells and finally into optic neu- 
rons (19). 

There are six nonallelic mutants that 
develop malignant neuroblastomas in the 
adult optic centers (Table 1). Since all of 
these mutants show similar neuroblasto- 
mas, I will describe the tumor in the mu- 
tant lethal (2) giant larvae4 [l(2)gl4] in 
which the first neuroblastoma was dis- 
covered (9-12) [the superscript 4 desig- 
nates the fourth allele at the l(2)gl 
locus]. 

The l(2)gl4 brain exhibits no anatomi- 
cal or histological aberrations in the em- 
bryo or during the first two larval instars. 
However, during the third larval instar 
the size, shape, and histology of the 
brain becomes more and more distorted. 
Histological and fine-structure studies 
showed that the optic neuroblasts of the 
inner and outer formation centers and 
the ganglion-mother cells fail to dif- 
ferentiate into adult optic neurons, as 
witnessed by the absence of the three op- 
tic glomeruli. Instead, the optic neuro- 
blasts and ganglion-mother cells prolifer- 
ate extensively causing an up to twofold 
enlargement of the brain hemispheres. 
Moreover, histological preparations 
show that optic neuroblasts and gangli- 
on-mother cells invade the region of the 
larval neurons and the neuropile and de- 
stroy the original topography of the brain 
(Fig. ld). 

Thus, the mutant adult optic neuro- 
blasts and ganglion-mother cells in situ 
undergo a novel type of growth which 
exhibits some of the typical features of 
malignant neoplasms, such as loss of dif- 
ferentiative capacity, an excessive pro- 
liferation, and invasiveness. The death 
of the mutant animals results most prob- 
ably from the neuroblastoma and the tu- 
morous imaginal discs. 

A crucial test of malignancy in verte- 
brates is the unlimited malignant growth 
after transplantation into a new wild- 
type host. The absence of transplan- 
tation immunity in Drosophila makes 
this test relatively easy. Pieces of mature 
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Table 1. Recessive-lethal mutations causing malignant and intermediate neoplasms in the larva of Drosophila. In accordance with conventional 
Drosophila nomenclature lethal mutations are shown with the number of the affected chromosome in parentheses followed by a brief name or 
number. The number behind the designation of the mutant indicates the location of the gene on the chromosome and the last number in parenthe- 
ses is the reference; -, gene not located. 

Designation of Chromosome 1 Chromosome 2 Chromosome 3 
neoplasm 

Malignant neuroblastoma of the Lethal (1)2, -; (52); lethal Sixteen alleles of lethal (2) giant Lethal (3) giant larvae, -; (29) 
adult optic neuroblasts and (1)2269, -; (52) larvae, deficiency (2) net lgl, 2- 
ganglion-mother cells 00; (13); lethal (2) giant disc, -; 

(54); lethal (2)1542, -; (52) 

Intermediate imaginal disc neo- Lethal (1)2, -; (52); lethal (1) Thirteen alleles of lethal (2) giant Lethal (3) giant larvae, -; (29) 
plasm with compact mode of 2269, -; (52); lethal (1) disc larvae, deficiency (2) net lgl, 2- 
growth large-1, 1-36; (53); lethal (1) be- 00; (13); lethal (2) 1542, -; (52) 

nign wing imaginal disc neo- 
plasm, 1-34; (29) 

Intermediate imaginal disc neo- Lethal (1) disc large-1, 1-36; (53); 
plasm with invasive mode of lethal (1) benign wing imaginal 
growth disc neoplasm, 1-34; (29); lethal 

(1) disc large-2, 1-24.9; (52) 
Malignant blood cell neoplasm Lethal (1) malignant blood neo- Lethal (2) malignant blood neo- Lethal (3) malignant blood neo- 

plasm, 1-39; (28) plasm, -; (29) plasm, -; (30) 

wild-type larval brain implanted into the 
abdominal cavity of female adult flies 
neither grow nor kill their hosts and can- 
not be detected in the adult host upon 
dissection. In contrast, small pieces of 
mutant brain implanted in the same way 
grow rapidly and reach a size up to 300 
times the size of the original implant. Tu- 
mor-bearing hosts become bloated 
(bloating syndrome; Fig. le) and die in 7 
to 14 days. Histological preparations of 
such hosts show the malignant cells 
throughout the body cavity, in the abdo- 
men, the thorax, and the head capsule, 
and invading the ovaries, the gut, and the 
thoracic muscles (Fig. 1, f, g, h). Except 
for sporadic attachment points, most 
cells do not form contacts with their 
neighbors (Fig. 2a). In the wild-type and 
l(2)gl4 brains the neuroblasts and gangli- 
on-mother cells are not in direct contact 
with each other but are enveloped by 
thin glial cell processes (Fig. 2b). Com- 
parative histological and fine structure 
observations in situ as well as after trans- 
plantation reveal three cell types in the 
malignant growth: large neuroblasts, 
small ganglion-mother cells, and pregan- 
glion cells (Fig. 2a). Glial cells and other 

cell types found in the brain in situ could 
not be detected in the histological prepa- 
ration of the wild-type hosts. 

The neoplastic development of the 
neuroblasts in the mutant presumptive 
adult optic centers is programmed al- 
ready in the embryo. The 1(2)gl4 embry- 
onic brains implanted into adult flies give 
rise to a malignant growth similar to the 
one derived from a small piece of a ma- 
ture mutant brain (see above). In con- 
trast, when wild-type embryonic brains 
are implanted into the abdomens of adult 
flies, they grow only to a limited extent, 
reach the size of a second-instar larval 
brain, and never kill the host. 

While they are in situ, no karyotypic 
aberrations occur in the neuroblastomas; 
however, karyotypic abnormalities in- 
crease with the period of culture within a 
host after transplantation. Approximate- 
ly 30 percent of the cells from the sev- 
enth transfer generation (3 months in cul- 
ture in vivo) were aneuploid. In electron 
micrographs large numbers of viruslike 
particles can be observed primarily with- 
in the nuclei of the malignant cells (20). 
Figure 3d (inset) shows viruslike parti- 
cles within the nucleus of an l(2)gl4 imagi- 

nal disc cell which are identical with the 
ones found in the 1(2)gl4 neuroblasts. 
Nothing is known concerning their role 
in mutation, neoplastic transformation or 
other peculiar non-Mendelian genetic 
phenomena (21). 

Similar malignant neuroblastomas de- 
velop in 15 additional 1(2)gl alleles, in a 
net l(2)gl deficiency (deficiency (2) net 
Igl) and five further nonallelic mutants 
(Table 1). The mutants are located on 
chromosomes 1, 2, and 3. The nature of 
the brain tumors in the different mutants 
was established by using the same histo- 
logical and developmental methods as 
applied in the initial studies with l(2)gl4 
(9-12). The studies on the 15 l(2)gl al- 
leles, the net l(2)gl deficiency (22), and 
on each individual nonallelic mutant (13) 
revealed that the optic neuroblasts and 
ganglion-mother cells behave, in situ as 
well as in the transplantation tests, in a 
manner similar to the l(2)gl4 neuroblasts 
and ganglion-mother cells. Thus, a con- 
siderable number of genes seem to con- 
trol the differentiation of the adult optic 
neuroblasts into adult optic neurons. The 
six nonallelic mutations represent such 
developmental genes which prevent dif- 

Fig. 1. Wild-type and 1(2)gl4 brain-ventral-ganglion complexes in situ and after transplantation into female flies. (a) Whole mount of the brain- 
ventral-ganglion complex of a mature wild-type (A) and l(2)gl4 (B) larva. Note the enlarged mutant brain hemispheres (b) and the clumped 
imaginal discs (tid); ead, eye-antennal imaginal disc; Idl, first leg imaginal disc; Id2, second leg imaginal disc; tid, tumorous imaginal discs; vg, 
ventral ganglion (x80). (b) Median section through the brain-ventral-ganglion complex of a mature wild-type larva. Note the inner and outer 
formation centers (if, of) and the differentiating outer optic glomerulus (og). The remaining structure represents the larval portion of the brain; b, 
brain;f, fat body; id, imaginal disc; if, inner formation center; n, neuropile; o, oesophagus; of, outer formation center; og, optic glomerulus; rg, 
ring gland; sg, salivary gland; vg, ventral ganglion (x200). (c) Median section through the left brain hemisphere (the right brain hemisphere is 
partially deleted) of a 0- to 5-hour-old wild-type larva showing the young optic formation center (fc) which consists of 15 to 20 large optic 
neuroblasts. The neuropile (n) is surrounded by larval neurons; b, brain;fc, formation center; n, neuropile (x 350). (d) Median section through the 
brain-ventral-ganglion complex of a mature l(2)gl4 larva. The brain hemispheres (b) are much enlarged when compared to the wild-type brain 
hemispheres shown in (b). Large optic neuroblasts (nbl) and small ganglion-mother cells (gm) have proliferated excessively, have failed to 
differentiate the presumptive adult optic centers, and have destroyed by invasion the larval brain structures; b, brain; gm, ganglion-mother cell; 
n, neuropile; nbl, neuroblast; vg, ventral ganglion (x235). (e) Female fly showing the "bloating syndrome" caused by the transplantable malig- 
nant neuroblastoma (A) compared with an uninjected fly (B) [from Gateff and Schneiderman (10)] (x20). (f) Invasion of the transplanted mutant 
neuroblasts (arrow) into the ovary of a wild-type female fly; e, egg chamber (x 125). (g) Invasion of transplanted mutant neuroblasts (arrow) into 
the gut epithelium (g) of the adult host (x280). (h) Invasion of transplanted mutant neuroblasts (arrows) into the thoracic flight muscles (m) of the 
wild-type fly (x230). All histological sections were stained with hematoxylin and eosin. For further explanations see text. 
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ferentiation by causing an uncontrolled, 
autonomous, invasive, lethal, and trans- 
plantable growth of the adult optic neu- 
roblasts and ganglion-mother cells. 

Hormones and Malignant Neoplasms 

From indirect evidence it is assumed 
that Drosophila development is con- 
trolled by hormones (23). At the end of 
larval life the moulting hormone ecdy- 
sone initiates pupation, metamorphosis, 
and adult development. Under the influ- 
ence of ecdysone, wild-type adult pri- 
mordia stop growing and differentiate in- 
to specific adult structures. Neoplastic 
cells of Drosophila respond generally in 

Fig. 2. (a) Electron micrograph of 1(2)gl4 neu- 
roblasts (nbl) and ganglion-mother cells (gm) 
cultured in vivo in the wild-type adult abdo- 
men for seven transfer generations (approxi- 
mately 3 months). The neoplastic cells do not 
form junctions -and adhere only loosely to 
each other (arrows); cp, cytoplasmic process; 
pg, preganglion cell (x2300). [Courtesy of H. 
Akai] (b) Electron micrograph (detail) from 
the brain of a mature 1(2)gl4 larva. The neu- 
roblasts (nbl) and ganglion-mother cells (gm) 
are enveloped by glial cell sheets (g) (x2900). 
[Courtesy of H. Akai] 

one of two ways to hormonal stimuli at 
metamorphosis: either they stop dividing 
but fail to differentiate, or they do not re- 
spond to ecdysone at all and continue to 
divide throughout adult development 
(13). Mutant neuroblasts can respond in 
both ways to hormones. Pieces of mu- 
tant brain implanted into third-instar lar- 
vae, where they become exposed to ec- 
dysone, stop growing and show no lethal 
behavior. By the same test mutant neu- 
roblasts that have been cultured for more 
than five transfer generations in the ab- 
domens of female flies continue to divide 
throughout adult development, irrespec- 
tive of their exposure to ecdysone, and 
kill the host. This indicates that some 
neoplastic cells, even though they are in- 

capable of differentiation, retain parts of 
their behavioral repertoire, whereas oth- 
er neoplastic cells have become unre- 
sponsive to hormonal signals. 

Imaginal Disc Neoplasms 

In the wild-type larva, imaginal discs 
represent the primordia for the adult in- 
tegumental structures (14). These discs, 
which give rise to the head capsule, 
eyes, antennae, and first and second 
pairs of legs, are closely associated with 
the central nervous system (Fig. la, A). 
Spacially separated from the central ner- 
vous system and in close association 
with the main tracheal trunks one finds 
the third leg, wing, and haltere imaginal 
discs (Fig. 3a, A). In the caudal portion 
of the larva is the genital imaginal disc 
which gives rise to the somatic struc- 
tures of the genital apparatus. 

The wild-type imaginal discs are sack- 
like structures consisting of 20,000 to 
50,000 cells (Fig. 3a, A, and Fig. 3b). The 
cells are arranged in monolayers (Fig. 
3b) held together by complex junctions 
along the lateral surface and by a contin- 
uous basement membrane along the bas- 
al cell surface (24). The apical surfaces, 
facing the lumen, exhibit numerous mi- 
crovilli (Fig. 3c) which secrete the chi- 
tinous integument during metamor- 
phosis. 

Table 1 shows eight recessive-lethal 
mutants which develop imaginal disc 
neoplasms. If one takes into account the 
behavior of the neoplastic imaginal discs 
in situ, two types of mutants can be dis- 
tinguished. (i) Mutants in which all imag- 
inal discs represent intermediate neo- 
plasms, exhibiting a compact, non- 
invasive mode of growth as well as a 
number of malignant characteristics, 
such as lethality in situ and fatal autono- 
mous growth after transplantation into a 
wild-type adult host, loss of the capacity 
for differentiation, and morphological 
arid histological aberrations (see Table 
1). (ii) Mutants in which the imaginal 
discs associated with the central nervous 
system grow invasively while the remain- 
ing discs are noninvasive (see Table 1). 

Fig. 3. Morphology and histology of wild-type and neoplastic mutant imaginal discs. (a) Whole mount of wild-type (A) and l(1)d. lg-2 (B) haltere 
(hid), third leg (lid), and wing (wid) imaginal disc connected to the trachea (tr). Note the clumped appearance of the mutant imaginal discs (x40). 
(b) Frontal section through mature wild-type eye-antennal imaginal disc. Note the characteristic folding of the monolayered epithelium; ad, 
antennal imaginal disc; br, brain; ed, eye imaginal disc; 1, lumen (x 100). (c) Electron micrography of portion of wild-type imaginal disc epithe- 
lium; idc, imaginal disc cell; 1, lumen; lod, low opacity droplet; mv, microvilli; v, vacuole; vip, viruslike particles (x6300). [Courtesy of H. Akai] 
(d) Electron micrograph of portion of 1(2)gl4 imaginal disc epithelium; bc, blood cell; cp, cytoplasmic processes; 1, lumen; mid, mutant imaginal 
disc cell; pml, peripodial membrane-like cell (x 3700). [Courtesy of H. Akai] (d inset) A group of viruslike particles from the nucleus of an 1(2)gl4 
imaginal disc cell (x 60,000). [Courtesy of H. Akai] (e) Cross section through adult abdomen showing a large noninvasive neoplasm derived from 
an 1(2)gl4 imaginal disc;f, fat body; int, integument; ov, ovary; t, tumor (x 50) [from Gateff and Schneiderman (10)]. (f) l(l)bwn wing imaginal disc 
exhibiting clumped (arrow) and aberrantly folded, monolayered morphology (x 100). (g and h) Details of l(l)d.lg-2 imaginal discs lacking mono- 
layer arrangement of the cells (x350). (i) I(l)bwn imaginal disc (id) in situ invading the brain (br) and ventral ganglion (vg) (arrows); n, neuropile 
(x80). All histological sections stained with hematoxylin and eosin. For further explanation see text. 
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Of the eight neoplastic imaginal disc 
mutants, five exhibit imaginal discs 
which grow exclusively in a compact, 
noninvasive fashion (Table 1 and Fig. 3a, 
B). In the remaining three mutants, the 

imaginal discs associated with the cen- 
tral nervous system show an invasive 
pattern of growth. They invade the 
neighboring imaginal discs and the adja- 
cent central nervous system which be- 
comes partially destroyed (Fig. 3i). The 
wing, third leg, and haltere imaginal 
discs, in contrast, grow in a noninvasive 
compact way (Table 1 and Fig. 3f). The 
mutant imaginal discs were studied by 
anatomical dissections, in histological 
and fine-structural preparations, and 
their developmental capacities were test- 
ed by the transplantation method into 
wild-type larvae and female flies (13). 
Upon anatomical dissection mutant 
imaginal discs show little resemblance to 
wild-type discs. They exhibit abnormal 
shapes, are often enlarged, and some- 
times fused (Fig. 3a, B). Mutant imaginal 
discs invading the central nervous sys- 
tem are intimately connected with it 
(Fig. 3i) and the two structures cannot be 
separated from each other without the 
destruction of imaginal disc and nervous 
tissue. 

In histological and fine-structural 
preparations the mutant imaginal discs 
show loss of the orderly monolayered 
cellular arrangement typical of wild-type 
imaginal discs (Fig. 3, d, f to i) and the 
cells cluster together forming structures 
with aberrant shapes and sizes. Electron 
micrographs show the mutant imaginal 
disc cells often completely free from 
contacts to other cells and with numer- 
ous cytoplasmic processes and highly 
lobulated nuclei (Fig. 3d) with numerous 
viruslike particles (Fig. 3d, inset). 

Morphological variations exist, how- 
ever, among imaginal discs from dif- 
ferent mutant stocks. The imaginal discs 
of the majority of mutant stocks exhibit, 
besides large portions with cells in clus- 
tered arrangement, also small regions 
with cells in monolayered arrangement 
[lethal (2) giant larvae [1(2)gl], lethal (3) 
giant larvae [1(3)gl] and lethal (1) benign 
wing imaginal disc neoplasms [I(l)bwn] 
for example] (Fig. 3, f and i). The lethal 

(1) disc large-2 [l(1)d.lg.-2] imaginal 
discs, in contrast, consist exclusively of 
cells in clustered arrangement (Fig. 3, g 
and h). Morphological aberrations in the 
imaginal disc epithelium are usually an 
indication of changes in its differen- 
tiation capacities (25). Wild-type imagi- 
nal discs differentiate into normal cu- 
ticular patterns upon implantation into 
third-instar wild-type larvae. When any 
of the neoplastic mutant imaginal discs 
shown in Table 1 are implanted into 
third-instar wild-type larvae, the only 
normal response to the hormonal stimu- 
lus is cessation of cell division. Dif- 
ferentiation of cuticular integumental 
structures does not take place, which in- 
dicates that the neoplastic imaginal disc 
cells behave autonomously in the wild- 
type larval environment. 

The transplantation test into the abdo- 
mens of wild-type female flies represents 
another crucial proof for malignancy and 
demonstrates the autonomy of the neo- 
plastic pattern of growth. This test again 
was applied to all mutant imaginal discs. 
Pieces of invading and noninvading neo- 
plastic imaginal discs grow rapidly into 
compact ball-like structures in the adult 
abdomens, depleting the host of its fat 
body and ovaries (Fig. 3e) and killing it. 
The time required for the neoplastic 
imaginal disc implants to kill their hosts 
varies with the different mutant imaginal 
discs from 7 to 14 days, and apparently 
reflects differing growth rates among mu- 
tant imaginal discs. For instance, lethal 
(1) disc large-1 and -2 imaginal disc im- 
plants kill their hosts 1 to 2 days sooner 
than lethal (2) giant larvae4 imaginal disc 
implants. Furthermore, even among the 
13 lethal (2) giant larvae alleles variations 
in the growth rates and thus the time re- 
quired to kill the host were detected (22). 
Tissue sublines from all neoplastic imagi- 
nal discs can be propagated for many 
transfer generations in the adult female 
abdomen. They also show increased 
amounts of viruslike particles (Fig. 3d, 
inset). In contrast, pieces of normal 
imaginal discs grow in the wild-type ab- 
domens at a moderate rate, eventually 
ceasing cell division and causing no harm 
to the host. 

The transplantation test was used also 

to determine the approximate time of the 
gene action during development of the 
lethal (2) giant larvae4 [l (2) gl4] allele. 
Imaginal discs from different embryonic 
and larval developmental stages were 
implanted into the abdomens of wild- 
type female flies. Beginning with the 10- 
hour embryo, the mutant implants grew 
in a tumorous fashion exhibiting the 
characteristics of the already described 
intermediate imaginal disc neoplasms 
found in mature mutant larvae (10, 12). 
Thus, the time of action of the 1(2)gl4 al- 
lele falls sometime during the first por- 
tion of embryonic life and seems to coin- 
cide with the time of gene activity in the 
1(2)gl4 neuroblasts. 

Thus, neoplastic imaginal discs in situ 
as well as after transplantation possess 
qualities of both malignant and benign 
neoplasms: they engage in fast autono- 
mous and lethal growth in situ as well 
as after transplantation, have lost their 
capacity to differentiate, and show ab- 
normal morphology and histology. Mu- 
tant imaginal discs differ in their pattern 
of growth in situ; some are noninvasive 
while others possess an invasive mode of 
growth. 

The capacity for malignant neoplastic 
transformation is not only confined to D. 
melanogaster mutants. Srdic et al. (26) 
have studied a new mutant in Drosophila 
hydei, named lethal (3) giant larvae. This 
mutant develops a malignant neuroblas- 
toma in the presumptive adult optic cen- 
ters in the larval brain and lethal, benign, 
and transplantable imaginal disc neo- 
plasms which are similar to those of le- 
thal (2) giant larvae4. 

Reversal of the Neoplastic State 

The developmental capacity of wild- 
type and mutant imaginal disc cells can 
be studied further by using somatic re- 
combination in imaginal disc cells heter- 
ozygous for a wild-type (+) chromosome 
(+ + + c; c = centromere) and a chromo- 
some containing two markers, ml and 
m2, that occur on either side of the tu- 
mor gene (ml tg m2 c). For the first (X) 
chromosome the marker alleles most 
commonly used are yellow body color 

Fig. 4. Blood cells and hematopoietic organs from mature wild-type and mutant larvae. Phase contrast micrographs of (a) wild-type plasmato- 
cytes (pl) and crystal cell (cc); (b) wild-type podocytes (p); and (c) wild-type lamellocyte (1) (x760). (d) Schematic representation of wild-type (A) 
and l(l)mbn (B) hematopoietic organs (Ig, Ign) located along the dorsal heart vessel (hv); b, brain; rg, ring gland; vg, ventral ganglion. (e) l(I)mbn 
podocytes (p), lamellocytes (1), and crystal cell (cc) (x760). (f) Nests of hematopoiesis (arrows) in the hemolymph of l(2)mbn (x 170). (g) Phase 
contrast micrograph of 1(2)mbn lamellocyte-like cells (11) and plasmatocyte-like cells (pll) (x800). (h) l(l)mbn blood cells (nbc) invading an 
imaginal disc (id). The imaginal disc epithelium is partially destroyed by the mutant blood cells (arrows) (x 120). (i) Longitudinal section of a 
hematopoietic lobe derived from a mature l(l)mbn larva. Compare with (j) and note the high degree of differentiation of its cells (x390). (j) 
Longitudinal sections of a lobe from the hematopoietic organ of a mature wild-type larva (x 370). (k) Detail from cross section through wild-type 
adult abdomen bearing l(I)mbn malignant blood cell neoplasm consisting of numerous neoplastic blood cells (nbc) (arrows). Note the invasion 
into an egg chamber (e);fb, fat body; g, gut; mt, Malpighian tubule (x 100). All histological sections stained with hematoxylin and eosin. For 
details see text. 
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(y) and forked bristles (f). A crossing- 
over event between the centromere and 
the forked allele in a heterozygous imagi- 
nal disc cell with the genotype y tg f cl 
+ + + c produces two homozygous cells, 
one homozygous for the tumor gene, tg, 
and the markers yellow and forked 
(y tg fc/y tg f c), and the other for the 
corresponding wild-type alleles (+ + + cl 
+++ c). The progeny of the two cells 
will give rise to clones. The clone pro- 
duced by the cell containing the wild- 
type alleles, however, will not be detect- 
able, since this chromosome contains no 
marker alleles. The clone formed by the 
homozygous tumor cell, on the other 
hand, can be recognized by the y and f 
markers. The presence of yf clones on 
the integument indicates nonautonomy 
and thus a capacity of the homozygous 
tumor cell for reversal to the dif- 
ferentiating state. The absence of yf 
clones on the integument, on the other 
hand, shows an incapacity for reversal to 
the differentiating condition and auton- 
omy of the neoplastic state. 

Three imaginal disc tumor mutants 
were tested for survival in clones: lethal 
(2) giant larvae4 [l(2)gl4] (27), lethal (1) 
disc large-1 [1(1)d. lg-1] (13) and lethal (1) 
benign wing imaginal disc neoplasm 
[l(1)bwn] (13). Two basic types of neo- 
plastic tumor mutants could be distin- 
guished. The imaginal disc cells of lethal 
(1) disc large-1 mutants did not produce 
clones and, thus, showed autonomy as 
they did in the transplantation test (13). 

The imaginal disc cells in the remain- 
ing two mutants, lethal (2) giant larvae4 
and lethal (1) benign imaginal disc neo- 
plasm, which during transplantation be- 
haved autonomously, survived in clones 
and, thus, behaved nonautonomously 
and reverted to the differentiating state 
(13, 27). The difference between the de- 
velopmental capacities of the mutant 
imaginal disc cells in the transplantation 
and somatic recombination tests shows 
that some neoplastic imaginal disc cells 
are irreversibly transformed, while oth- 
ers are reversible and capable of dif- 
ferentiation when they develop in close 
contact with wild-type cells. Cline (27) 
assumes that the neoplastic imaginal disc 
cells receive gene products that they lack 
from the wild-type cells. 

Malignant Blood Cell Neoplasms 

A third type of tumor mutation induc- 
es malignant neoplastic transformation 
of the presumptive blood cells in the lar- 
val blood-forming organs-commonly 
called the lymph glands. Three blood tu- 
mor mutants have been isolated. The 
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mutant genes are located on chromo- 
somes 1, 2, and 3 and are designated as 
lethal (1) malignant blood neoplasm 
[l(1)mbn] (28), lethal (2) malignant blood 
neoplasm [l(2)mbn] (29), and lethal (3) 
malignant blood neoplasm [l(3)mbn] (30) 
(Table 1). 

Rizki (31) studied the cell types in 
wild-type larval hemolymph and found 
two main types of blood cells: the plas- 
matocytes and the crystal cells (Fig. 4a). 
Plasmatocytes possess no humoral im- 
mune response and should not be con- 
fused with plasma cells of vertebrates. 
The plasmatocytes can transform into 
podocytes and these in turn can change 
into lamellocytes (Fig. 4, b and c). This 
transformation occurs at a high rate at 
the end of larval life and extends beyond 
puparium formation. 

The defense mechanisms in Drosoph- 
ila are mainly cellular and include phago- 
cytosis and encapsulation (32). Small 
particles are phagocytosed by podo- 
cytes. Larger sized bodies are encapsu- 
lated, mainly by lamellocytes, and ren- 
dered harmless by being melanized. 

The crystal cells are large, round, frag- 
ile cells which sporadically contain crys- 
talline inclusions consisting of tyrosine 
(Fig. 4a) (33). Crystal cells rupture easily 
upon the wounding of the animal and ex- 
pel a sticky material. Their function is 
not well understood but they seem to be 
involved in melanin synthesis, coagu- 
lation of the hemolymph, and agglutina- 
tion of bacteria and yeasts during meta- 
morphosis (19, 34). 

The larval blood cells originate in the 
hematopoietic organs (35, 36). The or- 
gans consist of four to seven pairs of 
lobes located along the dorsal heart ves- 
sel in the fourth to seventh larval seg- 
ments (Fig. 4d, A). The larval hemato- 
poietic pathway has not been well inves- 
tigated. By means of phase contrast (37) 
and electron microscopy (38) the cell 
types in the hematopoietic organs have 
been compared with the free blood cell 
types in the hemolymph and a tentative 
hematopoietic pathway has been sug- 
gested (Fig. 5). Within the hematopoietic 

organs three cell types could be detect- 
ed: (i) polygonal cells (proplasmato- 
cytes), (ii) large round cells (procrystal 
cells), and (iii) small round cells (pro- 
hematocytes). Polygonal cells seem to be 
the precursors of the plasmatocytes. The 
large round cells with crystalline in- 
clusions give rise to crystal cells. The 
polygonal cells as well as the large round 
cells seem to originate from the small 
round cells or prohematocytes. All cell 
types divide. 

The developmental defects in the he- 
matopoiesis of the three blood tumor 
mutants are as follows. The most obvi- 
ous change in the mutant larvae is a 
manyfold increase in the number of free 
blood cells in the hemolymph (Table 2) 
(37). There are also profound differences 
between the blood cell types in the he- 
molymph of the three blood tumor mu- 
tants and those found in the hemolymph 
of a third-instar wild-type larva. The 
l(1)mbn blood cell population contains 
the same cell types as the wild type but 
in much higher numbers (Table 2). Fur- 
thermore, the blood cell composition re- 
sembles more closely that of a prepupa 
than of a third-instar larva. In contrast to 
the wild-type larva, where the majority 
of the free blood cells are plasmatocytes 
(31) in l(1)mbn podocytes and lamello- 
cytes constitute approximately 95 per- 
cent of the blood cell population and 
plasmatocytes and crystal cells the re- 
maining 5 percent. The 1(1)mbn podo- 
cytes also show an overwhelming diver- 
sity in size and shape when compared 
with their wild-type counterparts (Fig. 
4e). 

The l(1)mbn blood cells are not only 
morphologically differentiated, they also 
show functions which are typical of wild- 
type blood cells, such as phagocytosis 
and encapsulation. However, 1(1)mbn 
blood cells phagocytose and encapsulate 
their own tissues and resemble thus the 
blood cell behavior of melanotic pseudo- 
tumor mutants (39). Mutant blood cells 
often encapsulate and melanize the pos- 
terior fat body which leads to the forma- 
tion of melanotic masses. 

The hemolymphs of the l(2)mbn and 
the l(3)mbn mutants exhibit, in great 
abundance, actively dividing, small 
round cells which are plasmatocyte-like 
(Fig. 4, f and g, see connecting lines). 
Besides these one finds a prominent 
sickle-like to boat-like cell type with a V- 

shaped profile and an irregularly struc- 
tured cell surface (Fig. 4g). This cell type 
vaguely resembles the lamellocytes. 
Very few crystal cells can be observed. 

In older mutant larvae the individual 
lobes of the blood-forming organs have 
broken up and many new nests of hema- 
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topoiesis can be seen distributed 
throughout the body cavity (Fig. 4f). The 
cells in these nests and the plasmatocyte- 
like cells around are engaged in vigorous 
mitosis. The blood cells of all three mu- 
tants invade the imaginal discs and de- 
stroy their epithelium (Fig. 4h). In 
l(2)mbn and l(3)mbn the malignant blood 
cells eventually destroy every tissue in 
the body. Just before death the larvae 
appear as sacks entirely filled with blood 
cells. 

The l(l)mbn hematopoietic organs re- 
main mostly intact and they enlarge, of- 
ten exceeding 300 to 400 times the vol- 
ume of a wild-type lobe. In the mutant 
larvae one finds three to four large prom- 
inent tumors (Fig. 4d, B) which, in older 
larvae, become detached from the heart. 
Histological preparations of such hema- 
topoietic tumors show that they contain 
the same three cell types which are pres- 
ent in the wild-type blood-forming or- 
gans (37, 38) (Fig. 4, i and j). However, 
the amounts of the different cell types 
and their degree of differentiation differ 
drastically from the wild type. Histologi- 
cal preparations and phase contrast ob- 
servations of the cells in vitro reveal that 
in the wild-type larval hematopoietic or- 
gans the majority of the cells are primor- 
dial blood cells and only very few are dif- 
ferentiated podocytes and crystal cells 
(37, 38) (Fig. 4j). In the mutant hemato- 
poietic organs, in contrast, at least 50 
percent of the cells are fully dif- 
ferentiated podocytes and lamellocytes 
(37, 38) (Fig. 4i). This explains the large 
amounts of free podo- and lamellocytes 
in the mutant hemolymph. The remain- 
ing cell types in the mutant hemato- 
poietic organs are proplasmatocytes and 
procrystal cells. In autoradiographic 
preparations 30 percent of the mutant 
cells incorporate [3H]thymidine, where- 
as only 15 percent of all cells are labeled 
in wild-type cells. 

During development of the wild type 
the release of blood cells from the hema- 
topoietic organs is strictly regulated. For 
instance, a massive release of blood cells 
takes place at the end of the second and 
third larval instars while during the third 
larval instar blood cells are not released 
from the hematopoietic organs in detect- 
able amounts. In contrast, the l(l)mbn 
hematopoietic organs produce through- 
out the third larval instar new blood cells 
which they emit continuously into the 
hemolymph. These results show that the 
l(l)mbn mutation affects the mechanism 
which controls the production of blood 
cells in the hematopoietic organs and not 
blood cell differentiation. The l(2)mbn 
and the l(3)mbn mutant genes, in con- 
trast, seem to interfere with blood cell 
30 JUNE 1978 

Table 2. Blood cell counts in the larval hemo- 
lymph of wild-type Drosophila and three 
blood-tumor mutants. The blood cell counts 
for each individual group were compiled from 
the counts on five mature larvae. 

Designan Cells in hemolymph Designation (No./mm) (No./mm3) 

Wild-type 1,600 
Lethal'(1) malignant 12,500 

blood neoplasms 
Lethal (2) malignant 39,000 

blood neoplasms 
Lethal (3) malignant 225,200 

blood neoplasm 

differentiation. In the hemolymph of 
these mutants one finds numerous nests 
of hematopoiesis with prohematocyte- 
like cells (Fig. 4f) and an enormous num- 
ber of free, undifferentiated plasmato- 
cyte-like cells filling the body cavity. 

The capacity for autonomous neo- 
plastic growth of the presumptive blood 
cells in the hematopoietic organs of the 
three blood tumor mutants were further 
investigated in transplantation tests. He- 
matopoietic organs of l(l)mbn larvae im- 
planted into female adult abdomens grew 
rapidly and invasively and killed 50 per- 
cent of the hosts in 9 days. Autoradio- 
graphic studies of the transplanted cells 
showed numerous labeled cells (38). The 
l(l)mbn blood cell neoplasm is trans- 
plantable for numerous transfer genera- 
tions in female flies. Figure 4k shows a 
portion of a cross section through a fe- 
male adult abdomen where the malignant 
blood cells have invaded and destroyed 
almost completely the left ovary and in- 
dividual egg chambers. The malignant 
blood cells invade also the thoracic mus- 
cles and the head capsule. Histological 
and phase contrast preparations reveal 
that the cells constituting the neoplastic 
growth are exclusively plasmatocyte-like 
cells (Fig. 4k). Crystal cells are not found 
in the transplanted growth. These results 
indicate strongly that the plasmatocyte- 
like cells are the malignant component, 
which grow in an autonomous way, 
while the crystal cells do not participate 
in the growth after transplantation. Con- 
trol implants of wild-type hematopoietic 
organs do not grow and do not have any 
effect on the development of the adult 
fly. 

Implantation of pieces of the l(l)mbn 
hematopoietic tumor into different larval 
stages was also harmful to the hosts (38). 
Young third-instar larvae receiving 
l(l)mbn implants usually failed to pupate 
and died as larvae. The few which did 
pupate died shortly thereafter. Histologi- 
cal preparations of such hosts revealed 
clearly the cause for the lethality. The 

mutant blood cells continued to divide 
vigorously; they invaded the imaginal 
discs and destroyed partially or com- 
pletely their epithelia. Implants into lar- 
vae, a few hours before puparium forma- 
tion, affected adult development by in- 
terfering with the differentiation of adult 
tissues such as the muscles, and thus 
causing the death of the developing 
imago. All of these results show that the 
l(l)mbn plasmatocyte-like cells are neo- 
plastically transformed and behave in 
situ, as well as after transplantation into 
wild-type adults and larvae, in a malig- 
nant fashion. They also show that the 
mutant blood-forming organs in situ rep- 
resent transplantable, malignant hemato- 
poietic neoplasms. 

In the remaining two blood tumor mu- 
tants, l(2)mbn and l(3)mbn, the trans- 
plantation test was negative. Portions of 
mutant hematopoietic organs implanted 
into adult flies did not proliferate and 
were not lethal to the host, thus in- 
dicating that the neoplastic state of the 
mutant blood cells in situ is not autono- 
mous, but may result from abnormal fac- 
tors elsewhere in the animal. 

A similar drastic increase of the blood 
cell population is regularly observed in 
the temperature-sensitive, recessive-le- 
thal mutants l(l)madts (mad, mitotic ar- 
rest in development; ts, temperature- 
sensitive) and 1(1)213ts after temperature 
treatment (19). Exposure to a temper- 
ature of 29?C for 5 days, in addition to 
causing morphological and developmen- 
tal changes in the imaginal discs, the cen- 
tral nervous system, and other organs, 
also results in an enormous increase in 
the blood cell population. Blood cell 
counts reach numbers almost as high as 
in the l(3)mbn mutant. The blood cell 
types are also very similar to the blood 
cell types in the l(2)mbn and l(3)mbn tu- 
mor mutants. It is possible that in these 
mutants blood cell numbers increase not 
as a primary action of the mutant gene in 
the blood cells but as a response to ab- 
normal developmental processes else- 
where in the larva, such as in the imagi- 
nal discs. This intriguing possibility that 
blood cell malignancies may be the result 
of an external pathological stimulus 
somewhere else in the body should be 
further investigated. 

Conclusions 

More than 70 years of intensive ge- 
netic research with Drosophila has 
created a wealth of information which no 
other eukaryotic organism can surpass 
(40). The isolation of specific mutations 
on all four chromosomes has become a 
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routine procedure (41). Among the re- 
cessive-lethal mutations isolated in my 
laboratory, about 0.3 percent caused ma- 
lignant neoplasms in various larval tis- 
sues (13). More such single gene tumor 
mutations may also be found in the em- 
bryo and in the developing adult. Thus, it 
appears that contrary to man and other 
mammalian systems, where two or more 
defective genes have been postulated be- 
fore a cell can become malignant (42), 
Drosophila shows a direct relation be- 
tween a mutated gene and the neoplastic 
transformation of a specific cell type. 
This fact may prove extremely valuable 
for the elucidation of the mode of gene 
function in each specific case of neo- 
plasm. 

In this respect, temperature-sensitive 
tumor mutations, which can also routine- 
ly be produced in Drosophila, should be 
of value (43). Here lies a further advan- 
tage of Drosophila. Temperature-sensi- 
tive tumor mutations should prove useful 
in studying the time of gene activity or 
the time when specific gene products are 
used during normal development and the 
resulting molecular disorders leading to 
cancer. 

With the help of powerful develop- 
mental genetic and surgical methods, 
such as the somatic recombination and 
gynander tests (14, 44) and a number of 
microinjection methods (45), it should be 
possible to study the state of determina- 
tion, the developmental capacities, and 
the reversibility of tumorous tissues. 

In vertebrates, tumor implants are of- 
ten rejected by immunological host reac- 
tions, which make the transplantation 
test unreliable. In Drosophila, which 
lacks transplantation immunity, tu- 
morous implants are never rejected. This 
makes the transplantation test a most 
useful criterion for the characterization 
of a malignant neoplastic growth, and 
represents another advantage of this sys- 
tem. 

The diploid chromosome set of Dro- 
sophila contains only eight chromo- 
somes which renders karyotype investi- 
gations an easy task. In addition, somat- 
ic pairing resulting in polyteny of the 
chromosomes in some larval cells, such 
as the salivary gland cells, allows visual- 
ization and mapping of genes (46), the 
study of gene activity and its control 
(47), and the identification of chromo- 
somal rearrangements (48). Since verte- 
brate karyotypes with their numerous 
small chromosomes often present great 
difficulties, Drosophila also offers an ad- 
vantage here. 

A most pertinent problem in cancer re- 
search is the reversibility of the neo- 
plastic condition of cells to the dif- 
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ferentiating state. Tumorous cells of ge- 
netic as well as of epigenetic origin in 
Drosophila are capable of reversion (13). 
Studies of the reversion processes and 
the intrinsic and external factors in- 
volved in it may prove possible in the fu- 
ture with Drosophila. 

Large numbers of viruslike particles 
are found regularly in the nuclei of all 
neoplastic cells of Drosophila. In wild- 
type cells they are present only sporadi- 
cally and in very small numbers (20). 
Their function is not known. It would be 
of great interest to determine their viral 
nature. They may possess regulatory 
gene functions, and may be responsible 
for genetic instability and certain types 
of mutations (21, 49). Drosophila is easy 
and inexpensive to rear in the laboratory 
and has a short generation time (11 to 12 
days at 25?C). Its homologous chromo- 
somes do not undergo crossing-over in 
the germ cells of the male, techniques 
are available for cell culture in vitro (50), 
and much published information on the 
genetics and development of Drosophila 
is available. Two major centers house 
thousands of mutant stocks readily avail- 
able to all Drosophila workers (51). 

The only disadvantage that still re- 
stricts research with Drosophila is its 
small size, which makes it difficult to ob- 
tain large amounts of cellular material for 
biochemical studies. Such difficulties 
may, however, be overcome with the de- 
velopment of better culture methods and 
the selection of suitable temperature- 
sensitive mutations. 

Genetic factors seem to be of great im- 
portance in cancer etiology (42). Dro- 
sophila chromosomes contain genes 
which, when mutated, cause malignant 
and intermediate neoplastic growth in 
specific tissues and cells of the larva. 
These tissue-specific genes have during 
normal development profound effects on 
the growth and differentiation pattern of 
the cells. In this sense tumor genes in 
Drosophila represent nothing more than 
fundamental development genes which, 
during normal development, affect the 
proliferation rates and the differentiation 
of cells. 

References and Notes 

1. E. V. Cowdry, Cancer Cells (Saunders, Phila- 
delphia, 1955), p. 1; D. C. Willis, Pathology of 
Tumors (Butterworth, London, 1967), p. 1. 

2. I. Berenblum Ed., Carcinogenesis as a Biologi- 
cal Problem (North-Holland, Amsterdam, 
1974). 

3. A. C. Braun, Understanding the Cancer Prob- 
lem (Columbia Univ. Press, New York, 1969); 
C. L. Markert, Cancer Res. 28, 1908 (1968); 

and H. Ursprung, Developmental Ge- 
netics (Prentice-Hall, Englewood Cliffs, N.J., 
1971), p. 194; W. Nakahara, T. Ono, T. Sugi- 
mura, H. Sugano, Eds., Differentiation and 
Control of Malignancy of Tumor Cells (Univer- 
sity Park Press, Baltimore, 1974); G. V. Sher- 
bet, Ed., Neoplasia and Cell Differentiation 
(Karger, Basel, 1974). 

4. H. Ursprung, Ed., The Stability of the Dif- 
ferentiated State (Springer Verlag, Berlin, 
1968). 

5. Genetic factors are instrumental in the preserva- 
tion and replication of the genetic information 
on the DNA. Epigenetic factors regulate the ex- 
pression of the genetic information, for ex- 
ample, hormones, inducer substances, growth, 
and cytoplasmic factors [N. G. Anderson, Karl- 
August Forster Lecture (Steiner, Wiesbaden, 
1975); E. H. Davidson, Gene Activity in Early 
Development (Academic Press, New York, 
1969); M. Harris, Cell Culture and Somatic Var- 
iation (Holt, Rinehart and Winston, New York, 
1964); D. L. Nanney, Proc. Natl. Acad. Sci. 
U.S.A. 44, 712 (1964); C. H. Waddington, Prin- 
ciples of Embryology (Allen & Unwin, London, 
1960)]. 

6. M. R. Ahuja and F. Anders, Prog. Exp. Tumor 
Res. 20, 380 (1976); N. Bloch-Stacher and L. 
Sachs, J. Cell. Physiol. 87, 89 (1976); P. R. J. 
Burch, The Biology of Cancer: A New Approach 
(University Park Press, Baltimore, Md., 1976); 
J. German, Prog. Med. Genet. 8, 61 (1972); in 
Chromosomes and Cancer, J. German Ed. 
(Wiley, New York, 1974), p. 601; A. G. Knud- 
son, Jr., Proc. Natl. Acad. Sci. U.S.A. 68, 820 
(1971); Am. J. Pathol. 77, 77 (1974); , L. 
C. Strong, D. E. Anderson, Prog. Med. Genet. 
9, 113 (1973); H. T. Lynch, Hereditary Factors 
in Carcinoma (Springer Verlag, Berlin, 1967); P. 
C. Nowell, Science 194, 23 (1976); T. U. Schroe- 
der, Verh. Dtsch. Ges. Inn. Med. 80, 1016 
(1974).. 

7. W. E. Heston, J. Hered. 65, 262 (1974); C. C. 
Little, Biol. Rev. 22, 315 (1947); J. Cancer Res. 
12, 30 (1939); L. C. Strong, Cancer Res. 2, 531 
(1942). 

8. E. Hadorn, Rev. Suisse Zool. 46, 425 (1938). 
9. E. Gateffand H. A. Schneiderman,Am. Zool. 7, 

760 (1967). 
10. _ , Natl. Cancer Inst. Monogr. 31, 365 

(1969). 
11. , Drosophila Inf. Serv. 44, 46 (1969). 
12. , Wilhelm Roux' Arch. Entwicklungs- 

mech. Org. 176, 23 (1974). 
13. E. Gateff, Biol. Rev. 53, 123 (1978); in Genetics 

and Biology of Drosophila, T. R. F. Wright and 
M. Ashburner, Eds. (Academic Press, New 
York, 1978), vol. 2b, p. 181. 

14. W. J. Gehring and R. Nbthiger, in Development- 
al Systems: Insects, S. J. Counce and C. H. 
Waddington, Eds. (Academic Press, New York, 
1973), vol. 2, p. 211; R. Nothiger, in Results and 
Problems in Cell Differentiation, H. Ursprung 
and R. Nothiger, Eds. (Springer Verlag, Berlin, 
1972), vol. 5, p. 1. 

15. R. C. King, Ovarian Development of Drosophila 
melanogaster (Academic Press, New York, 
1970), p. 71. 

16. D. L. Lindsley and E. H. Grell, The Mutants of 
Drosophila melanogaster (Publ. No. 627, Car- 
negie Institution of Washington, Washington, 
D.C., 1968), p. 406. 

17. T. Hanson and R. Hillman, in Genetics and Biol- 
ogy of Drosophila, T. R. F. Wright and M. Ash- 
burner, Eds. (Academic Press, New York, 
1978), vol. 2. 

18. H. Hertweck, Z. Wiss. Zool. Abt. A 139, 559 
(1931). 

19. E. Gateff, unpublished data. 
20. H. Akai, E. Gateff, L. E. Davis, H. A. Schnei- 

derman, Science 157, 810 (1967). 
21. M. D. Golubovsky, J. N. Ivanov, M. M. Green, 

Genetics, in press; M. Green, ibid., in press. 
22. E. Gateff, D. M. Golubovsky, K. B. Sokolova, 

Drosophila Inf. Serv. 52, 128 (1977). 
23. D. W. Borst, J. D. O'Conner, D. S. King, J. W. 

Fristrom, Dev. Biol. 39, 308 (1974); W. W. 
Doane, in Developmental Systems: Insects, S. 
J. Counce and C. H. Waddington, Eds. (Aca- 
demic Press, New York, 1973), vol. 2, p. 291; J. 
W. Fristrom, in Results and Problems of Cell 
Differentiation, H. Ursprung and R. Nothiger, 
Eds. (Springer Verlag, Berlin, 1972), vol. 5, p. 
109; P. Karlson and G. Hanser, Z. Naturforsch. 
Teil B 7, 80 (1952); P. Mandaron, Dev. Biol. 22, 
298 (1970); H. Oberlander, in Results and Prob- 
lems of Cell Differentiation, H. Ursprung and R. 
Nothiger, Eds. (Springer Verlag, Berlin, 1972), 
vol. 5, p. 155. 

24. C. A. Poodry and H. A. Schneiderman, Wilhelm 
Roux' Arch. Entwicklungsmech. Org. 166, 1 
(1970); H. Ursprung and E. Schabtach, ibid. 
160, 243 (1968); H. Ursprung, in Results and 
Problems in Cell Differentiation, H. Ursprung 
and R. N6thiger, Eds. (Springer Verlag, Berlin, 
1972), vol. 5, p. 93. 

25. E. Gateff, H. Akai, H. A. Schneiderman, Wil- 
helm Roux' Arch. Entwicklungsmech. Org. 176, 
89 (1974); P. Remensberger, Chromosoma 23, 
386 (1968). 

26. Z. Srdic, H. Beck, H. Gloor, in Fifth European 

SCIENCE, VOL. 200 



Drosophila Research Conference (Louvaine- 
Neuf, Belgium, 1976); Z. Srdic and H. Gloor, in 
ibid. 

27. T. W. Cline, Genetics 83, 16 (1976). 
28. E. Gateff, Drosophila Inf. Serv. 51, 21 (1974). 
29. _ , ibid. 52, 4 (1977). 
30. _ , ibid., p. 5. 
31. T. M. Rizki, J. Morphol. 100, 437 (1957); Am. 

Zool. 2, 247 (1962). 
32. A. J. Nappi and F. A. Streams, J. Insect 

Physiol. 15, 1551 (1969); G. Salt, Cambridge 
Monographs in Experimental Biology No. 16. 
(Cambridge Univ. Press, Cambridge, 1970). 

33. T. M. Rizki and R. M. Rizki, J. Biophys. Bio- 
chem. Cytol. 5, 235 (1959). 

34. D. Zachary and J. A. Hoffman, Z. Zellforsch. 
Mikrosk. Anat. 141, 55 (1973). 

35. H. H. El. Shatoury, Wilhelm Roux' Arch. En- 
twicklungsmech. Org. 147, 189 (1955); 
and C. H. Waddington, J. Exp. Morphol. 52, 123 
(1957); M. B. Stark and A. K. Marshall, J. Am. 
Inst. Homeopathol. 23, 1204 (1931). 

36. A. Bairati, Jr., Z. Zellforsch. 61, 769 (1964); in 
Atti IV Congr. Ital. Microscopi Elettron (Ti- 
pografia Semenario, Padova, 1964), p. 114. 

37. E. Gateff, in Proceedings of the First Inter- 
national Colloquium on Invertebrate Pathology, 
P. Faulkner and A. Rosenfield, Eds. (Queens 
University, Kingston, Canada, 1976), p. 142; J. 
Cell Biol. 70, 6a (1976); Ann. Parasitol. Hum. 
Comp. 52, 81 (1977). 

Drosophila Research Conference (Louvaine- 
Neuf, Belgium, 1976); Z. Srdic and H. Gloor, in 
ibid. 

27. T. W. Cline, Genetics 83, 16 (1976). 
28. E. Gateff, Drosophila Inf. Serv. 51, 21 (1974). 
29. _ , ibid. 52, 4 (1977). 
30. _ , ibid., p. 5. 
31. T. M. Rizki, J. Morphol. 100, 437 (1957); Am. 

Zool. 2, 247 (1962). 
32. A. J. Nappi and F. A. Streams, J. Insect 

Physiol. 15, 1551 (1969); G. Salt, Cambridge 
Monographs in Experimental Biology No. 16. 
(Cambridge Univ. Press, Cambridge, 1970). 

33. T. M. Rizki and R. M. Rizki, J. Biophys. Bio- 
chem. Cytol. 5, 235 (1959). 

34. D. Zachary and J. A. Hoffman, Z. Zellforsch. 
Mikrosk. Anat. 141, 55 (1973). 

35. H. H. El. Shatoury, Wilhelm Roux' Arch. En- 
twicklungsmech. Org. 147, 189 (1955); 
and C. H. Waddington, J. Exp. Morphol. 52, 123 
(1957); M. B. Stark and A. K. Marshall, J. Am. 
Inst. Homeopathol. 23, 1204 (1931). 

36. A. Bairati, Jr., Z. Zellforsch. 61, 769 (1964); in 
Atti IV Congr. Ital. Microscopi Elettron (Ti- 
pografia Semenario, Padova, 1964), p. 114. 

37. E. Gateff, in Proceedings of the First Inter- 
national Colloquium on Invertebrate Pathology, 
P. Faulkner and A. Rosenfield, Eds. (Queens 
University, Kingston, Canada, 1976), p. 142; J. 
Cell Biol. 70, 6a (1976); Ann. Parasitol. Hum. 
Comp. 52, 81 (1977). 

38. R. Shresta and E. Gateff, in preparation. 
39. C. Barigozzi, Caryologia (Pisa) 6, 338 (1955); J. 

Cell. Comp. Physiol. 52, 371 (1958). 
40. M. Ashburner and E. Novitski, Eds., Genetics 

and Biology of Drosophila (Academic Press, 
New York, 1976), vol. 1, a, b, and c. 

41. S. J. O'Brien, in Handbook of Genetics, R. C. 
King, Ed. (Plenum, New York, 1975), vol. 3, p. 
669; J. Grossfield, in ibid., vol. 3, p. 679; R. C. 
King and J. Mohler, in ibid., p. 757; W. L. 
Pak, in ibid., p. 703.; L. J. Romrell, in ibid., 
p. 735. 

42. A. G. Knudson Jr., L. C. Strong, D. E. Ander- 
son, Prog. Med. Genet. 9, 146 (1973). 

43. D. T. Suzuki, in Handbook of Genetics, R. C. 
King, Ed. (Plenum, New York, 1975), vol. 5, p. 
653. 

44. H. J. Becker, in Genetics and Biology of Dro- 
sophila, M. Ashburner and E. Novitski, Eds. 
(Academic Press, New York, 1976), vol. Ic, p. 
1019; J. C. Hall, W. M. Gerbart, D. R. Kankel, 
ibid., vol. la, p. 261. 

45. K. Illmensee, Nature (London) 219, 1268 (1968); 
H. Ursprung, in Methods in Developmental Bi- 
ology, F. Wilt and N. Wessells, Eds. (Crowell, 
New York, 1967), p. 85. 

46. G. Lefevre, in The Genetics and Biology of 
Drosophila, M. Ashburner and E. Novitski, 
Eds. (Academic Press, New York, 1976), vol. 
la, p. 31. 

47. M. Ashburner, in Results and Problems in Cell 

38. R. Shresta and E. Gateff, in preparation. 
39. C. Barigozzi, Caryologia (Pisa) 6, 338 (1955); J. 

Cell. Comp. Physiol. 52, 371 (1958). 
40. M. Ashburner and E. Novitski, Eds., Genetics 

and Biology of Drosophila (Academic Press, 
New York, 1976), vol. 1, a, b, and c. 

41. S. J. O'Brien, in Handbook of Genetics, R. C. 
King, Ed. (Plenum, New York, 1975), vol. 3, p. 
669; J. Grossfield, in ibid., vol. 3, p. 679; R. C. 
King and J. Mohler, in ibid., p. 757; W. L. 
Pak, in ibid., p. 703.; L. J. Romrell, in ibid., 
p. 735. 

42. A. G. Knudson Jr., L. C. Strong, D. E. Ander- 
son, Prog. Med. Genet. 9, 146 (1973). 

43. D. T. Suzuki, in Handbook of Genetics, R. C. 
King, Ed. (Plenum, New York, 1975), vol. 5, p. 
653. 

44. H. J. Becker, in Genetics and Biology of Dro- 
sophila, M. Ashburner and E. Novitski, Eds. 
(Academic Press, New York, 1976), vol. Ic, p. 
1019; J. C. Hall, W. M. Gerbart, D. R. Kankel, 
ibid., vol. la, p. 261. 

45. K. Illmensee, Nature (London) 219, 1268 (1968); 
H. Ursprung, in Methods in Developmental Bi- 
ology, F. Wilt and N. Wessells, Eds. (Crowell, 
New York, 1967), p. 85. 

46. G. Lefevre, in The Genetics and Biology of 
Drosophila, M. Ashburner and E. Novitski, 
Eds. (Academic Press, New York, 1976), vol. 
la, p. 31. 

47. M. Ashburner, in Results and Problems in Cell 

Differentiation (Springer Verlag, Berlin, 1972), 
vol. 4, p. 101; C. Pelling, in ibid., p. 87. 

48. P. A. Roberts, in Genetics and Biology of 
Drosophila, M. Ashburner and E. Novitski, 
Eds. (Academic Press, New York, 1976), vol. 
la, p. 67. 

49. S. Minamori, Genetics 62, 583 (1969); Jpn. J. 
Genet. 44, 347 (1970); Genetics 66, 505 (1971); 

and K. Sugimoto, ibid. 74, 477 (1973); P. 
Nevers and H. Saedler, Nature (London) 268, 
109 (1977); P. Starlinger and H. Saedler, in Curr. 
Top. Microbiol. Immunol. 75, 111 (1976). 

50. I. Schneider, in Handbook of Genetics, R. C. 
King, Ed. (Plenum, New York, 1975), vol. 3, p. 
819. 

51. R. C. King, in ibid., p. 625. 
52. The mutants have not yet been described in sep- 

arate publications. 
53. M. Stewart, C. Murphy, J. Fristrom, Dev. Biol. 

27, 71 (1972). 
54. P. J. Bryant, Drosophila Inf. Serv. 44, 47 (1971); 

and G. Schubiger, Dev. Biol. 24, 233 
(1971). 

55. This research was supported by the Deutsche 
Forschungsgemeinschaft SFB-46. I thank K. 
Sander for the stimulating academic environ- 
ment of his department and his interest in this 
work. I acknowledge, further, the able contribu- 
tions of M. Klug, P. Loch, I. Brillowski, and M. 
Bownes, and M. Bates for critical reading of the 
manuscript. 

Differentiation (Springer Verlag, Berlin, 1972), 
vol. 4, p. 101; C. Pelling, in ibid., p. 87. 

48. P. A. Roberts, in Genetics and Biology of 
Drosophila, M. Ashburner and E. Novitski, 
Eds. (Academic Press, New York, 1976), vol. 
la, p. 67. 

49. S. Minamori, Genetics 62, 583 (1969); Jpn. J. 
Genet. 44, 347 (1970); Genetics 66, 505 (1971); 

and K. Sugimoto, ibid. 74, 477 (1973); P. 
Nevers and H. Saedler, Nature (London) 268, 
109 (1977); P. Starlinger and H. Saedler, in Curr. 
Top. Microbiol. Immunol. 75, 111 (1976). 

50. I. Schneider, in Handbook of Genetics, R. C. 
King, Ed. (Plenum, New York, 1975), vol. 3, p. 
819. 

51. R. C. King, in ibid., p. 625. 
52. The mutants have not yet been described in sep- 

arate publications. 
53. M. Stewart, C. Murphy, J. Fristrom, Dev. Biol. 

27, 71 (1972). 
54. P. J. Bryant, Drosophila Inf. Serv. 44, 47 (1971); 

and G. Schubiger, Dev. Biol. 24, 233 
(1971). 

55. This research was supported by the Deutsche 
Forschungsgemeinschaft SFB-46. I thank K. 
Sander for the stimulating academic environ- 
ment of his department and his interest in this 
work. I acknowledge, further, the able contribu- 
tions of M. Klug, P. Loch, I. Brillowski, and M. 
Bownes, and M. Bates for critical reading of the 
manuscript. 

Hubris in Science? 
Lewis Thomas 

Hubris in Science? 
Lewis Thomas 

Everyone says that the root cause of 
society's diminishing confidence in sci- 
ence is the failure of scientists to explain 
what they do with their lives, and I agree 
with this. But I do not see this as an easy 
problem to solve, not so much because 
of any inarticulateness on the part of the 
scientists, and not so much because of 
deficiencies on the part of the profession- 
al journalists who devote their careers to 
science, but because of the sheer, over- 
whelming enormity of the field. The en- 
terprise of biomedical research in the 
United States has expanded in scale and 
scope so greatly in the past 30 years that 
no one can begin to keep up with the 
reading of it. It used to be that a working 
immunologist could keep abreast of his 
field by covering three or four profes- 
sional journals, plus Nature and Science 
for the first accounts of new observa- 
tions. Now there are ten times that num- 
ber of journals, each containing papers 
on immunology that cannot be over- 
looked, plus any number of monographs, 
review volumes, national and inter- 
national symposium reports, and even a 
few newsletters. The journals are them- 
selves five times their former size, with 
briefer articles and smaller print. 
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It is the same for all the other fields of 
biology and medicine. The literature has 
become too vast to be comprehended. 
And, to make matters even more diffi- 
cult, most of the published work is good. 
The papers that one ought to be reading 
are important and interesting. The quali- 
ty of the science, despite its enormous 
bulk, is really better today than at any 
time in the past. It is intricate and com- 
plicated, and much of it is difficult to 
grasp even for the workers in closely 
neighboring fields, but it is filled with 
meaning. 

So, communication has become a seri- 
ous problem not only between the scien- 
tists and the public, but among the scien- 
tists themselves. How do the investiga- 
tors cope with the problem? Not, I think, 
by relying on computerized library ser- 
vices, although increasingly clever sys- 
tems for retrieving more or less current 
information have come into existence in 
recent years. Nor are the journals them- 
selves used as extensively as they used 
to be as sources of new information. 

What is happening is that there is 
much more reliance on word of mouth 
for the transmission of scientific data 
than ever before in my memory. And, 
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despite the literature problems that I 
have just been citing, I have the impres- 
sion that the people doing the work are 
really better informed about what is go- 
ing on in other laboratories than ever be- 
fore. There is a new system at work, 
which I do not understand. I have the im- 
pression that a great body of information 
is getting around by a mechanism that 
can only be termed gossip. 

The telephone has become an indis- 
pensable scientific instrument. Labora- 
tories in New York are in touch with 
Dallas, La Jolla, Boston, and Paris, all 
on the same day. By the time papers are 
published in the Journal of Experimental 
Medicine, most of the people working in 
that particular field are already familiar 
with the general drift of the work. If a 
group in Edinburgh is getting close to 
solving a special problem, the other labo- 
ratories all around the world seem to 
know about it, and in fine detail. And the 
information travels almost with the 
speed of light. A corridor conversation in 
a research institute in Cambridge will be 
reported almost instantaneously in Pasa- 
dena. 

The most surprising thing about the 
system is that it seems to be functioning 
with considerable accuracy and reliabil- 
ity. It is also surprising that there is so 
much openness and candor. It used to be 
thought that scientists tend to be rather 
secretive, hiding their data away from 
each other in order to be sure of priority 
for the published manuscripts; but these 
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