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INTRODUCTION

This paper is concerned with the metamorphosis of epidermal cells
in an insect. While in Diptera metamorphosis is so extreme that the
cells of the adult arise from localized pockets of embryonic cells that
are sequestered in the larva, in Hemiptera larval cells may transform
directly into adult cells without intervening cell division (Wiggles-
worth, 1934; Lawrence, 1966b). Cellular differentiation is a process
during which the synthetic functions of a cell change and which is
usually accompanied by a restriction of developmental plasticity
(Grobstein, 1959). I have proposed (Lawrence, 1966a) that by these
and other criteria the striking changes in the cytological appearance
and secretions of the hemipteran epidermis at metamorphosis are
equivalent to those which characterize other examples of cell dif-
ferentiation.

The insect offers two main advantages in a study of cell differentia-
tion. First, the process is under the control of a single hormone; and
second, each cell secretes a piece of cuticle which is an indicator and
permanent record of its syntheses (Wigglesworth, 1940a). In Onco-
peltus, in addition to the changes that affect each cell during meta-
morphosis, there is also an interaction between the epidermal cells
which leads to the determination of an evenly spaced minority as hair
mother cells; these subsequently develop into evenly spaced hairs
(Lawrence, 1966b ). The epidermis provides good material for a study
of both cell differentiation, as witnessed in the changing biochemical
functions of the cells, and pattern formation, as exemplified in the
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ordered development of the hairs. This paper examines the effects of a
synthetic juvenile hormone analog on these processes in Oncopeltus.
Some of the results have been published in preliminary form
(Lawrence, 1967).

MATERIALS AND METHODS

Oncopeltus fasciatus Dall were taken from the culture kept for many
years in the Department of Zoology, Cambridge, and reared as pre-
viously (Lawrence, 1966b) at 29 = 0.5°C. Whole mounts of integu-
ment were fixed in Carnoy’s fluid and stained for about 30 seconds in
Hansen’s trioxyhematein. Some mounts were stained in Romanes’
silver stain (cf. Wigglesworth, 1953 ). Exuviae were softened by boiling
for 1 minute in a 3:2 mixture of isopropanol and water (Marcus, 1962).

Synthetic juvenile hormone was very generously provided by Pro-
fessor Carroll M. Williams (Law et al., 1966; Romanuk et al., 1967).
This juvenile hormone analog in a crude extract was made up to
concentrations of 5 pg/ml and 0.25 pg/ml in propylene glycol and
0.25 pl (containing 1.25 and 0.06 ug of the extract) was injected
through one leg or applied to the tergites; 0.25 ul of pure propylene
glycol had no discernible effects on injected 5th-stage larvae. All insects
survived the injections. Mitomycin C was dissolved in insect Ringer.

RESULTS

The Normal Metamorphosis

For simplicity, the metamorphosis of only two integumental areas,
the central part of the third sternite and an area of the third tergite
immediately anterior to the opening of the stink gland, which is.
marked as a black spot in larvae, will be described in detail. The
characteristics of these areas in larvae and adults are tabulated for
comparison (Figs. 1-4).

The bristles, which are distributed fairly uniformly over the surface
of the larval insect, serve as mechanoreceptors. In the adult, in addi-
tion to bristles, a dense mat of noninnervated hairs develops. The
development of these structures has been described previously (Law-
rence, 1966b). Figure 5 summarizes the course of events during the
metamorphic molt. As the animal feeds, it swells up and the epidermal
cells become more sparse. Proliferative divisions follow, beginning in
the intersegmental membranes and spreading over the rest of the
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TABLE 1

THE INTEGUMENT oF Two AREAs oF Oncopelius 1x LARVAE AND ADULTS
Cuticle Fig.
Area Group structure Melanin no.
3rd sternite  Larval Smooth Absent  Bristles 1
Adult Smooth (central), Present Bristles 4 hairs 2

tubercles (lateral)

3rd tergite  Larval Smooth Present Bristles 3
Adult  Tubercles Absent  Very few bristles 4

abdomen (Wigglesworth, 1940b; Lawrence, 1968). During the molt
cycle three kinds of organs develop from epidermal cells: the chemo-
sensilla appear extremely early and their differentiative divisions can
be seen a few hours after the previous ecdysis. During the early phase
of proliferative cell divisions some new bristles develop on the ster-
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Fic. 5. Events in the last molt of Oncopeltus. Asterisks mark times of juvenile
hormone injection in the experimental series.

nites, but on the tergites the majority of bristles degenerate. Later the
special cell divisions concerned in hair genesis begin and only cease
when the new cuticulin layer is initiated (Lawrence, 1966b). The
amount of proliferative cell divisions is quite different in the meta-
morphic molt from that in the larval molt, and as a result the cell
density in a late 5th-stage larva is much lower than that in a late 4th-
stage larva. Apart from the gross changes in the integument resulting

Fic. 1. Cuticle from the third larval sternite. Note that it is both transparent
and relatively smooth. There are no hairs.

Fic. 2. The same area as Fig. 1, but in the adult. Note the dense, evenly
distributed hairs (k). The cuticle is black, owing to the deposition of melanin.

Fic. 3. The black, smooth cuticle of the larval third tergite. The small white
spots are pore canals. The dotted boundary line demarcates the cuticle secreted
by a single cell.

Fic. 4. The adult tergite. Note the absence of black pigment and the uniform
distribution of vertically oriented tubercles.
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from metamorphosis, the timing of the molt is altered: the larval molt
lasts 90 hours, whereas the metamorphic molt, 150 hours.

These changes are the result of the lack of a single morphogenetic
agent, juvenile hormone (Wigglesworth, 1934). In order to analyze
the process of metamorphosis potent quantities of a synthetic juvenile
hormone analog were injected at various times during the molt and
the results examined.

Complete Effect—the 6th-stage Larva

When 1.25 ug of synthetic juvenile hormone was injected into 5th-
stage larvae (weight = 30 mg) within 10 hours of ecdysis metamorphosis
was almost completely inhibited. The insects molted at approximately
95 hours and in about 30% of the cases underwent successful ecdyses,
becoming 6th-stage larvae of characteristic form (Novak, 1951). They
grew and fed as normal larvae, and often molted into 7th-stage adults
which, although larger than normal, were perfectly formed; sometimes
Tth-stage intermediates resulted. In all respects listed in Table 1 and in
many others, these insects were completely larval; however, the
chemosensilla, which are normally found in abundance only in adults,
developed as in a metamorphic molt. In the remaining 70% of the cases
the insects failed to extricate themselves successfully from their
exuviae although microscopic examination showed them to be perfect
6th-stage larvae.

This potent quantity of juvenile hormone was then injected into
batches of insects at 27, 49, 64, 74, and 96 hours after ecdysis and the
effects were recorded. These effects will be described in order. In
addition injections of a smaller quantity of juvenile hormone (0.06 n.g)
were made into groups of insects at 5 hours and at 64 hours after
ecdysis. This amount of juvenile hormone never caused the develop-
ment of perfect 6th-stage larvae.

Effects on the Time of Ecdysis

Insects injected with juvenile hormone attempted ecdysis much
earlier than the controls, which molted at about 150 hours. The earlier
the juvenile hormone was injected, the more precocious was the
attempted ecdysis. The 6th-stage larvae emerged only about 96 hours
after the previous ecdysis. No insects injected at 27, 49, or 64 hours
successfully cast their exuviae, but they began ecdysis at times inter-
mediate between 96 and 150 hours. Of 20 insects injected at 74 hours,
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all attempted ecdysis before the first of the 20 controls, but only about
half emerged successfully. Although the ecdysis was marginally
advanced by injection of juvenile hormone at 96 hours, ecdysis was
always successful and perfect adults emerged.

Injection of 0.06 pg of juvenile hormone had little effect on the
length of the molt cycle; indeed, this was somewhat extended even
by injection at 5 hours after the previous ecdysis.

Effects on the Individual Cell

The cells are not determined irrevocably to produce adult cuticle
until the formation of that cuticle has already begun at 96 hours.
Before that time juvenile hormone does affect the type of cuticle they
form. Injection of 1.25 ug at 27 and 49 hours ensured that all the
epidermal cells produced perfect larval cuticle. However treatment
at 64 and 74 hours had a much more variable effect. In any particular
insect all the epidermal cells of the abdomen responded uniformly
(Figs. 6-9) and each secreted a cuticle which combined some adult
and some larval features. The tergal cuticles of different individuals
could be arranged in a continuous series of intermediates from larval
to adult, of which Figs. 6-9 illustrate examples. These cuticles are
clearly formed by cells which are neither adult nor larval, and such
cells will be referred to as intermediate cells. Adult and larval bristles
can be distinguished from each other (Lawrence, 1966a). Juvenile
hormone injected as late as 74 hours in the molt caused some larvaliza-
tion of the bristles, so that intermediate adult/larval structures were
also secreted by the bristle cells. There was no asymmetry of effect
with respect to the side of injection, suggesting that the factor pre-
venting complete inhibition of metamorphosis was not availability
of juvenile hormone, but the lability of the cells, at the time of
treatment.

When a smaller quantity of juvenile hormone (0.06 ng) was in-
jected at 5 hours the insects did not molt prematurely and usually
emerged successfully. They had the appearance of perfect adults with
tully developed wings and genitalia, but closer examination revealed
that the hormone had affected the epidermis, particularly on the
injected side. The tergal cuticle was often a mosaic of different cell
types: some cells made completely larval cuticle others completely
adult, and intermediate cells of many types were also found (Fig. 10).
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Fics. 6-9. Phase contrast

pictures of whole mounts of four examples of
intermediates. X 1400; scale — 10 «.
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F1c. 10. At 5 hours after ecdysis, 0.06 ug of juvenile hormone was injected. Note
that the cells” response to the hormone is variable: some cells secrete perfect adult
cuticle (a), some larval (1) cuticle, and others intermediate cuticle (i).

The formation of tubercles was more sensitive to the juvenile hormone
than the synthesis of pigment; for while cells secreting cuticle with
adult pigmentation and larval microsculpture were common, the re-
ciprocal kind of intermediate cells were never found. Clearly, these
cellular capacities can function independently (Wigglesworth, 1940b).
The same quantity of juvenile hormone had little eftect when injected
at 64 hours after ecdysis, but occasionally some larvalization of the
tubercles could be seen on the injected side only. Such a local effect
of the juvenile hormone, and the lack of response of the molt cycle or
the wings indicate that, in this case, in contrast to the situation when

Fig. 6. Tergal cuticle from intermediate resulting from injection with 1.25 ug
of juvenile hormone at 49 hours after ecdysis. Note presence of pigmentation, but
some adultoid tubercles (¢); these are oriented within the surface plane of the
cuticle and not out of it, as in normal adults (compare Figs. 3 and 4).

Frc. 7. As Fig. 6, but injected at 64 hours. Note absence of larval pigmenta-
tion, and the greater development of tubercles.

Fic. 8. As Fig. 6, but injected at 64 hours; tubercles more advanced and
some vertically oriented tubercles formed by the centers of the cells.

Frc. 9. As Fig. 6, but injected at 74 hours. An almost perfect adult, but
compare Fig. 4.
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Fic. 11. Tergites of an intermediate insect resulting from topical application
of juvenile hormone. Note how each bristle (b) is surrounded by a smooth larval
patch of cuticle. X 140; scale = 100 p.

Fic. 12. A region of cuticle around a tergal bristle. Note (cf. Figs. 3 and 4)
that near the bristle the cells secrete larval cuticle (lc), outside the cells form
adult cuticle (ac). Other cells form intermediate cuticle (ic) of the same type
as is illustrated in Fig. 8.
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much more hormone was injected, the extent of the response may well
be limited by the amount of juvenile hormone available.

The most striking examples of mosaic insects, with many different
types of intermediate cells, were produced, not by injection, but by
topical application of the juvenile hormone. This resulted in localized
entry of the hormone through the bristle sockets (Fig. 11) (Wiggles-
worth, 1942, 1961); although the molt time was not influenced, a
whole range of cell types from pure adult to pure larval coexisted in
the same individual. Figure 12 shows such an insect which was adult
in form, molted at about 150 hours, had normal adult wings and
genitalia, but the integument was a mixture of cell types. Such mosaic
insects serve to underline the essential independence of cellular
metamorphosis from the timing of cuticle production; although all
these cells worked together to produce an integrated cuticle, they
secreted many different types of structure.

In summary: Juvenile hormone can still turn prospective adult cells
into larval cells up until 50 hours after ecdysis, and between then and
96 hours has effects on the individual characters of these cells. Pigment
production is influenced completely or not at all, whereas cuticular
microsculpture can be affected partially.

Effects of Juvenile Hormone on Hair Development

The process of hair determination and development is amenable to
analysis by injection of juvenile hormone. During a normal larval molt
cycle in the presence of the hormone, no hairs are formed. During
normal metamorphosis dense hairs develop on the sternites as approxi-
mately 1 in 4 of the epidermal cells become determined as hair mother
cells. The bristles are formed again by the selfsame cells and a small
number of supplementary bristles develop, so that the adult pattern
consists of more sparsely distributed bristles, evenly interspersed with
numerous hairs (Fig. 14e). Hair development in the 5th-stage larva
was completely suppressed by injection of 1.25 ug of synthetic juvenile
hormone analog at the very beginning of the molt. Later injection of
the same quantity of hormone, while it completely inhibited meta-
morphosis of the epidermis as reflected in the larval cuticle that was
formed, allowed development of a variable number of hairs (Fig. 13).
Injection at 27 hours produced insects in which a small number of
perfect adult hairs developed in an otherwise completely larval
integument (Fig. 14b).
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Fic. 13. Density of hairs and bristles in intermediates produced by injection
of juvenile hormone at different times. The development of hairs is affected from
0 to 64 hours, but not afterward. The slight decrease in density of hairs in insects
injected at 96 hours and in adults, is because these insects, unlike the intermediates,
successfully cast their exuviae, and expand a little. Vertical lines demarcate twice
the standard error of the means (SE included within point for cases after injection
at 0 hours).

Figures 14a and 14e contrast the pattern of hairs and bristles in the
normal larva and adult. There is considerable regularity in the spacing
of these structures, and moreover, in the adult pattern it is clear that
the bristles and hairs are equivalent units in the pattern.

In order to assess the amount of uniformity in the spacing of hairs
and bristles, the method of Clark and Evans (1954) was employed.
These authors derived an expression R, which quantifies the uniformity
of distribution of units in this kind of pattern. R takes values within
the limits 0 < R < 2.1941 and is equal to 27/,, where 7 is the mean
distance of the units from their nearest neighbors, and p is equal to
the density of the units. When R lies between 0 and 1 the units are
clustered, when equal to 1.00 the units are randomly distributed, and
as it approaches its upper limit the distribution becomes more uniform.
The distribution of bristles and hairs in Oncopeltus is always better
than 1, which implies that the location of these units is under some
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Fic. 14. The distribution of bristles (open circles) and hairs (filled circles)
in the central part of the third sternite of a larva (a), an adult (e), and three
intermediates produced by injection of juvenile hormone at 27 hours (b) and 49
hours (c and d). Also illustrated (f) is the distribution after topical application of
juvenile hormone and its local penetration through the bristle sockets. From
Lawrence {1967). Parts a—f all to same magnification.
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regulatory control. During metamorphosis the siting of new hairs
depends on the extant bristles, and in fact R for adults (1.70 = 0.02) is
higher than for larvae (R = 1.48 = 0.01).

Also illustrated (Figs. 14b,c, and d) are examples of three inter-
mediates bearing different densities of hairs, produced by injection of
juvenile hormone at 27 and 49 hours after ecdysis. It is apparent that
the hairs which do form in these intermediates are not random samples
of the hairs which would have developed in the normal adult. A plot
of the relationship between the measure of distribution R, and the
density of hairs and bristles in different intermediates ( Fig. 15) shows
that the uniformity of distribution improves with density (p < 0.001).
Moreover, the simulation described on page 26 shows that if inter-
mediates were formed by adding a random sample of hairs from an
adult pattern, then the uniformity of distribution would suffer in many
of the intermediates and R could fall to as low as 1.17.
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Fic. 15. The relationship between uniformity of distribution (R) and hair
and bristle density in adults, larvae, and intermediates. The intermediates were
produced by injection of 1.23 ug of juvenile hormone at 27 and 49 hours. Note
that the uniformity of distribution increases with density: the slope being sig-
nificantly greater than zero (p < 0.001). The vertical and horizontal lines
demarcate two standard deviations.
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When 0.06 ng of juvenile hormone was injected at 64 hours, the
distribution or density of hairs was unaffected. However, injection of
the same amount of juvenile hormone at 5 hours after the ecdysis,
restricted the development of hairs. It has been noted above that this
lower quantity of hormone produced an integumental mosaic for
adult, larval, and intermediate patches. The hair distribution reflected
this heterogeneity; closely packed hairs developed in the adult regions,
and sparse hairs in the larval areas. The measure of distribution, R,
fell to as low as 1.15 in some individuals.

Topical Application of Juvenile Hormone

When the synthetic juvenile hormone analog is smeared onto the
surface of the insects, it enters the epidermis through the bristle
sockets; if low quantities are used, it has a local effect. The bristles
develop in the larval form, and the adjacent integument becomes larval
by all the criteria, and lacks hairs. Between these patches of larval
tissue, the normal adult hair pattern develops (Fig. 14f). These indi-
viduals molt at about 150 hours, have fully formed wings and genitalia,
and are fertile.

Mitomycin C

Mitomycin was injected because of its inhibitory effects on DNA
synthesis and mitosis, relative lack of toxicity in insects, and because
cell divisions have been implicated in the response of cells to juvenile
hormone (Piepho, 1939; Lawrence, 1966a; Sehnal and Novak, 1966).
Mitomycin injected in large doses of 50 ug/gm at the beginning of
the molt cycle had drastic effects on the epidermal cells, many
of which died while the survivors became enormous. This epidermis
still secreted a cuticle, and the insects were not killed. The bristle
cells, which do not divide or undergo DNA synthesis, were com-
pletely unaffected. Hair development was drastically curtailed, just
as in wounded tissue (Wigglesworth, 1940a; Lawrence, 1966a).
Smaller doses (5-10 ug/gm) injected early delayed cell divisions and
molting for about 2 days, although there was little evidence of cyto-
logical damage. This dose was injected during the differentiative
divisions concerned in hair formation, at 70 hours after ecdysis. On the
injected side, hair development was severely curtailed, presumably
due to the direct effect of the antibiotic on these divisions; there was
no effect on the bristles. Hairs seemed to be removed haphazardly,
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Fic. 16. The relationship between uniformity of bristle and hair distribution
(R) and their density during random removal of hairs from a complete adult
pattern: filled circles, simulation; open circles, corresponding regions of adult
bugs treated with mitomycin C at 70 hours.

and the distribution as measured by R suffered and fell as low as 1.24
in some individuals (Fig. 16). Other insects had only bristles on the
injected side, their bald appearance being reminiscent of the scaleless
adults of Antheraea produced by Krishnakumaran et al. (1967) with
the same agent.

In order to test the impression that mitomycin removed hairs at
random from the adult pattern, such a system was simulated. A real
adult pattern was drawn with the camera lucida, and found to have
an R of 1.63. All the hairs, but not the bristles, were numbered. Hairs
were removed in batches with the aid of a table of random numbers,
and the R was measured and plotted against density (Fig. 16). As the
density decreases the curve falls to a low of R = 1.17; then as the
density falls still further the relatively uniform distribution of the
bristles begins to reappear, and R rises until, at a value of 1.43, all the
hairs have been removed and the distribution of the bristles alone

is measured.
The figures for R and density taken from insects treated with



METAMORPHOSIS OF Oncopeltus 27

mitomycin were also drawn on the graph and can be seen to fit very
well. This simulation thus supports the impression that mitomycin
effectively removes the hairs at random from established adult pattern.
Mature bristles are unaffected. It seems unlikely therefore that mito-
mycin removes mature hairs; rather it disrupts the development of
new hairs, suggesting that the pattern is already established before
completion of hair development.

As the mitomycin affected only the injected side, some insects were
treated with both juvenile hormone and mitomycin at about 60 hours
after the ecdysis. After the next molt the insects were freed from their
exuvia, and the new cuticle was examined. It was found that both
sides showed larval characters in the integument to the same extent,
except that only the injected side had any substantial reduction in
hair number. This result suggests that the juvenile hormone and the
antibiotic have independent effects on hair development and that the
mitomycin acts much later than the hormone.

DISCUSSION

Effects of the Juvenile Hormone on Individual Cells

Wigglesworth (1940b) reported that, as the last molt cycle of
Rhodnius progressed, the response of the epidermal cells to juvenile
hormone waned. It was impossible to induce perfect 6th-stage larvae
when the parabioses were performed after the beginning of the
proliferative divisions.

Moreover he described the formation of intermediate types of
cuticle by single cells, and showed that features of adult and larval
cuticle could be influenced independently in the same cell. These
results also apply to Oncopeltus.

Wigglesworth also noted that there was some temporal correlation
between the response of cells to the juvenile hormone and their divi-
sions. Areas of integument in which early cell division occurred lost
their responsiveness to the juvenile hormone before other areas. Rather
similar results have been reported by Sehnal and Novak (1966) for
the larval-pupal molt of Galleria, which have led these authors to
propose that cell division is critical to the process of cellular meta-
morphosis. Indeed, wounded and dividing cells of larval Lepidoptera
respond to minute quantities of juvenile hormone, and remain larval
while the rest of the insect metamorphoses (Piepho and Heims, 1952;
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Schneiderman and Gilbert, 1958). The present experiments on Onco-
peltus, while they are not inconsistent with the thesis that the epi-
dermal cells respond particularly at mitosis to the juvenile hormone,
do show that the cells are sensitive at other times. General effects on
all the epidermal cells can be obtained at 74 hours, when most of the
proliferative divisions have been completed, and when it is far too
late to influence development of hairs whose differentiative divisions
have just begun. Moreover, experiments with mitomycin where cell
divisions are inhibited on one side of the sternites only, and yet the
injected juvenile hormone affects both sides evenly, do not support
this idea.

The continuous series of intermediate types of cuticle resulting from
injection of potent doses of juvenile hormone at different times in the
molt cycle (Figs. 6-9) show that during the period 49 to 74 hours
after ecdysis, the epidermal cells” synthetic functions, as assayed by
the type of cuticle they secrete, are becoming gradually committed to
the adult pattern. Treatment with juvenile hormone during this
process results in cells which share larval and adult features.

Such intermediate cells have been described before, not only as
caused by hormonal balance (Wigglesworth, 1934), but also by
genetic effects such as the mutant Hairy wing in Drosophila (Lees,
1942), or in certain kinds of intersexes when bristles, secreted by
single cells, are intermediate between normal male and female bristles
(Hollingsworth, 1964; Stern and Mukherjee, 1964; Hildreth, 1965).
The male genital disk of Drosophila, normally bearing two fields of
distinct bristles, can be bisected, cultured for a time in vivo, and then
forced to metamorphose by implantation into a fully grown larva. If
metamorphosis occurs before regulation is complete, bristles of inter-
mediate structure are formed in areas intervening between fields of
the two bristle types (Liiond, 1961). During experimentally induced
reversal of metamorphosis in Oncopeltus, when repeated divisions of
adult cells gradually promote the recovery of the larval condition,
bristles which are neither fully larval nor adult are commonly formed
(Lawrence, 1966a). But cells are not usually intermediate for unit
characters, such as pigment: Stern (1967) has reported that in inter-
sexes of Drosophila, in an area melanized in the male but not in the
female, there is a cellular mosaic of pigmented and unpigmented
cuticle, just as in some regions of Oncopeltus intermediates (Fig. 10).
A parallel between intersexes and intermediates was noted by Wiggles-



METAMORPHOSIS OF Oncopeltus 29

worth (1936). Insect intersexes usually consist of a mosaic of dif-
ferently sized areas of male and female cells, the sexual determination
being made at various stages of development, and influenced by
“nongenetic or even chance factors” (Seiler, 1965), and then being
propagated in the daughter cells. In the experiments reported here,
such a process of chance determination may have occurred when a
small amount of juvenile hormone was injected at the beginning of the
molt; in these experiments the hormone has shown a more pronounced
effect on the injected side, and is probably therefore present in too
small quantities to give unequivocal instructions to all the epidermal
cells. At the imprecise borderline between tubercled and smooth
cuticle on the normal adult sternite (Fig. 17) the cells secrete a cuticle

p

Fic. 17. The borderline cuticle between areas of tubercled cuticle (cf. Fig.
4) and smooth cuticle (Fig. 2) normally present on the adult sternites. Note the
similarity to intermediate cuticle formed by injection of small amounts of juvenile
hormone (Fig. 10). X 1400; scale = 10 p.

whose structure is reminiscent of that formed by tergal cells after
injection of small amounts of the hormone (Fig. 10). Indeed it would
seem that intermediate cells, or mosaics of two cell types, can be
formed whenever developmental instructions are equivocal.

The phenomenon of intermediate cells shows that two alternative
cellular states of differentiation need not be mutually exclusive (cf.
Wilde, 1961). In Oncopeltus different features of the integument
become insensitive to effective doses of juvenile hormone progressively,
and there is cell-individual variation in the response when the hormone
is near threshold level. Thus the process of determination and dif-
ferentiation of epidermal cells is a gradual one—for example, in the
chick limb bud where Searls (1967) has shown that initial differentia-
tion of cartilage (detected by increased uptake of sulfate) precedes



30 PETER A. LAWRENCE

determination (assayed by transplantation into another area of the
pattern).

Effects of Juvenile Hormone on Hair Development

Bristle pattern has long been recognized as a relatively simple two-
dimensional expression of the field phenomenon and for this reason
has been subject to a considerable amount of experimental attack and
theoretical speculation (Wigglesworth, 1940a; Stern, 1954; Claxton,
1964; Rendel, 1967). The sensitivity of hair development in Onco-
peltus to juvenile hormone makes it particularly promising experi-
mental material.

When 1.25 pg of juvenile hormone was injected at between 27 and
49 hours, it had an overall and uniform effect on hair density in any
one insect. Injection at 27 hours caused in one insect a reduction in
hair number from about 3000 to 27, and other insects with a complete
range of intermediate hair numbers were found. It is most striking
that the effect was not the random removal of hairs from the pattern,
as was induced by mitomycin treatment, but was as if there were a
limitation of the normal process of hair initiation. The development of
these hairs occurs only in the metamorphic molt and consists of the
transformation of spaced epidermal cells into hair mother cells. There
follows three special differentiative divisions of each of these cells to
give four cells, one of which soon degenerates. The 3-cell stages, which
are formed asynchronously, accumulate, and later function synchro-
nously in the secretion of the hair ( Lawrence, 1966b). At which phase
of this procedure does the juvenile hormone act?

Two lines of evidence show that the effect is not one of simple
interference with the differentiative divisions or any later stage. First,
earlier work had shown that when adult sternal tissue was grafted back
onto a 3rd-stage larva, adult hairs developed on the graft during the
molt of the host from 4th-stage to 5th-stage larva. The hairs developed
on the central part of the graft which had undergone little reversal of
metamorphosis (Lawrence, 1966a). The development of the host into
a normal 5th-stage larva is witness to the effective presence of the
juvenile hormone: thus neither the differentiative divisions nor hair
maturation is inhibited directly by the hormone. Second, juvenile
hormone injected at 74 hours (when the differentiative divisions are
just beginning) or later has no effect on hair formation, and even at
64 hours the average effect of injection is very small. Conversely, mito-
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mycin injected at this time can cause complete inhibition. The possi-
bility that changes in the length of the metamorphic molt, induced by
potent doses of hormone, might define the period available for hair
determination and therefore the number of hairs developing can also
be eliminated. When juvenile hormone was applied topically in small
amounts, or if only 0.06 pg was injected, the molting time was not
affected and the insects molted into individuals which appeared to be
adults. Closer examination of the integument revealed patches of
larval or intermediate cells. Wherever the integument was larval by
other criteria, the hairs were lacking. The effect of juvenile hormone
on hair development is thus local and direct and not dependent on
the molting time of the whole insect.

It must therefore be concluded that the hormone acts prior to the
differentiative divisions. The process of bristle determination has been
studied by Wigglesworth (1940a) and a model proposed to describe
the dynamic situation. Wigglesworth found that the bristles of Rhod-
nius were evenly spaced and that determination and development of
new bristles depended on the number of cells present between extant
bristles. (Both bristles and hairs of Oncopeltus are likewise evenly
spaced and their number is dependent on the number of cells (Law-
rence, 1966b). He suggested that a diffusible substance essential to
the formation of bristles might be distributed uniformly throughout
the epidermis and be required and absorbed by extant bristles and
be essential for the initiation of new bristles. It must, also be supposed
that the epidermal cells, which evidently produce this substance, can
respond to a threshold concentration by becoming determined as
bristles and rapidly absorb the substance, thereby inhibiting further
determinations in their vicinity., At each molt in Rhodnius the number
of cells increases, thereby upsetting the equilibrium and leading to
the accumulation of substance and consequent further determinations
at sites remote from extant bristles; this process continuing until the
substance is absorbed as fast as it is produced and equilibrium is
reestablished.

The significance of the fact that determination only occurs during
a specific phase of the molt cycle has been overlooked. In Rhodnius
(Wigglesworth, 1940a) and Oncopeltus (Lawrence, 1966b) deter-
mination of bristles is not immediately induced by the increase in cell
number, for it does not occur during these mitoses but after the next
ecdysis. Likewise during the development of hairs in Oncopeltus,
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determination and development of hairs occurs only after the pro-
liferative cell divisions (Lawrence, 1966b).

Thus in the case of bristles in Oncopeltus or Rhodnius, the extent
of determination is potentiated by the amount of earlier cell divisions.
In the development of bristles there are therefore four phases: poten-
tiation (the increase in the number of cells which effectively raises
the amount of bristle-forming substance ), determination (bristle cells
are singled out as they respond to the increased substance and equi-
librium is reestablished ), differentiative divisions, and synthesis of the
bristle structures. Potentiation and determination may be well sepa-
rated in time, and this implies that areas of cells competent to form
bristles are defined before the process of determination begins. It is
quite possible that, within those competent areas, each cell has an
equal chance of becoming a new bristle (Fig. 18).

(1) 5th-stage larva, before cell divisions but after bristle determination.

(2) Early 5th-stage larva. Cell divisions in the 4th-stage larva have increased
the number of cells between bristles and therefore the effective concentration of
substance. There is now a region (shaded) in which bristle determination can
occur at random at the appropriate time. Two bristles are initiated (arrows) and
rapidly absorb the substance, thus altering the landscape of substance concen-
tration to give situation (3).

(4) The process of cellular metamorphosis then occurs; its effect is to lower
the threshold to level b. If 1.25 ug of juvenile hormone is injected during this
period (0-64 hours after ecdysis) cellular metamorphosis is inhibited uniformly
and the threshold may fall only to, say, level a. (When only 0.06 pg of juvenile
hormone is injected, the threshold is lowered to widely different levels in different
cells and the result is very uneven hair distribution.) Hair determination begins
at about 70 hours and two arrows mark the first sites. Initiation at these sites is
immediately followed by absorption of the substance, resulting in the situation
at (5).

(5) This pattern is the final pattern for threshold level a, but further deter-
minations occur at the threshold level b (6) to produce the final pattern (7).

This system requires that the pace in which new centers arise within a com-
petent field (the area above threshold) is slow compared to the speed of altera-
tion in the distribution of substance concentration which these new centers induce.
This pattern is produced in the same way as Claxton’s simulation and is compara-
ble to natural patterns (Claxton, 1964 ).

In Oncopeltus, the new hairs are incorporated into the bristle
pattern, their number is affected by the number of cells and they are
equivalent to the bristles in the pattern. However, the increase in cell
number during the last molt in Oncopeltus cannot alone be responsible
for potentiating the development of the hairs, for, in the studied area,
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Fie. 18. The Wigglesworth model. The sequence of events during bristle and
hair determination. The basal lines represent a series of sections through a
developing pattern. The dashed lines represent the threshold of response of the
cells to the amount of diffusible substance (curved lines) which is absorbed
by extant bristles (empty circles) and hairs (filled circles).

the number of hairs and bristles increases about twenty times, whereas
the cell number approximately doubles (Lawrence, 1968). The process
of hair determination follows the main mass of proliferative divisions
and therefore begins at about 70 hours (Lawrence, 1966b). However
the hair number is affected only by injection of juvenile hormone (Fig.
13) before 64 hours, and hairs are completely suppressed only if the
injection is performed immediately after the ecdysis. Thus the effect
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of juvenile hormone is not directly on the ongoing process of hair
determination, but must be on the potentiation of that process. What
is the nature of this potentiation? It must involve a change in one of
the variables in the Wigglesworth model: Either the rate of substance
production by the epidermal cells could be increased, or the threshold
level of the cells could drop. Either or both these changes could be the
result of cellular metamorphosis and sensitive to juvenile hormone.
In the former case any localized pocket of adult cells would produce
more substance; this would diffuse out and enhance development
beyond the borders of the adult island. In the latter case the expres-
sion of hair density in patches of metamorphosed cells would be
autonomous. Insects which do have just such patches of metamor-
phosed cells (as detected by pigmentation and microsculpture of the
cuticle) have been experimentally produced by topical application
of the juvenile hormone (Fig. 19), and by injection of small amounts.
Clearly the distribution of hairs is uneven, and patches of hairs of

Fic. 19. Hair distribution in a mosaic insect induced by topical application
of juvenile hormone. The adult patches are dark and bear little rows of tubercles.
It can be seen that the hair distribution is uneven, there being many more hairs
in the adult patches than in the larval surround. X 220; scale =100 x (¢,
tubercles; a, adult patch).
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high density are found wherever the presence of adult pigment indi-
cates adult cells. Thus the expression of hair density is autonomous to
the more adult patches, and does not spread out evenly, and therefore,
within the terms of the Wigglesworth model, the effect of normal
metamorphosis is to lower the threshold of the cells, rather than to
increase the rate of substance production. The establishment of this
threshold is sensitive to juvenile hormone from the beginning of the
5th-stage until about 64 hours.

The continuous range in hair densities in intermediates suggest that
this threshold can be fixed at any level between those of potential adults
and larvae. The development of high densities of adult hairs in an
otherwise larval integument suggests that this threshold becomes fixed
earlier than the factors determining cuticular structure. The meta-
morphosis of insect epidermal cells is here seen as a gradual one, with
different features of the larval cells becoming transformed at different
times.

Thus, in conclusion, one effect of metamorphosis on the epidermal
cells of Oncopeltus would seem to make them more responsive to the
hair-promoting substance but not change the amount of such sub-
stance. The change, as in nearly all the bristle mutants of Drosophila
examined by Stern and his school (Arnheim, 1967) is in the “com-
petence” rather than the “prepattern” (Stern, 1954). This change of
threshold, like other changes in the cells, is promoted in the absence
of juvenile hormone, and halted or reversed in its presence. The
development of a small or intermediate number of uniformly spaced
hairs can thus be an indicator of a limited amount of cellular meta-
morphosis which does not otherwise find expression.

Further evidence for the applicability of the Wigglesworth model
to bristle and hair development in Oncopeltus arises from the work
of Claxton (1964). With regard to the requirements of the Wiggles-
worth model he constructed patterns of units showing regularity in
spacing. He entered points at random on paper, drew an inhibitory
circle around each point, and discarded any further points that fell
within these circles. Eventually there was no space left for further
points. Claxton found that the spatial distribution of the points in any
completed pattern as measured by the scalar number R (cf. page 25)
was related to the variance in the sizes of the inhibitory circles drawn
around each point and to the coeflicient of variation of nearest-
neighbor distances (Fig. 20). The distribution of hair follicles of sheep
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Fic. 20. Claxton’s simulation. The open circles are taken from Claxton (1964)
and represent the relationship between the coefficient of variation of nearest-
neighbor distances, and the measure of uniformity of distribution, R, in various
patterns he constructed with regard to the tenets of the Wigglesworth model.
The distribution of hairs and bristles in Oncopelius larvae and adults coincide
with the curve, showing that their patterns could have been constructed in an
equivalent way. There seems to be a slight, but significant, departure from the
curve by the 14 intermediates (filled circles). The vertical and horizontal lines
demarcate two standard deviations.

and bristles of Drosophila conformed with this relationship, and could,
therefore, be generated by a similiar mechanism. I measured the
coefficient of variation of nearest-neighbor distances and the distri-
bution of hairs and bristles in 5th-stage larvae and adults of Oncopeltus.
Figure 20 shows that these results also conform with Claxton’s
simulation.

Some intermediates were also analyzed in this way, and there
would seem to be a significant departure from the curve, most points
lying well below it. This implies that some restriction not active in
Claxton’s simulation is affecting intermediates. One possible explana-
tion is that the pattern is not quite completed; there are still some
spaces left where points could be added. This would have a large
affect on R, without influencing the nearest-neighbor measurements
much, and the points would therefore be displaced considerably from
the expected line. Thus in addition to the major effect of juvenile
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hormone on the hair density there may be a very slight effect, perhaps
because of the curtailed molt cycle, which cuts short hair determina-
tion just before equilibrium has been reached.

SUMMARY

The integument of Oncopeltus is very different in larvae and adults,
and the transformation is sensitive to juvenile hormone. The effects of
a synthetic juvenile hormone analog on cellular metamorphosis (here
regarded as an example of cellular differentiation) were analyzed at
two levels:

A. Effects on cuticle secreted by individual cells

1. Potent doses (1.25 pg of the crude extract) when injected early
in the last molt of Oncopeltus caused complete inhibition of meta-
morphosis and curtailed the molt cycle.

2. After injection of the same dose at 27 and 49 hours after ecdysis,
larval cuticle was formed; but injection at 64 and 74 hours produced
a series of adult/larval intermediate insects whose abdominal integu-
ment consisted of intermediate cells. The whole insect was affected
and the epidermal cells responded uniformly. A continuous series of
integuments showing increasing cellular metamorphosis was obtained.

3. When threshold doses (0.06 ug) of the hormone were injected
early in the molt, only the epidermis was affected and the response of
the epidermal cells was heterogeneous, resulting in mosaic insects.

B. Effects on the hair pattern

During metamorphosis in Oncopeltus evenly spaced hairs develop.
These structures are distinct from, and much denser than, the larval
bristles. Their development is sensitive to the juvenile hormone.

1. Injection of potent doses of juvenile hormone within a few hours
of the previous ecdysis completely suppressed hair development. After
this time and up until 64 hours after ecdysis hair development was
only partially reduced, even though the cuticle secreted was com-
pletely larval by other criteria. There was no effect on hair density
after 64 hours, even though the visible cytological events associated
with hair differentiation do not begin until 70 hours.

2. The intermediates could be arranged in a continuous series of
increasing hair density. The uniformity of distribution was measured
quantitatively and found to improve with density.
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3. Mitomycin C was injected and found to disrupt hair development
independently from juvenile hormone, probably by direct interference
with hair development.

4. The hair and bristle pattern was analyzed quantitatively accord-
ing to the method of Claxton (1964): the results supported the adop-
tion of the Wigglesworth model for bristle development as a working
hypothesis. Within the terms of this model, the juvenile hormone was
shown to maintain the threshold of epidermal cells to the bristle-form-
ing substance, a threshold which falls during normal cellular meta-
morphosis.

5. The process of cellular metamorphosis and differentiation in this
system is considered to be a gradual one, which can be halted by
juvenile hormone. The development of small numbers of evenly spaced
hairs in intermediates is regarded as an expression of partial meta-
morphosis or differentiation.
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