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Abstract
In short germ insects segments appear in
anterior-to-posterior
sequence during the elongation of the posterior tip of the embryo.
The
techniques of fragmentation and heat shock were used to investigate the
process of segmentation in the short germ insect Shistocerca greqaria.
Development of the embryo from germ anlage to fully segmented germ
band was described by fourteen morphological stages (in fixed material).
Eggs from a single pod were shown to provide a synchronous population of
embryos and pods were staged on the basis of a small sample of eggs
removed immediately prior to experimentation.
Following fragmentation both anterior and posterior partial embryos
were obtained (although few eggs developed both an anterior and a
posterior embryo). These partial patterns suggested that posterior
regions of the embryo were able to continue segmentation when isolated
from the anterior.
Anterior partial embryos did not usually continue
segmentation.
Following heat shock, segmental abnormalities, usually
affecting two segments, were observed.
Prior to germ anlage formation
the frequency of such abnormalities was similar to that of control (sham
shocked) eggs and abnormalities were distributed throughout the segments
of the head, thorax and abdomen. At subsequent stages segmental
abnormalities were very frequent and their location with respect to
visibly formed segments was constant and indicated a latency in the
response to heat shock; the segment first to register the effect was the
third or fourth to form after heat shock irrespective of its severity.
A similar result was observed in amphibians (Pearson & Elsdale, 1979).
The segmental disruptions and abnormal limb patterns observed were
classified and in general could be explained in terms of the deletion of
a particular region/s of the affected segments, followed by pattern
regulation, in a similar way to the excision experiments performed on
larval segments (Wright and Lawrence, 1981; Bohn, 1974a).
These results are discussed in relation to a number of the current
models; the gradient model of Meinhardt (1977) proposed for segmentation
in long germ insects; the clock and wavefront model for amphibian
somitogenesis (Cooke & Zeeman,
1976); the progress zone model for
segmentation of the chick limb (Summerbell .
j. 1973) and the recent
A-P stripe model of tleinhardt (1982).

Chapter 1
Introduction

Introduction

Segmentation generates a repeating pattern of similar units arranged
in an anterior to posterior sequence.

In insects segments form the

basic structural unit from which the body is constructed.

Despite the

fundamental nature of this pattern the problem of how it is formed
remains unsolved.
A considerable amount of work relating to segmentation has been
carried out using insects. Experiments have been performed during two
periods of development; in early embryogenesis prior to the appearance
of segments (reviewed Sander. 1976) and in larval life after
segmentation is completed (reviewed Lawrence, 1972). The former
experiments are directly concerned with the process of segmentation; the
latter are concerned more with the characteristics of segments. In
insects formation of the segmental pattern is studied with reference to
the ectoderm and its derivative, the epidermis, which secretes the
cuticle. Almost exclusive study of the ectoderm is justified by work
demonstrating that patterns form first in this germ layer and are
induced in the mesoderm by interaction with the ectoderm(discussed, for
example, in Lawrence, 1982).
Before discussing experiments relevant to segmentation Twill describe
briefly

the early development of the insect egg and embryo.
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The Development of the Insect Egg
The early development of most insect eggs is characterised by nuclear
division in the absence of cytoplasmic cleavage, resulting in the
formation of a syncitium.

The nuclei, each enveloped in cytoplasm, are

called cleavage energids.

When a certain number of cleavage energids

has accumulated they approach the periphery of the egg and form a single
layer of nuclei called the svncitial blastoderm, which becomes
cellularised by the infolding of the plasmalemma of the egg between the
nuclei.

Thus a superficial monolayer of cells called the blastoderm is

formed which surrounds a central core of yolk.

This sequence of events

is summarised in Figure 1.1

Figure 1.1.
Early development of a generalised insect egg. (a) to (d)
represent longitudinal sections through the egg.
(a)Multiplication of
nuclei within the yolk to form a syncitium. (b)Migration of nuclei to
the egg periphery giving rise to the syncitial blastoderm.
(c)Cellularjsation of the syncitial blastoderm by the infolding of the
piasmalemma between nuclei. (d)The cellular blastoderm(after Sander,
1975).
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The

biastoderm gives rise to the embryo, called the germ anlage, and

the extraemhryonic membrane. The proportion of the blastoderm which
corms the germ analage varies from species to species as shown in Figure
1.2

In some insects the germ anlage is short relative to egg length.

in others long.

The difference in the relative size of the embryo is

associated with different methods of segmentation(reviewed Sander.
1976). In shpTt germ insects (e.g Schistocerca gregarip) segments
become visibly delineated during the gradual growth and elongation of
the posterior tip of the germ anlage. In long germ insects(e.g.
DiosophiLa.
jrowth
e'7rneots

Smittia sp.)

the germ anlage is segmented without such

In intermediate germ insects(e.g.

Eucelj.s.

Acheta)

anterior

form by the long germ-type and posterior segments by the short

yrrn- typ method
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Figure 1.2.
The proportion of the blastoderm giving rise to the germ
dnlage
(shaded).
Eggs are drawn to scale and viewed laterally(ventral
left).
Orthoptera:
(a)Oecpnthus uellucens;
(b)Achetp
domesticus.
Odonata:(c)pjptycnemjs
oennioes.
Homoptera:
(d)Euceljs olebe -ius.
Coleoptera:
(e)Atrachvp
menetriesi:
(f)Leotinotarsj
decemlineatp;
(g)Bruchidius
Diptera:
obtectus.
(h)Smjttjp
sp.;
(i)Drosophila
melanogaster;
(k)Ca.Uiphpi- p
ervthrocephplp.
Hymenoptera:
(l)Apjs
melijfjca (after Sander, 1976).

tegmentation is completed during 'rly embryogenesis at the oerrn band
stage Transformation of the germ analage into the germ band involves
other developmental events such as gastrulation and formation of the
ammmlon. These events are decribed for the locust(Schjstocerca nregarja)

in

the following chapter.

The germ band consists anteriorly of the

procephalon and a sequence of 16 or 17 segments.

The procephalon gives

rise to the anterior head, the segments form the gnathocephalon(3),
thorax(3)

and abdomen(10 or 11).

The pattern which is visible at the

germ band stage represents the presumptive ventral

surface

and

appendages. The dorsal surface is derived from the flanks of the germ
band which later extend dorsally and finally fuse to form the dorsal
midline.

Segments in Larvae and Adults
The properties of segments have been studied in experiments involving
translocation or rotation of a piece of cuticle and the underlying
epidermis within a segment during an early larval instar. Following
certain operations the arrangement of cuticular structures within the
segment of subsequent larval stages was disturbed. In 1959, Locke
demonstrated displacement of a graft in the longitudinal axis of a
segment resulted in pattern abnormalities which suggested that tissue in
the anterior of a segment was different in some way from that in the
posterior(figure 1.3). Even when the graft was taken from a different
segment similar pattern abnormalities were observed indicating the
difference between anterior and posterior was the same in all segments.
The precise pattern of the disruption depended upon the nature of the
operation and appeared to reflect an interaction between graft and host
tissue. Polarised pattern elements such as bristles, hairs and scales
which were usually aligned with the anterior/posterior axis of the
segment and directed posteriorly were re - orientated(reviewed Lawrence.
1966); pattern elements, such as ripples, which ran parallel to the

Adult

(a)

5h

ci
(b)
Figure

1.3.
The effect of interchanging squares of epidermis plus
cuticle from (a)similar and (b)different anterior/posterior levels
in
larval
(5th instar) abdominal segments on the adult pattern in Rhodnius
after Locke, 1959).
The adult cuticle bears a pattern of transverse
rpples which is characteristically disrupted by the graft shown in W.

tiarisverse

axis were deflected(Locke

1959).

Stumpf(1966) showed also

that in some circumstances cuticular structures and patterns found in
one particular region of the segment would form ectopically following

grafting. Grafting between segments bearing different patterns
demonstrated that graft and host tissue continued to form pattern
elements appropriate to the segment from which they originated(Stumpf.
1968) The effects of 180 degree rotation of a graft within a segment
are shown in figure 1.4 for three segments, each bearing differnt
:tii:ular patterns
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Figure 1.4.
The effect of 180 degree rotation of a piece of epidermis
plus cuticle within a larval segment upon: (a)the scale pattern of adult
Galleria (after Piepho, 1955); arrows indicate the orientation of scales
after the operation and scales are normally directed posteriorly; (b)the
ripple pattern of adult Rhodnius (after Locke, 1959); ripples are
normally aligned parallel to the transverse axis of the segment: (c)the
development of a single transverse ridge in abdominal segment six of
pupal Galleria (after Stumpf. 1966); the normal position of the ridge
lies between the two arrows. These patterns can be interpreted in terms
of an anterior to posterior concentration gradient as shown in (d). The
discontinuity introduced into the gradient profile by the 180 degree
rotation is smoothed by diffusion and in subsequent instars pattern
elements are formed according to the new profile of the gradient.
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The interaction between host and graft which resulted in disruption
was explained by Stumpf (1966) and Lawrence (1966) in terms of a
segmental gradient similar to that proposed by Locke (1959). They
suggested that a concentration gradient of some diffusible substance was
established along the anterior/posterior length of every segment
(between the anterior and posterior margins) and that the cuticular
pattern was formed in response to it. Discontinuities in the profile of
the gradient within a segment introduced by grafting were smoothed by
diffusion and in subsequent instars the cuticular pattern formed with
respect to the new profile(figure 1.4d); polarized structures were
aligned with the "anterior/posterior" slope and transverse pattern
elements followed the contours of the gradient. Structures formed
ectopically when certain concentration values were repeated as a result
of the grafting and subsequent smoothing process.
Wolpert(1969; 1971) suggested that since at each point along the
anterior/posterior axis there is a unique concentration(of the
diffusable substance) each epidermal cell had information regarding its
relative position within the segment. He proposed that from this
information the cells acquired some stable representation of their
position(i.e. positional value) within the segment which influenced the
pattern they formed.
However, the idea of segmental gradients of diffusible substances has
been questioned by Nübler-Jung (1977; see also Locke, 1966). She found
following certain operations on the bug D ysdercus, that the epidermis
was thrown into folds at the junction of graft and host tissue
indicating localised growth had occurred. Nübler-Jung suggested that as
a result of these grafting experiments cells of different positional
value were confronted and the discontinuity was removed by "intercalary
regeneration". During intercalary regeneration new tissue is formed

with positional values interjacent to those at the border between graft
and host(Bohn, 1970).
Throughout the work described above the difference between anterior
and posterior regions of a segment has been represented in terms of some
graded property which is repeated in consecutive segments. This implies
a discontinuity exists at the border between neighbouring segments.
Segment borders can, however, be regenerated as demonstrated by Wright
and Lawrence (1981) in a series of experiments involving the excision of
transverse strips of cuticle and epidermis in larval OncoDeltus. They
found the pattern which formed depended upon the anterior/posterior
extent of tissue excised. Following the removal of a half-segment
length of tissue, or less, the normal pattern was reformed, even when
the excised piece included the segment border. When a piece equivalent
to a segment length was excised across a border, so confronting cells Of
equivalent position from the two segments, the remaining regions healed
together and formed a chimeric segment which behaved during later
development as a single and normal segment. Following removal of more
than half but less than one segment length, the normal pattern was not
reformed, but replaced by ectopic structures. When this length of
tissue was excised mid-segment an ectopic border was formed(figure 1.5).
Reformation of the original pattern or its replacement by ectopic
structures following excision was explained in terms of intercalary
regeneration via the "shortest route", (French, Bryant and Bryant,
1976) . During this process discontinuities in positional value are
removed by inserting the shortest possible sequence of intervening
values(figure 1.5d).

It seems, therefore, there is no discontinuity in

positional value at the segment border.

Thus, in this respect the

segment border can be regarded as a reiterated part of the pattern which
forms at a particular positional value,
9
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Figure
1.5.
(a)
to (c)show the exision experiments of Wright and
Lawrence(1981).Qperatjons were performed on 3rd instar larvae
of
Oncopeltus and the resulting pattern examined in the 5th.
Abdominal
segments are labelled 11. Ill and IV and excised tissue cross-hatched.
(a)Excision of less than a half-segment length of tissue from the middle
of a segment or across a border was followed by reformation of the
normal pattern. (b)Excision of one segment length across a border led to
the formation of a single composite segment of normal size. (c)Following
the excision of more than half but less than one segment length of
tissue an ectopic border was formed. These results were explained in
terms of intercalary regeneration as illustrated in(d) and (e)(adapted
from Lawrence. 1981). The positional values of each segment are
represented as a graded series. 10 to 0. and the border(thick line)
by
value 0/10.
(d)The excision of a narrow strip of cuticle across the
border (as in operatiofl(a))
removes positional values
1,
0/10 and
9(stippled) and confronts value 2 of segment III with value B of IV.
Intercalary regeneration restores the values removed, and the border is
reformed. (e)The excision of a wide strip of cuticle from within a
segment (as in operation (c)) confronts, as in (d) value 2 with value 8.
However, the values removed(3,4,5,6, and 7) are not restored but
replaced by the shorter sequence of 1. 0/10 and 9 resulting in the
formation of an ectopic border(jn reversed orientation).
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Segmentation of the Embryo
Lawrence(1973)

has estimated the stage of development at which

segments form in Oncopeltus using the technique of clonal analysis.
Following X-ray irradiation of eggs of Oncopeltus patches of abnormally
pigmented epidermal cells were found in the larva. Such clones are the
progeny of a single altered cell or nucleus affected at the time of
irradiation.

Lawrence found that a clone initiated before the late

blastoderm stage was distributed in a number of segments.

A clone

initiated after this stage was restricted to a single segment(figure
1 6).
shape

The restriction in development was further emphasised by the
of

clones.

Those in the middle of a segment were very irregular

in outline, but when the edge of a clone coincided with the segment
boundary(as defined by other morphological criteria) it became very
straight, extended alongside the boundary and did not cross it.
Lawrence concluded that cells and their progeny became restricted to a
particular segment at some time between late blastoderm and formation of
the germ anlage. Clonal analysis also showed the segment primordium was
not formed by a group of cells immediately related by lineage; a single
clone never occupied the entire segment.

A7
A3----A4
AS -A6
border

(a)

(b)

Clonal analysis of the abdomen of Oncooeltus (adapted from
Ej.qure 1.6.
Lawrence, 1981 and Wright and Lawrence, 1981). (a)A single clone
(black)induced by irradiation at cleavage stages extended into several
abdominal segments. (b) Most single clones induced after irradiation at
the
blastoderm stage were restricted to one segment(these clones also
respected the dorsal/ventral(D/V) boundary).

In Drosophila clones became restricted to a single (adult) segment at
the blastoderm stage of development(Wieschaus & Gehring. 1976). Fate
maps made at this stage for Drosophila showed consecutive segment
primordia were located at adjacent sites on the blastoderm and the
spacing of segment borders was uniform (Lohs-Schardin •. 1979;
Underwood et al. 1980). Lohs-Schardin

.,

al found the

anterior/posterior length of each segment primordium corresponded to 3-4
cell diameters.
Sander(1960) studied the processes involved in the development of
this pattern. He looked at the patterns of segments formed by anterior
and posterior egg fragments separated at stages preceding visible
segmentation in Eucelis. Following ligation before formation of the
germ anlage, the pattern formed by a pair of egg fragments was
incomplete; a sequence of segments was absent. The segments lost from
both fragments were those which would have developed near the site of
ligation. Which segments were missing, at a given stage, therefore
depended upon the level of ligation (measured with respect to egg
length). The number of segments missing was found to depend upon the
stage at which the ligature was applied; the more advanced the stage,
the more segments a fragment of given length formed and so the gap in
the pattern generated by a pair of egg fragments was reduced. When eggs
were separated at the germ anlage stage the pattern of segments formed
by the two fragments together was complete and complementary(figure
1.7).

Similar results have been obtained for Drosophila (Schubiger &

Wood, 1977; however see Vogel, 1977).

In Drosophila the pattern formed

by a pair of egg fragments was complementary following ligation at the
cellular blastoderm stage. This was also the stage at which clones
became restricted to a single (adult) segment (see above).
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1.7.
The patterns
formed by Protophormip eggs separated at
Figure
stages prior to visible segmentation(Herth and Sander, 1973). The level
of separation was measured with respect to egg length(ZEL)with the
posterior pole represented by OX and the anterior by 1001. Numbers 1 to
11 indicate the denticle belts of the three thoracic and eight abdominal
segments of the larva. Eggs separated at late cleavage (C) at 501EL
give rise to larval patterns which lacked denticle belts 3 to 7 while
eggs
separated at the cellular blastoderm (C8) stage (at the same XEL)
produced the full complement of pattern elements.
At stage C larger
anterior and posterior egg fragments were required in order to produce
belts 1 to 6 and 7 to 11. respectively.

The results suggest the complete pattern of segments is

generated

by

interaction of anterior and posterior egg regions (Sander. 1960).
Anterior regions deprived of posterior influence early in development
form fewer segments than they would in the course of normal development.
Posterior fragments separated from the anterior region of the egg behave
similarly. These results imply a change in the developmental fate of
egg regions which would normally have formed the missing segments
assuming there is no damage(see chapter 6). These interactions again
have been envisaged in terms of gradients of diffusible substances
(Sander. 1960; Meinhardt, 1977).
The influence of posterior egg regions on pattern formation in Eucelis
was examined further in a series of experiments that combined anterior
translocation of posterior pole material with

ligation(Sander, 1960).

In posterior fragments the presence of posterior pole material in an
anterior position resulted in the formation of patterns of abdominal

(and sometimes thoracic)

segments which were inverted with respect to

the anterior/posterior axis of the egg.

In some cases the entire

sequence was inverted; in others the pattern consisted of a series of
inverted segments with an identical sequence of normal polarity lying
posteriorly(ie. the pattern had mirror-image ;ymmetry; see figure 1.8e
and f2)
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Figure 1.8.
Summary of the experiments of Sander(1960) which combined
translocatjon of posterior pole material with ligation in Eucelis. Each
diagram indicates the operation and resulting pattern. Posterior pole
material is represented by a black disc; the level of ligation by a
horizontal bar. The operations (a) to (fl) were performed at late
cleavage and the second stage of operation f(f2)at the cellular
blastoderm stage.
The patterns indicated represent typical results
.identified at the germband stage.
A represents headlobes; B gnathos; C
thorax; 0 anterior abdomen and E posterior abdomen.
X indicates the
posterior limit of extraembryonic membrane. The germ band
region(A,8.C.0 or E) in the vicinity of the site of separation(e.g.
region C. fig.(c))or plane of mirror symmetry(e.g. region C or D in the
symmetrical patterns shown in (f2)) was not always complete (after
Sander 1975).

In anterior fragments the number of segments which formed was increased
by the presence of posterior pole material(fjgure 1.8c and f2).
Anterior fragments which normally gave rise to anterior pattern elements
only now tended to form the complete pattern. In these cases the germ
band formed on a smaller scale than normal "as if it

were

crammed in

between the shifted pole material and some invisible anterior limit"
(Sander. 1975). Often the pattern was incomplete and lacked extreme
posterior elements indicating that the additional segments were not
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not specifically those normally formed near the posterior pole material.
This implied that posterior pole material was not a specific inducer of
"abdomen", but influenced pattern formation in a more relative way and
increased the range of pattern elements that could be formed by the
anterior fragment.
The importance of the anterior and posterior regions of the egg in
pattern formation was illustrated also by eggs which, as a result of
experimental manipulation or mutation, developed into symmetrical
embryos with duplicated abdominal or cephalic segment patterns (reviewed
Double abdominal and double cephalic patterns have

Kalthoff, 1983).

been induced by centrifugation and localized UV-irradiation,

for

example, in lower Diptera (Yajima, 1960; 1964; Kaithoff et al, 1977;
Kaithoff et al, 1982) and in the higher dipteran Drosophila by the
maternal-effect

mutations

bicaudal

(Niisslein-Volhard,

1977)

and

dicephalic (Lohs-Schardin, 1982). A fairly constant feature of these
patterns was the mirror-image symmetry of normal and inverted sequences
with respect to polarity and the number and identity of segments.
The bicaudal and dicephalic mutations also emphasize the maternal
contribution to pattern formation. Normally all the nurse cells are
situated at one end of the developing oocyte which subsequently forms
the anterior part of the egg and later the embryo. In dicephalic
oocytes the nurse cells are arranged in two clusters, one at each pole
of the oocyte, and the egg expresses an abnormal polarity and may form a
symmetrical embryo.

II1

Conclusions
Most studies relating to segmentation have tended to concentrate on
long germ aspects of the process(and this is true also of the
experiments performed on Eucelis).
Segmentation in long and short

germ

embryos appears to be very

different. However, the existance of intermediate forms suggests that
segmentation in short and long germ insects may be similar(possibly with
the latter derived from the former).
Much of the work on the development of insect eggs has been reviewed
by Sander (1976). Sander concludes that in short germ insects
experimental perturbation of the egg at stages preceding formation of
the germ anlage has revealed little concerning the mechanism of
segmentation. He suggests that segments are not formed as a result of
interaction between anterior and posterior egg regions(in contrast to
long germ eggs) although the egg may provide some preconditions
influencing the location and polarity of the germ anlage. He has
proposed however, that segments might be generated by interactions
within the germ anlage.
In the work described in the chapters which follow, this hypothesis
was tested.
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Chapter 2
Staging & Synchrony of Normal Development
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Introduction
The embryonic development of various locust species has been described
previously; Schistocerca gregaria by Shulov and Pen er (1 953), Hong
(1968) and Tyrer (1970) ;Schistocerca nitens by Bentley &t.j, (1919);
Ornithacris turbida and Pyroqomorpha cognata by Chapman and Whitham
(1968); Locusta migratoria by Roonwa 1 (1936, 1937). Shulov and Pener
(1959) and Salzen (1960); Melanoplus differentialis by Slifer (1932) and
Nelsen (1931. 1934); Aulocara elliotti by van Horn (1966); Chortoicetes
terminifera by Wardhaugh (1918).
There is some evidence that eggs within the cluster or pod laid by a
female during one period of oviposition develop synchronously.
example. Tyrer (1970) and Bentley .

For

jJ, (1979) found a small sample Of

eggs taken from one pod were usually at a similar morphological stage
even when rapidly changing features were compared.
however, found greater variability.

Slifer (1932)

Some embryos lagged and were at a

stage reached up to ten days earlier by the majority of embryos in the
pod; others were more advanced and at a stage reached up to two days
later. Venter and Potgieter (1967) observed that in Locustana Dardalina
eggs from the bottom of a given pod hatched, on average. 14h later than
eggs from the top.
Authors consistently report a lack of synchrony in the development of
embryos of the same age from different pods (see Tyrer. 1970, for
example). The asynchrony in the development of pods was resolved when
embryos

which

had passed through the same percentage of total

development time were compared (see Tyrer,

1970 and Bentley

.t.

1.

1979)
In this

chapter

the

early development

of Shistocerca gqaria

Is

described and the period from germ anlage to fully segmented germ band
was staged with referernce to the morphology of the embryo.
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The

duration of each morphological stage was estimated and the synchrony of
development examined also.

Materials and Methods
The laboratory population of Schistocerca gregaria was derived from a
number of adults suppled by "Larujon Locust suppliers"

(do

Welsh

Mountain Zoo, Colwyn Bay, North Wales). Animals were maintained in
standard cages at 31±5 0C with a 12h:12h light/dark cycle on a diet of
freshly sprouted barley and bran.
Mature adults were provided with honey-pots filled with clean damp
sand for oviposition. A female took from 1.5 to 3 h to lay one pod of
between 25 and 90 eggs. The pots of sand were changed daily and checked
for eggs. When eggs of a known age were required. ovipositing females
were observed and pots removed when the female withdrew her abdomen from
the sand.
Oh.

At this time the age of all eggs in the pod was designated

Pods were removed from the sand and eggs carefully separated and

washed.

Eggs from one pod were placed together in an incubator at 30±

0.5 0C in a petri dish on a pad of moist cotton wool until required.
Throughout these experiments embryos were examined after fixation.
Eggs were punctured, using a fine tungsten needle, in a region remote
from the embryo and fixed in acetic acid : formalin : ethanol
water(1:6:16:30) for 3h at 60 0C (see Lawrence. 1973).
washed and stored in lOX ethanol.

Fixed eggs were

In order to examine the embryo the

chorion was removed by dissection, using tungsten needles and
watch-maker's forceps, or by treatment with 31 sodium hypochiorite
solution. To see the embryo in older eggs the serosal cuticle, serosa
and sometimes the amnion were removed, also.
The period of development from germ anlage to germ band was staged on
the basis of the morphological appearance of embryos.

19

The extent to

which development was synchronous in eggs from a pod was assessed by
fixing all the eggs simultaneously and staging them. To determine the
duration of each stage, 22 pods of varying ages were sampled at 2h
intervals over a period of 12 or 2h. The size of the sample taken from
each pod (2 to 7 eggs) was dictated by the number of eggs per pod and
the number of samples. The stage of each of the embryos within the
sample (of known age) was then determined.

Results
Description of the Egg
Freshly deposited eggs are pale yellow but shortly after deposition
the chorion darkens and the eggs become dark brown. Eggs are elongated
(between 7 and 9mm in length) and taper slightly at the anterior and
posterior ends. The posterior tip is blunt and marked by a prominent
etching of the chorion at the base of which lie the micropyles.
During development eggs take up water and become turgid. Water uptake
is concomittant with segmentation of the posterior abdomen (Hong. 1968)
and eggs developing normally can be recognized by their swollen
appearance. A cuticle, the serosal cuticle, is secreted by the serosa
beneath the chorion during this period.
Staging of Development
The development of the germ anlage into the fully segmented germ band
can be described by fourteen morphological stages (see figure 2.1). The
first four stages are similar to those described by other workers (see
Shulov & Pen er, 1963, for example) and are called here the disc, heart
shape(HS) elongating protocorm(EP) and segmented thorax(sT) stages.
The sequential appearance of the eleven segments of the abdomen provides
the basis for staging the remaining period. The stages are named
according to the identity of the most posterior, and therefore the most
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disc
heart shape
elongating
pro to co rm

segmented thorax

j

ProcePhalon

gnathos

thorax
segmented Al
segmented A2

abdomen
1 mm
egg length -8mm

fully segmented

Figure 2.1. Camera ],ucjdp drawings of embryonic stages of 1. geprja
The embryo lies at the posterior pole of the egg. Egg and embryo are
viewed ventrally to show the first four stages, two of the stages during
segmentation of the abdomen(sAl and sA2) and the fully segmented stage,
when segments AlO and Al are delineated.

2

recently visible, segment. The first is the segmented abdominal segment
1(sAl)

stage; the second, the segmented abdominal segment 2(sA2) stage

and so on.

The last stage is the fully segmented stage when the 10th

and 11th abdominal segments become visible.

The first four stages only,

are described below.
The disc stage.

The germ anlage first appears as a superficial disc.

which measures less than 51EL in length, at the posterior pole of the
egg. The remaining expanse of blastoderm is extraembryonic and forms
the serosa. The posterior edge of the germ anlage may reach the ventral
surface of the egg and is therefore directed towards the anterior pole
of

the egg. The anterior/posterior axes of egg and embryo are not

coincident. This is also true of the other locust species listed above,
with the exception of S. nitens (Bentley et al, 1979). The
anterior/posterior axes of egg and embryo become coincident during later
development.
The heart shape stage.

At this stage the embryo is heart shaped due to

the formation of a pair of lobes (the head lobes) anterio-laterally.
The gastral groove is visible and extends from the centre of the
anterior region to the posterior tip of the embryo. During gastrulation
the presumptive mesoderm invaginates towards the interior of the egg and
hence comes to lie adjacent to the yolk.
The posterior end of the germ anlage begins to elongate along the
ventral surface of the egg towards the anterior pole. This region, the
protocorm, will give rise to the segments of the gnatflos, thorax and
abdomen. The antennal and preantennal head segments are apparently
derived from the head lobes (see Anderson, 1972).
As the embryo elongates it looses its superficial position and becomes

excluded from what was the original blastoderm layer. This is brought
about by the formation of the amnion, a membrane which is derived from
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the margin of the embryo.

This process has been described by Roonwa 1

(1936) and is illustrated in figure • 2.2.
of

Folds appear at the periphery

the embryo where it adjoins the extraembryonic blastoderm and these

extend across the ventral surface of the embryo. The folds fuse to form
two membranes; the amnion which covers the ventral surface of the embryo
and the serosa which overlies the amnion and embryo and completely
surrounds the developing egg. The embryo now lies just beneath the
surface of the yolk.
,.mesoderm..

J

ectoderm
niotic cavity

serosa-

chorion

(a)

(b)

c ephali

C

cavity

yolk

oderm
esoderm

caudal end

(c)
Fi g ure
Formation of the embryonic membranes. Camera lucida
drawings of transverse(a and b) and longitudinal(c) sections through the
embryo. (a)Formation of folds at the periphery of the embryo. The folds
extend ventrally until they fuse(b) so forming the amnion and serosa.
(c)The embryo has lost its superficial position and is covered ventrally
by the amnion. The egg is now completely surrounded by the serosa(after
Roonwa 1, 1936).
S.
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The

Following gastrulation and the

elongating protocorm stage.

formation of the embryonic membranes the embryo looses its heart-like
shape, and the head lobes and protocorm become clearly distinct. During
this phase of development the protocorm undergoes further elongation but
there is no visible sign of segmentation.
The segmented thorax stage.

At this stage segments(of the gnathos and

thorax) become visible in anterior regions of the protocorm.

It is not

clear, however, whether visible segmentation of the gnathos precedes
that of the thorax.
In the subsequent stages of development the eleven segments of the
abdomen appear in anterior to posterior sequence.
Synchrony of Develooment
To examine the synchrony of development all the eggs from a pod were
fixed simultaneously and then staged. 16 pods at stages prior to and
during visible segmentation were treated in this way. The frequency of
embryos in each pod at each stage of development is shown in table 2.1.
The data show that the majority of embryos within a pod tended to be at
the same or one of two consecutive stages of development. An exception
to this pattern was found in pod 8 (table 2.1). Therefore, although all
the embryos from a single pod were sometimes not at an identical stage.
development during this period was taken to be synchronous.
The distribution of stages in eggs from top, middle and bottom regions
of the pod was fairly similar; development of eggs from the bottom of
the pod showed no marked or consistent lag in development when compared
with eggs from top and middle regions.
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FREQUENCY %

POD NO

n

NS

1

52

22

2

62

2

3

62

4

ND

DISC

HS

EP

33

63

8

5

85

0

13

3

84

98

4

40

2

54

5

53

6

53

6

62

2

10

7

52

4

8

50

9

49

10

sT

sAl

sA2

30

6

2

2

68

19

0

60

37

4

10

28

8

14

32

12

22

4

61

92

59

4

75

7

11

52

8.

8

2

42

38

12

58

0

7

7

64

22

13

77

6

13

1

4

40

30

14

47

6

15

2

9

38

30

15

64

6

14

6

25

41

8

16

59

55

3

27

47

12

2
2

2

sA3

4

Table 2.1. Frequency with which each embryonic stage was encountered
each of the 16 pods of eggs examined. n represents the total number
frr\c5
eggs in each pod; NS the
not scorable; ND the
developing.
The following columns indicate the frequency of eggs
each stagedisc to sA4 )

25

sA4

in
of
not
at

Development with Time.
The sampling technique used to study development with time exploited
At 30 0 C development was completed

the synchrony of eggs within a pod.

in 13 days with eclosion on the 14th day after oviposition.

The mean

age at which each stage of development was reached is shown in figure
2.3. Visible segmentation was completed about 73h after oviposition.
Development from the disc to the fully segmented germ band stage took
37h and segmentation of the abdomen (i.e. the formation of the last 11
of the 20 segments) 18h - that is, on average, 1.6h/segment.
Comparison Of the interval between the mean ages for each stage shows
that the duration of the first three stages (disc, heart shape and
elongating protocorm) was longer than that of subsequent stages. The
time distributions for these three early stages also barely overlapped
suggesting that stage might be accurately predicted from age. This was
obviously not true of later development.

Discussion
Synchrony
Eggs from the same pod develop fairly synchronously.

Pods at heart

shape and elongating protocorm stages appear most synchronous (table
21) but this may reflect the longer duration of these stages.
The range of stages encountered within one pod shows that some embryos
cart be at a stage reached

by theit siblings 4 to 28h earlier (or

later) (compare table 2.1 and figure 2.3).

This range is apparently

greater than that observed for the synchrony of hatching by Tyrer (1910)
and Bentley et Al.

(1379).

Tyrer found 491 of individuals hatched within

21) of the first hatching arid 82 within 3d.

Bentley et al observed all

the eggs hatching from one pod did so within approximately 5h.

However,

as they suggest, synchrony of hatching may be controlled by pheromones
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S.

S.
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S

30
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70

80

Age (h)

Figure 2.3.
Mean age(h) at which each morphological stage occurred (for
abbreviations see text). Horizontal bars show standard deviation. The
values given represent the total number of embryos observed at each
stage in the samples taken from the 22 pods staged during the period of
development from disc to fully segmented germ band.
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or mechanical stimuli and not reflect the synchrony of development.
Development with Time
The average rate of segmentation of the abdomen was estimated at
1.6h/segment. The rate for more anterior regions of the protocorm could
not be measured as the order in which the gnathal and thoracic segments
became visible was not clear. The appearance of these segments has been
described in detail only by Hong(1968) and he proposed that segmentation
the thorax precedes that of the gnathos. The study of development

of

with time confirmed that age is not a reliable measure of stage,
particularly after the elongating protocorm stage

In

the following experiments (Chapters 3 and

4)

classified according to the staging system described above.

embryos were
Throughout.

a single pod of eggs provided a relatively synchronous population with
which to work. Each pod was staged by examining a small sample of eggs
fixed immediately before experimentation and the median stage observed
was taken as that reached by all eggs from that pod.
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Chapter 3
Fragmentation of a Short Germ Embryo

29

Introduction
The eggs of a number of long germ species have been transversely
ligated at stages of development prior to the formation of the germ
anlage.

The most recent work has been carried out on Protoohormia

(Herth and Sander.

1973). Drosophila (Schubiger, 1976; Schubiger and

Wood. 1977; Vogel, 1977), Smittia (see Sander. 1915) and Callosobruchus
(van der Mee 1984 ). In all cases (except Vogel. 1977) anterior and
posterior egg regions were separated by a form of ligation termed
"fragmentation" (Sander, 1911) in which a blunted razor blade is lowered
onto an egg so that the upper surface of the egg gradually approaches
the lower, and is finally held tightly against it. The essential
features of the response to fragmentation have been described above
(Chapter 1). Other aspects of the results are outlined below (see Herth
and Sander. 1973).
Fragmented eggs usually produced embryos with an incomplete complement
of segments. The partial patterns formed by each fragment of the egg
always included the appropriate terminal element (the most anterior
pattern element in anterior fragments and the most posterior in
posterior fragments) and the smallest partial embryos observed consisted
of this element alone.
sequence.

Additional segments were in normal spatial

The number of segments that formed depended upon the length

of the fragment and the stage of development at fragmentation.

Large

fragments gave rise to parlial embryos wmth more segments than small
fragments
.irireasarig1y
and

separated at: the

same stage. With fragmentation at

late stages a fragment of given length formed more segments

thelefure, a given partial pattern was produced from increasingly

small fragments. Hence, a gap occurred in the pattern produced by a
pair of anterior and posterior egg fragments following fragmentation
1.

early" in development. The gap was smaller when eggs were separated

"late" in development, and eventually a stage was reached when the
partial patterns formed by a single fragmented egg were complementary.
In Drosophila and Protoohormia complementary patterns were obtained
.

following fragmentation at the cellular blastoderm stage (Schubiger and
Wood, 1977; Herth and Sander, 1973); in Smittia and Callosobruchus just
before formation of the germ anlage (see Sander. 1915; van der Meer,
1984a). These results suggest that formation of the normal pattern of
segments in long germ embryos is dependent upon the interaction of
posterior and anterior regions of the egg prior to the appearance of the
germ anlage (Sander, 1960) and that the segmented pattern is determined
some time before segments become visible.
Few ligation experiments have been performed on short germ eggs (see
Sander, 1916). In S. gregaria, Hobo (1973) obtained partial posterior
embryos following ligation at 51 EL at the "gastrulation stage" only.
ligation at earlier stages isolated the whole of the presumptive
embryonic region in the non-developing posterior egg fragment. At these
stages the complete pattern (or patterns lacking posterior abdominal
segments - a result attributed to damage) developed in the posterior
fragment following ligation at levels of 351 or more. Miya and
Kobayashi (1914) found eggs of the short germ beetle Atrachya menetriesi
developed extraembryonically when ligated between 30 and

611

EL during

nuclear division. Embryos developed only if the 30 to 411 FL region was
included in one of the egg fragments and the resulting patterns were
then complete. At syncytial and cellular blastoderm stages however,
ligation within this region resulted in the development of two embryos,
one in each fragment of the egg. These experiments demonstrated that a
small region of the egg was critical for the formation of the germ
anlage and an egg fragment containing this region formed the complete
pattern. The experiments revealed little concerning segmentation of the

short germ embryo.
In the following experiments the hypothesis that in short germ embryos
segments are generated by interactions within the germ anlage itself
(Sander. 1976) was tested by fragmentation of the germ anlage of

$..

gregaria.

Materials and Methods
Eggs were fragmented transversely, as described above, in the region
of the embryo at heart shape and segmented thorax stages. Eggs were
orientated convex surface uppermost so the embryo lay on the opposite
surface of the egg to the blade (figure 3.1). This position was chosen
BLADE

embryo

Figure 3.1.
Position of the embryo during fragmentation.
Eggs were
orientated convex surface uppermost so the embryonic region of the egg
(i.e. ventral) was fragmented last.

to minimize damage and movement of the embryo within the egg during
fragmentation. A line of 10 to 12 eggs was positioned and the blade was
lowered until it rested on the eggs.

The fragmenting apparatus was

inverted and the progress of the blade through the eggs viewed
(through a window in the base of the frame) and monitored under a
dissecting microscope. The completeness of separation of the two egg
fragments was tested in some eggs by rupturing one egg fragment and
observing the effect of this upon the development of the other (Sander.
1971). Eggs were left in the apparatus and placed in a 30 0 C incubator.
The stage of eggs at the time of experimentation was determined from a
sample of 10 or 15 removed from each pod immediately before the
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remainder were fragmented (see chapter 2). Fggs were allowed to develop
for 3 to l days and were then removed from the apparatus and fixed.
Fygs kept in the apparatus for a longer period often contained embryos
in which dorsal closure seemed to be abnormal; the flanks of the embryo
extending ventrally instead of dorsally (see Sander. 1976a).
The level of fragmentation was measured accurately with respect to egg
length once the egg had been removed. The distance between the
posterior pole of the egg and the mark left in the chorion by the blade
was measured using a camera lucida projection of a grid of 1mm square
graph paper and expressed as a percentage of the egg length (XE!.. with
the posterior pole represented by OX FL.)
The chorion was removed by treatment with 31 sodium hypochiorite
solution and the embryo dissected out of the egg fragment.
of fixation segmentation was complete.

At the time

The head lobes, labrum and

antennal buds were identifiable and the gnathal segments and segments Al
and All could be recognized by their appendages (the mouthparts,
pleuropodia and cerci respectively). The thoracic segments were
identified by the relative size of their appendages (when all three
segments were present). Other abdominal segments and often the thoracic
segments were named according to their position with respect to
unambiguously recognizable pattern elements.
The usefulness of

1

Sgg length as a measure

for the level of

fragmentation within the embryo was assessed using a sample of 35 eggs
from

2

pods. In each case the embryo was drawn in camera lucida, the

length of the egg measured and the position of 10 and 151 El. values
indicated. The remaining eggs from each pod were fragmented at
approximate levels of 10 and 151 EL.
The reliability with which the embryo could be located with respect to
the circumferential shape of the egg was assessed by marking the convex
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egg surface.

A discrete mark at the surface of the yolk was made by

puncturing the egg with a fine tungsten needle and soaking it overnight
in a solution of the vital stain, trypan blue. Eggs were fixed and the
location of the embryo with respect to the mark, and hence the convex
surface, was scored.

Results
Position of the embryo with respect to the circumference of the egg
In all of the fragmentation experiments eggs were orientated convex
surface uppermost for fragmentation. The reliability with which the
embryo could be located with respect to the circumferential shape of the
egg was determined by marking the convex egg surface. 150 eggs were
marked and in

6:31

of these the mark was found on the opposite surface of

the egg to the embryo; in 331 lateral to the embryo and in 41 on the
same surface of the egg. Therefore, the embryo can be located fairly
reliably so the majority of fragmented embryos were located on the side
of the egg furthest away from the blade.
The development of fragmented eggs
At the time of fragmentation the anterior/post rior axis of the embryo
was inverted with respect to that of the egg and the embryo was situated
at the posterior pole (chapter 2). Hence, ante: UQX partial embryos (or
the complete pattern) developed in posterior pM fragments and posterior
partial embryos in anterior gM fragments. To avoid confusion the
results will be described in terms of anterior and posterior partial
embryos rather than anterior and posterior egg fragments. Since the
embryo was situated posteriorly, posterior egg fragments which lacked an
embryo were regarded as not developing.
Following fragmentation non-developing eggs (or egg fragments) were
discoloured and/or lacked turgidity and/or had burst extruding yolk. In
34

developing fragments the yolk was sometimes discoloured at the site of
fragmentation, either in the corners of the fragment or in a narrow band
extending

across

it

and

(degenerating) embryonic tissue.

occasionally

this

region

contained

Serosa and serosal cuticle were often

found lying between developing and non-developing regions within a
fragment.

in some fragments the two surfaces of the serosa apposed by

fragmentation remained fused when the blade was lifted so that on
removal of the chorion the fragments separated and drifted apart.
Measuring the embryonic site of fragmentation
In these experiments the site at which the embryo was divided was
determined with reference to M length (embryos at heart shape and
segmented thorax stages were not visible . vivo even after partial
removal of the chorion with sodium hypochlorite solution).

1 egg length

will be an accurate measure of distance along the anterior/posterior
axis of an embryo at a given stage only if

Ci)

the relationship between

the length of the egg and embryo is identical in all eggs; (ii) the
embryo always lies in the same relative position within the egg and
(iii) the embryo retains it's position within the egg during
fragmentation.
35 embryos from 2 pods (A and ft at sAl and sA2 stages respectively)
were drawn and 10 and 151 El. values marked off on them (see figure

3.2).

The anterior/posterior axes of egg and embryo were sometimes not exactly
aligned (figure 3.2, compare (a) and (b) with (d) and (e), for example)
and the extent to which the anterior portion of the embryo lay over the
posterior pole of the egg was variable (figure 3.2, compare (c) with (e)
and

(i)).

Since the position of the embryo was variable the

relationship between egg and embryo length becomes rather redundant with
respect to fragmentation of these eggs and therefore, was not measured.
In embryos from pod A 101 EL fell on a range of segments from 12 to
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POD

10%E1

1m

/

10%EL

(j

Figure 3.2. Camera lucida drawings of embryos from pods A and B (at sAl
and sA2 stages respectively) illustrating the position of the embryos
within the egg and the site at which 10 and 151 .2 length values fell
on the anterior/posterior axis of the embryo. The solid line represents
101 EL; the dotted line 151 FL (the posterior pole of the egg at which
the anterior end of the embryo lies is OX H ) . The anterior/posterior
XLS
of the egg lies perpendicular to the lines representing 10 and 151
H Arrows indicate the metathoracic segment (T3).
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)

within the unsegmented zone.

In pod B the range was from between

segments 12 and 13 to between segments A2 and A3.

The location of 151

FL was variable but usually within the unsegmented portion of the
protocorm The extent to which the embryo retained its position was determined
by comparing the partial patterns observed following fragmentation of
the eggs remaining from pods A and B with those predicted from the
drawings and measurements made. Pairs of anterior and posterior partial
embryos formed by single fragmented eggs were complementary or lacked a
single segment (with 3 exceptions) implying that the embryo was divided
between the segments terminating the complementary partial patterns or
at the site of the missing segment (figure 3.3). Fragmentation at
levels between 13 and 191 FL for pod A and 13 and ill FL. for pod B
usually divided the embryo in the region of segments visible at the time
of fragmentation. In the embryos drawn and measured the location of 101
El. was usually in the visibly segmented region and 151 EL in visibly
unsegmented regions of the protocorm. Fragmentation therefore, divided
the embryo more anteriorly than was expected, suggesting that the embryo
shifted away from the posterior pole of the egg during fragmentation so
segments became relocated at higher ZEL. values.
It seems therefore, that the site of fragmentation on the embryonic
axis cannot be precisely measured with reference to 1 egg length due to
(i) variability in the position of the embryo within the egg and (ii) a
shift in the position of the embryo during fragmentation. However, UI.
does provide a rough indication of the position at which the embryo was
divided.
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Figure 3.3.
Segments present in the embryonic patterns observed
following fragmentation of eggs from pods A and B (at stages sAl and sA2
respectively).
Only data from partial embryos in which the segments
present could be identified were included.
Each horizontal line
indicates pattern elements (that is head lobes (hl), labrum (lb),
antennae (ant) and segments GI to All) formed by a single egg fragmented
at the level (I Fl ) indicated.
Anterior partial patterns lie to the right of the figure, posterior
partial patterns to the left. Complete patterns (formed intact in the
posterior egg fragment) extend across the figure, from head lobes to
All. Solid black lines represent partial patterns, anterior or
posterior, developed by eggs in which the reciprocal half of the egg
failed to produce an embryo or produced an embryo in which segments
could not be identified. Dotted lines represent patterns formed by
anterior and posterior partial embryos developing from a pair of egg
fragments. In cases where such patterns were complementary (0 segments
missing) a pair of vertical bars indicate the position at which the
embryo was fragmented. Eggs in which the complete embryo was formed in
the posterior fragment of the egg are represented by dashed lines.
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To test Irhe comoletenes ti of serarativn
The

posterior

fragment

egg

was

punctured immediately after

fragmentation in 118 eggs (from 4 pods) at the segmented thorax stage.
In 691 of these eggs the anterior fragment continued to develop as
compared to 751 in the experimental series (below). In punctured eggs
therefore, development of the anterior fragment was not influenced by
the presence of a degenerating posterior fragment suggesting separation
was complete.
Fragmentation at the segmented thorax stage
722 eggs (from 25 pods) were fragmented at the segmented thorax stage
and of these 173 failed to develop. One or both fragments of the
remaining eggs continued development. The patterns formed by fragmented
eggs fell into 5 categories.
Complete

Ci)

embryos

(the

other

egg

fragment

developed

extraembryonically or, very occasionally, not at all).
Anterior partial embryos (the other egg fragment

developed

extraembryonically or, very occasionally, not at all).
Posterior partial embryos (the other egg fragment failed to
develop).
Pairs of anterior and posterior partial embryos, developed by
posterior and anterior fragments of an egg.
Fxtraembryonic development (i.e. formation of the serosa only) of
the anterior egg fragment and failure of the posterior egg fragment to
develop.
The frequency with which each class of result was obtained varied
according to the level of fragmentation as shown in figure
3.4.

With fragmentation at levels near the anterior end of

the embryo

(i.e. at the posterior end of the egg, low ZF.L)

eggs tended to form posterior partial patterns only.
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Figure 3.4.
The frequency with which each class of embryonic pattern
(classes i to v, see text) was observed following fragmentation at the
levels indicated at the segmented thorax stage. The frequency of eggs
giving rise to a complete embryo is represented by a dashed line; to an
anterior partial embryo alone by a solid line with open circles; to a
posterior partial embryo alone by a solid line with closed circles; to
both an anterior and a posterior partial embryo by a dotted line. The
remaining 1
(not shown) were eggs in which the anterior egg fragment
developed extraembryonically and the posterior egg fragment failed to
develop.
The row of numbers at the top of the figure indicates the
total number of developing eggs observed at a given lEt.
(total 516).
The level of fragmentation could not be determined in 33 other
developing eggs.
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With fragmentation at higher ZFI the frequency of eggs giving
-

rise to anterior partial embryos increased.

The proportion

of eggs forming a partial pattern in both fragments
increased, and that forming posterior partial patterns alone
declined. At levels of fragmentation approaching the
posterior tip of the embryo (high ZEL) the proportion of eggs
that developed a partial embryo in both fragments was
reduced. The frequency of anterior partial patterns alone
was fairly constant but did not reach the high values observed for
posterior partial patterns.

Complete embryos were

increasing frequency (in the posterior egg fragment).

formed

with

The number of

eggs that developed extraembryonically (posterior fragment not
developing) fluctuated and maximum frequencies (69 and 627) were
obtained following fragmentation at 16 and liZ El..
The segments present in anterior and posterior partial patterns.

The

partLal patterns were examined and wherever possible the segments
present identified (for example see figure 3.5). Partial embryos always
included the appropriate terminal element and a normal number of pattern
elements occurred between those which could be identified with
certainty,
figure 3.5).

suggesting segments occurred in normal spatial sequence (see
The segments present in each partial embryo are plotted

against the level of fragmentation in figure 3.6.

1

(a)

(b)

(c)
labrum
headlobe
antenna
Gi (mandible)
PG2(m axilla)
G3(lablum)
Ti
T2
T3
Ai( p leuropodluni

r
1mm
•r.

legs
T3

A6

Al
A2
A3

A5
A6

10

S
(d)

(e)

rcus
(1)

G

cercus

(g)

Figure 3.5. Camera lucida drawings of anterior (a-c) and posterior (d-g)
partial embryos. The head lobes, labrum and antennae were identifiable;
the segments of the gnathos and segments Al and All were recognized by
their appendages (the mouthparts, pleuropodia and cerci, respectively).

42

A10

5-7

8

9

-J
w

10

C
0

C

E
C,
CD

IIIIIIIIuIlIIIHIIuIIIuIIIIIIIuuIIIIIIII iiiiiiiiIIIIIIIIIIIIIIIIIII,•.
0

>

!iLiJUWiWiU-1W

SJJJIJI1SJJISIJS[1SSSSJIISSS1.

-

12

..........................

II

13

..........................................................

..........................................

. ..............

....................................................

14

-----------------------------------------------------------------I
I
I
I
I
I
I
I
I
I
I

11A1OA9 A8 A7 A6 A5 A4 A3A2 Al T3 T2 Ti G3 G2G1 ant lb hi
pattern element

_

T

15
..................................................

16

-J
Ui

17
C
0

C

E
----------------------------------

0

18
G)
>

..

19

20-22

F

--i

I

I

I

I

-I

--- --I

I

All AIOA9 A8 A7 A6 A5 A4 A3A2 Al T3 12 Ti G3 G2GI ant lb hi
pattern element

Figure 3.6.
Segments present in the embryonic patterns observed
following fragmentation at the segmented thorax stage.
The data are
presented in the same format as in figure 3.3.
Squiggles at the end of
a line indicate the last or first segment(s) of the pattern could not be
identified. In some cases this was because the embryo extended into the
degenerating region at the site of fragmentation. For explanation of
arrows see text

4,4

The posterior partial embryos which developed following fragmentation
at a given ZF.I began with one of a

The range was

range of segments

influenced by the level of fragmentation.

Partial patterns formed by

small egg fragments had fewer segments and therefore, began with more
posterior segments than those found in larger egg fragments. The
decrease in the number of pattern elements present with reduced fragment
length was gradual and patterns were found that began with each of the
segments lying between G3 and All. The number of posterior partial
patterns beginning with each of the segments not visible at the time of
fragmentation (that is Al to All) varied; more patterns began with
abdominal segments Al to A4 than A5 to All (table 3.1).

FIRST SEQ'€'IT

LEVEL
G3

Ti

T2

T3

1

3

5

1

4

2

1

1

.4

2

1

3

1

11

5

12
13

% EL
5-7
8
9

1

10

A2

J

P3

A4

1

1

2

2

1

1

1

2

2

4

2

6

1

1

2

4

3

3

6

2

2

i

2

3

1

2

14

Al

AS

AS

4

2

A7

AS

1

1

1

1

15

1

A9

AlO

All

Complete

1
3

1
1

2

1

1

5
1

5

16

6

17

11

18

1

19

1

9

1

5

20-24

IOTAL

19

1

4

u

19

14

10

j

13

7

5

4

5

6

3

1
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Table 3.1.
The identity of the segment found anteriorly (first) in the
posterior partial patterns produced following fragmentation, at the
levels
(M)
indicated, at the segmented thorax stage.
The data are
taken from figure 3.6.
The values shown represent the actual number of
posterior partial embryos with a given segment as the first segment of
the pattern.
The last column shows the number of complete embryos found
(total 61).
The total number of posterior partial embryos shown is 118.
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The range of segments with which anterior partial embryos terminated,
at a given ZFI

was usually less than that with which posterior partial

embryos began.

Anterior partial patterns were only slightly affected by

the level of fragmentation and there was little increase in the number
of segments formed with increasing fragment length. Anterior partial
embryos tended to terminate with segments T2, T3 and Al; patterns ending
with other abdominal segments were rare. A striking feature of
development in the posterior egg fragment was the sudden jump from
anterior partial patterns ending with segments T2, T3 or Al to complete
embryos (table 3.2).

LEVEL
% EL

LAST SE474ENT
Lab rum

5-7

Gi

G2

G3

Ti

12

T3

1

Al

A4

AS

A6

All

A7

A9

A10

(Iup1.t.

1

8
9

1

10

1

11

1

12

1

3
2

1

3

4

2

3

5

1

1

4

15

3

4

16

1

1

17

2

2

18

2

1

13

1

14

1

1

19

1

20-24

1

1

1

1
1

1

5

2
2

1

6

1

1

11

2
-

1

2j13

5

1

1

1

21

1
-

TOTAL

1

1

9
-

5

1

19

1------4j10

19

533
ii

{

61

Table 3.2.
The identity of the segment found posteriorly (last) in the
anterior partial patterns produced following fragmentation, at the
levels (ZFI )
indicated, at the segmented thorax stage.
The data are
taken from figure 3.6. The values shown represent the actual number of
anterior partial embryos observed with a given segment as the last
segment of the pattern. The last column indicates the number of
complete embryos found (total 61). The total number of anterior partial
embryos shown is 75,
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The development of complete embryos in the posterior egg fragment was
clearly related to fragment length. Complete embryos were first
observed following fragmentation at

131

F.I. and were the predominant

result at 20 to 241 El..
Patterns formed by a pair of egg fragments.

A few complementary

anterior and posterior partial patterns (0 segments absent) were found
following fragmentation at levels of 131 FL. and less. Fragmentation
apparently divided these embryos between segments 12 and 13 or 13 and Al
(figure 3.6). 4 pair of egg fragments never gave rise to an anterior
and posterior partial embryos with more segments, in total, than found
in the complete pattern; pattern elements were not duplicated.
Generally gaps were seen in the patterns formed by an anterior and
posterior pair of partial embryos (figure 3.6). Such
"non-complementary" partial patterns usually lacked two segments, but a
few lacked one, or three, or more segments (table 3.3) The most anterior
segment missing, in a gap, was either one that had been visible at the

No. of segments
missing

No. of embryos

0

4

1

3

2

10

3

2

4

1

5

1

6

0

7

2

Table 3.3.
The number of segments missing from anterior and posterior
partial patterns developed by a pair of egg fragments.
A total of 19
embryos had non-complementary patterns with a gap; 4 patterns were
:omplementary and lacked 0 segments.
The data were taken from figure
3 6.
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time of fragmentation (T2 or 13) or one which would have formed
immediately posterior to those visible (that is. Al or A2).

There were

two exceptions; two gaps began with segment A4 (arrowed figure 3.6).
The most posterior segment missing ranged from Al to A8.
Fragmentation at the Heart Shaoe staae
At the heart shape stage 246 eggs (from 10 pods) were fragmented at
levels ranging from 3 to lOX Ft.. 59 failed to develop. The posterior
egg fragment never continued development so anterior partial embryos
were not observed. Of all surviving anterior egg fragments, 531
developed embryonically. The frequency of embryonic development at each
level of fragmentation fluctuated. At levels of 9 and lOX EL less than
half (31 and 181 respectively) of anterior fragments developed
embryonically, suggesting a tendency for the whole embryo to be isolated
in the non-developing posterior fragment.
The most anterior segments present in posterior partial patterns are
shown in table 3.4.

The results were broadly similar to those observed

following fragmentation at the segmented thorax stage.

At a given UI.

posterior partial embryos usually began with segment 12 or 13; patterns
beginning with posterior abdominal segments were less frequent.
However, in contrast, the level of fragmentation had little effect on
the number of segments present.
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First Segment

Level
(%

>

n

G2 TG3

7

17

3

2

4

1

5

21

6

18

7

25

8

8

9

4

10

3

1

99

T2

T3

2

3

3

Al

*2

A3

*4

1

3

2

1

2

AS

*6

Al

AS

A9

AlO

All

2

2
1

1
3

5

2

1

3

1

1

2

2

1

2

1

1

1

1

1

1

1

j

1
1
1

=
T0Th1..

Ti

1

1

= == = = = = =
1

3

8

14

7

4

6

6

= = =
2

2

3

1

=
1

Table 3.4.
The identity of the segment fou nd anteriorly (first) in the
posterior partial patterns
(in which th e segments present could be
identified) resulting from fragmentation, at the levels (ZEI.) indicated,
at the heart shape stage. The values shown represent the actual number
of posterior partial patterns with a given segment as the first segment
of the pattern (total 59). n indicates the number of eggs developing
embryonically at each level of fragmentation (total 99).
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Discussion
Fragmentation of long germ eggs "early" in development resulted in a
gap in the pattern formed by the pair of egg fragments, which suggested
that the complete pattern of segments is generated by interaction of
anterior and posterior gag regions. (Sander, 1960). The aim of the
experiments described in this chapter was to determine whether segments
in short germ eggs are generated by anterior/posterior interaction
within the germ anlage.
Where was the embryo divided ?
.

In order to study whether segmentation requires such interactions it
was necessary to divide the embryo in regions where segments had not
formed, that is in the visibly unsegmented, posterior of the embryo.
However, in short germ embryos the sequential appearance of segments
implies all regions of the (visibly) unsegment.ed protocorm may not be
equivalent with respect to the progress of segmentation. Therefore it
was necessary to divide embryos (at a given stage) at different
anterior/posterior levels within the unsegmented region.
To interpret the results it was necessary to know where the embryo had
been divided.

Percentage egg length was shown above not to be an

accurate measure of this site.

The site of separation could perhaps be

deduced from the partial patterns of segments observed, assuming
fragmentation divided the embryo just posterior to the last segment
present in anterior partial embryos or just anterior to the first
segment present in posterior partial embryos.

This appears to have

occurred in the eggs which formed complementary partial patterns

(4

eggs). However, in general posterior partial patterns suggested that
embryos were divided at a position different to that suggested by
-interior partial patterns (compare the "total" lines of tables 3.1 and
3.2). This is clearly true also of the data from non-complementary
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partial patterns.
The segments absent in non complementary patterns generally included
either segments visible at fragmentation or those immediately posterior
to visible segments suggesting that fragmentation had not divided the
embryo at all anterior/posterior levels within the visibly unsegmented
region (figure 3.6). Only in two cases did the position of the gap
imply a relatively posterior level of fragmentation; one embryo lacked
segments A4 and A5, the other A4 to A?.
The patterns which formed following fragmentation. may have been
affected by:
(i)Pattern regulation similar to that resulting in the gaps seen in long
germ embryos (see below).
(ii)Damage resulting in the loss of tissue visibly segmented at the time
of fragmentation or visibly unsegmented but determined to form certain
segments.

That damage did occur, but that its effect upon the final

pattern was variable, was suggested by the development of

both

complementary patterns and non-complementary patterns lacking segments
visible at the time of fragmentation.
(iii)The size of the egg fragment in which the partial embryo was
developing Anterior partial embryos developed in a fragment that
represented a small proportion of the egg. Segmentation may have ceased
due to stress imposed by lack of space or nutrients, for example. An
effect of fragment size is supported by the observation that the
frequency of development of anterior partial embryos relative to the
frequency of posterior partial embryos was low (figure 3.4).

Pattern Formation
Evidence for anterior/posterior interaction.

In long germ species

evidence for the gap, indicativeof the anterior/posterior interaction,
is provided by (a)the correlation between fragment size and the number
of pattern elements formed (following fragmentation at a given stage);
(h)ttie increase in the number of pattern elements formed with
fragmentation at increasingly late stages (in a fragment of given size),
and confirmed by analysis of (early) non-complementary and (later)
complementary patterns. If a similar anterior/posterior interaction
occurs in the germ anlage of short germ eggs a transition would be
expected; from an anterior region where the interaction was complete and
hence the segmental pattern unaffected by fragmentation, to a posterior
region where the interaction was occurring and prevented by
fragmentation resulting in the loss of segments. The four complementary
patterns observed were divided in the region of segments visible at the
time of fragmentation, or just posterior to them. The gaps observed in
the nineteen non-complementary patterns usually also included these
segments. There was therefore no conclusive evidence for such a
transition.

From non-complementary patterns it can be deduced that, in embryos
divided immediately posterior to visible
unsegmented

the

visibly

posterior portion of the embryo can undergo visible

segmentation.
posterior

segments,

The two embryos unambiguously divided some distance

to visible segments, suggested that both anterior and

posterior regions continued to segment. These results differ from those
reported by Krause and Krause (1957), who transversely cut the germ
anlage of the short germ stone cricket, Tachycines, using a fine needle.
Following this operation eggs usually developed extraembryonically or

gave rise to a normal embryo. Partial patterns were not observed.
However the tendency of anterior partial patterns to terminate with
the last segment visible at the time of fragmentation (13) or the next
segment due to visibly form (Al). regardless of the level of
fragmentation,

suggested

the possibility that anterior embryonic

fragments isolated from the posterior do not continue segmentation.
Alternatively, the predominance of anterior partial embryos
terminating with segment 13 and the rarity of patterns terminating with
mid and posterior abdominal segments (table 3.2) may reflect the
relative sizes of segment 13 and the visibly unsegmented protocorm at
the segmented thorax stage. The visibly unsegmented region, due to form
11 segments, is about 1/3 of the total length of the embryo and only
112 times as long as segment T3

2

(see figure 2.1d). However, this would

not account for the discrepancy in the range of partial patterns formed
by anterior and posterior partial embryos.
The

failure

of

anterior

partial embryos to undergo further

segmentation may be due to some effect resulting from the small size

of

the posterior egg fragment (see above).
The size of segment primordia. The number of posterior partial patterns
that began with each of the segments not visible at the time of
fragmentation (Gi to All at the heart shape and Al to All at the
segmented thorax stage) varied. Posterior partial patterns which began
with the more anterior of these segments were most frequent (although
patterns beginning with gnathal segments were rare at the heart shape
stage) and there was a gradual decline in the frequency beginning with
increasingly posterior segments (see figure 3.1). This decline may
reflect a failure of small isolated portions of the embryo to develop.
Alternatively, the probability of dividing the embryo between posterior
abdominal segments would be low if the 'primordia' of segments not yet
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visible were unequally

represented' in some way in the unsegmented

protocorm, posterior segments being represented by a smaller proportion
of the anterior/posterior length of the protocorm than anterior segments
approaching the time of visible delineation.

heart shape

segmented thorax

20

20

be
U
C

U
C

D 10

.10

I-

I-

GI G2G3 TI T2 T3AI A2A3 A4A5A6A7 A8A9A1OA1I

pattern element

Gi G2G3T1 T7T3AI A2A3U ASM A7A8 AQAIO All

pattern element

figure .LJ..
The frequency with which posterior partial embryos began
with segments GI to All following fragmentation at the heart shape and
segmented thorax stages. The total number of partial patterns in which
the segments present were identified is given.
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Conclusion
The data suggest segmentation can continue in anterior and posterior
portions of the embryo separated by fragmentation. Because the level of
fragmentation cannot be accurately determined it is not possible to say
if this is true following separation at all anterior/posterior levels.
The majority of anterior partial embryos terminated with segments
visible or due to visibly form at the time of fragmentation. This
effect may be due to their separation from more posterior regions.
It is unclear whether continued segmentation of anterior and posterior
partial embryos, separated within the visible unsegmented region,
generates the complete pattern. Hence it is not possible to conclude
whether, or in what way, segmentation of the complete pattern is
dependent upon anterior/posterior interactions within the short germ
anlage.
Problems encountered in this work might be resolved by a technique
permitting in vitro culture of the embryo so that the embryonic site of
fragmentation could be directly controlled and the extent of damage to
the embryo monitored.
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Chapter 4
Heat Shock of a Short Germ Embryo
I. The Location of Segmental Abnormalities
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Introduction
Segmentation has been studied in the anurans Rana and Xenopus using
the technique of heat shock in which embryos were subjected to a short
period of increased temperature (Fisdale et Al, 1976; Cooke, 1978;
Pearson and Elsdale, 1979; Elsdale and Pearson, 1979) which resulted in
the disruption of a series of somites. During embryogenesis there were
two periods of sensitivity to heat shock, separated by an insensitive
refractory period. The first occurred during gastrulation and was
characterized by disruptions distributed throughout the somite file.
Towards the end of this period abnormalities became restricted to
increasingly posterior somites as heat shock was given at progressively
later stages; the number of anterior somites developing normally
increased. The second period of sensitivity to heat shock began at the
neurula stage and continued into the stages of visible segmentation.
Heat shock at the neurula stage induced a region of disruption which
started with the first somite. Thereafter the position of the first
abnormal somite retreated posteriorly as heat shock was delivered at
progressively later stages.

The somites which appeared immediately

after heat shock were normal.

At visibly segmented stages the

relationship between the last somite visible at heat shock and the
development of the first somite affected was constant. In Xenous the
sixth somite to develop was abnormal; in Rana the fourth or fifth
(Pearson and Elsdale, 1979)
These results suggested that a wavefront of cellular change preceded
visible somitogenesis with a fixed relationship. The constant
relationship between the two waves suggested the wavefront of cellular
change may have some role in visible somitogenesis (Elsdale et,Al, 1976;
Pearson and Elsdale, 1979) although the nature of this role remains
obscure (see Cooke, 1981).
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The similarity between amphibian somites and insect segments, that is
the repeated pattern of similar units suggests a common process may be
fundamental to them both. Eggs of ,. QreQaria were heat shocked
therefore, at stages of development prior to and during visible
segmentation of the embryo.

Materials and Methods
Eggs were heat shocked at intervals between egg deposition and the
visible appearance of segments. The period prior to germ anlage
formation was termed "early" and the subsequent period "late". Early in
development eggs of a known age were heat shocked; later eggs of a known
morphological stage.

Some overlap was found between the last timed

stage (30h) and the first morphological stage (disc).

A heat shock was

given by incubating eggs in test tubes of water at 48 °C for 15 minutes.
Heat shocked eggs were placed in petri dishes in a 30 0C incubator until
hatching. To assess the effect of handling, a "sham" heat shock of 30 0C
(the temperature at which eggs were incubated normally) was given. The
consequences of altering the temperature or duration of heat shock were
investigated also.
The stage at which embryos were shocked late in development was
determined from a sample of 10 or 15 eggs removed from each pod and
fixed just before the remainder were heat shocked. The median stage of
the sample was taken as that reached by all members of the pod.
Heat shocked eggs were examined every few days and degenerating eggs
were removed. The effect of heat shock on the segmental pattern was
determined in first instar hoppers. Animals were fixed as they hatched,
usually after they had become pigmented. Eggs which failed to hatch one
or two days after the majority were fixed also. The location of
disruptions within the head was assessed wholly on the appearance of the
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eyes and the appendages (labrum, antennae and mouthparts) as individual
head segments are not visibly delineated.

Defects involving segments'

of the antennal flagellum were ignored.

In the abdomen and thorax

segments and their appendages were examined for defects.

Abnormalities

were located with reference to segments which were unambiguously
identifiable (see chapter 3). Abdominal segments A2 to Al (and A8 in
males) are similar and the segments

affected

by heat shock were

determined by counting from segments which could be recognized.
Identification of abnormal segments with reference to position within
the file was a problem only where the disruption involved the apparent
loss of one or more of these similar segments, since the missing segment
could not be identified. Whenever a segment was lost from an animal
with some other defect it was assumed that the loss and the visible
disruption had occurred in adjacent segments. For example, segments A2,
A3 and A4 would be scored as disrupted in an animal with one segment
missing and an abnormality affecting the second and third abdominal
segments present (when counted from anterior recognizable segments).
Segments were scored as abnormal without reference to the location of
the disruption within the segment circumference (or its appendages).
Thus, for example a segment with a disruption extending throughout its
circumference and a segment in which the abnormality was confined to a
single hemisternite were treated as equivalent.
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Results
Following heat shock three categories of result were observed;
normal animals
animals with abnormal segments
eggs which failed to develop.
The majority of eggs falling into the last category were dead and
usually discoloured, or had burst and extruded yolk. Sometimes the
discoloured region was confined to the extreme posterior tip of the egg
where the embryo normally develops. A small proportion of eggs in this
category appeared normal, however dissection revealed that they lacked
an embryo.
In some animals it was difficult to ascertain whether the pattern was
abnormal or not; in others it could not be established which segments
were abnormal. Animals were damaged occasionally during dissection from
the egg and could not be classified. Embryos lagging far behind their
heat shocked, hatching siblings were classified as not scorable.
The response of individual pods heat shocked at a given stage of
development was variable.

In a single animal heat shock usually

resulted in the disruption of a series of consecutive segments.

Two

areas of disruption separated by a sequence of one or more normal
segments occurred rarely (in 151

of animals with defective segments

resulting from early heat shock and 61 of those resulting from late heat
shock). The results are described under three headings:
A. The response to early heat shock
8. The response to late heat shock
C. The response to a heat shock of different seventies
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A. The response to early heat shock
The frequency with which each of the three categories of result were
observed, following heat shock to eggs at stages of development prior to
germ anlage formation, is shown in table 4.1. A comparison of the data
for eggs aged approximately 3h, either sham shocked at 30 ° C or heat
shocked at 48 ° C, showed that heat shock resulted in a significant
increase in the proportion of eggs failing to develop an embryo
(F:10.65, P(0.01; the F ratio test used is described in the appendix).
The frequency of heat shocked eggs giving rise to animals with segmental
abnormalities was not significantly different from that of the sham
shocked control (F2.38, NS).
During this period of development the response to heat shock showed no
general trends with increased age. The frequency of eggs failing to
develop an embryo and of eggs developing normal animals fluctuated and
ranged from 26 to 59Z and 32 to 591 respectively.

The frequency of

animals with abnormal segmentation was consistently less than lOX.
aspect of the results was influenced by age, however.

One

From the 18h

30min stage onwards, failure to develop an embryo was often associated
with localized death and degeneration at the extreme posterior tip of
the egg.
The location of abnormalities within the segment

file

seemed

independent of the age at which heat shock was delivered since at all
ages disruptions were observed in head, thorax or abdomen (figure 4.1).
A similar distribution of segmental abnormalities was found in the sham
shocked control.
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Age (h)
Control
3h 5s

lh

no. otpods

6

8

r. of eggs

281

•
•
•
•

failing to develop
animals with defects
normal animals
unclassified

(% localized death at posterior tip)

2h 55mi

118 JOW

oh

188 30m

23h 3

308 351

8

9

8

6

5

8

370

378

428

366

331

265

399

21

42

49

59

26

48

55

40

3

7

8

S

10

5

6

3

72

44

38

32

59

45

36

54

4

6

4

3

5

2

3

3

..,.

9

9

11

4- ie$s than

i

-----

Summary of the results following early heat shock showing
Table 41.
the response of eggs shocked at the ages given. Ages are the median age
of the pods used in each group (the range is shown below). The top two
rows indicate the number of pods and the total number of eggs heat
shocked; the following four rows the frequency (Z )
of the total number
of eggs, falling into the classes shown. The last row indicates the
percentage, of the total, in which failure to develop was associated
with localized death at the posterior tip of the egg (remaining regions
developing extraembryonically).
These data are included also in the
percentage failing to develop.
Eggs aged 3h 5mm. were given a sham
heat shock.
The ages of pods used in each group ranged from 2h 40m to
3h 25m for the sham heat shocked control, median age 3h 5m; 25m to lh
30m, median lh; 2h 5m to 3h 30m, median 2h 55m; 4h 50m to 6h 30m, median
6h; 9h 55m to llh 53m, median llh 10m; 18h to 19h 48m, median 18h 30m;
22h 25m to 24h 28m, median 23h 30m; 29h 15m to 31h iBm, median 30h 35m.
,
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lh
98

lb
eye
ant
Gi
G2
G3
Ti
T2
T3
Al
A2
A3
A4
A5
A6
Al
A8
A9
A1Qtll

3h 5m
control
22

2h55m

6h

lihiOm

18h 30m

23h30m

30h 35m

98

79

108

54

63

33

1

10%

I

Figure j.j.. .
The location of segments affected by heat shock early in
development at stages aged from lh to 30h 35mm.
The data for eggs
given a sham shock at the age of 3h 5mm. is shown also.
The kite
diagrams show the frequency with which each segment was affected by heat
shock calculated as a proportion U) of the total number of abnormal
segments.
The total number of abnormal segments is given for each
stage.
The total number of eggs heat shocked is given in table 4.1.
Segments are labelled 61 to AlO/li, the other pattern elements scored
for defects were the labrum (lb), eyes and antennae (ant). A frequency
of lOX is represented by the length of the scale bar shown.
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B. The resoonse to late heat shock
Late heat shock was delivered at morphological

stages

during

development, from formation of the germ anlage (disc stage) to visible
segmentation of the abdomen. The results are described in three
sections.
(1) Sensitivity to heat shock.

A comparison of the data for heat

shocked and sham heat shocked embryos showed that at all stages (except
disc and sAl) the frequency of animals with abnormal segments was
greatly increased following heat shock (see figure 4.2). Between heart
shape and sAl stages the frequency of eggs failing to develop following
a sham or heat shock fluctuated (see tables 4.2a and b), but at any
given stage (apart from segmented A2 and segmented A3) values for sham
and heat shock were not significantly different (heart shape, F=1.55;
elongating protocorm. F3.29; segmented thorax, FO; sAl, F0.10; sA6,
F1.75; sA5, F3.44; sA6, F:0.03; sAl, F1.00; P>0.05; sA2, F8.32.
P<O.Ol; sA3, F6.69, P<0.025) suggesting that failure to develop was due
to handling and not heat shock.

loot-

>,
0

50

disc hs ep sT sAl sA2 sA3 sA4 sA5 sA6 sA7

Figure j. . Frequency of animals with abnormal segmentation following a
heat shock delivered at the stages shown (solid bars).
The dotted bars
indicate the frequency following a sham heat shock.
Data were taken
from tables 4.2a and b.
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Stage of Development

Disc

HS

EP

CT

SAL

sA2

5A3

sA4

lAS

sM

sA7

no. of xxls

13

19

15

7

10

14

18

14

9

14

8

no. of eggs

461

780

522

231

402

480

638

513

293

480

239

• failing to develop
• animals with defects
• normal ariiiia.ls
% unclassified

38

24

34

ii

20

10

9

6

i

17

19

3

38

41

70

74

71

59

35

23

25

7

56

31

19

8

3

ii

26

52

65

53

67

3

7

7

11

4

8

7

6

5

4

8

(CO

Stage of Development
no. ofpods
no. of eggs
%failing to develop
%aziimals with defects
9orma1 animals
%unclassified

Disc
14
125

7
0
90
2

HS

HP

9

6

273
17
2
81

190
114
2
80
14

0.14

sT
7

sAl
14

231
11
2
85
2

158
23
1

sA2
7
195
21
2

237

75
1

76
1

78
2

aA3
7
19
1

sA4
8
280
13

sA5
5
127

5
79

3
80
2

3

15

sA6
8
252
18
1

sA7
7
2814
12
2

73
7

85
1

(b)

Table .Li. (a) Summary of results following late heat shock illustrating
the response of eggs heat shocked at the stages shown. The top two rows
indicate the number of pods and the total number of eggs heat shocked;
the following four rows the frequency of the total number of eggs
falling into the classes shown. Eggs in which the absence of embryonic
development was associated with localized death of the posterior egg tip
were rare throughout (11 or less). (b)shows the response of eggs given a
sham heat shock.
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However at the disc stage the increase in the frequency of eggs failing
to develop after a heat shock was significantly different to that of the
sham heat shocked control. (F=4.76, P<0.05).
The frequency of eggs giving rise to

animals

with

abnormal

segmentation following heat shock suggested a peak in sensitivity at the
sAl stage (figure 4.2).

At sAl and disc stages the frequency of

segmental defects was low and similar to that of the control.

This

suggests that the majority of embryos in pods of eggs staged as sAl were
insensitive to heat shock and that the last stage affected was sA6. At
the disc stage the response to heat shock was similar to that observed
following early heat shock (see table 4.1).
(ii) The segments affected by heat shock.
of development from disc to

SM

stages induced defects in the thorax and

abdomen at relatively high frequencies.
were rarely disrupted.

Heat shock during the period

The procephalon and gnathos

At the disc stage the distribution of defects

within the segment file resembled that observed following early heat
shock and all segments (apart from T3) were affected at similar
frequencies (figure 4.3).
From the heart shape stage onwards the segments affected depended upon
the stage at which heat shock was given. Heat shock at progressively
later stages affected increasingly posterior segments (figure 4.3). The
segments found to be abnormal were not those visible at the time of heat
shock or those which formed immediately afterwards. Rather, there was a
latency between the heat shock and the register of its effect upon the
pattern. This lag was measured by counting the number of normal
segments between the last segment visible at heat shock and the most
anterior segment affected by it (figure 4.4).
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Figure 43.
The location of segments affected by a heat shock delivered
late in development at stages from disc to sAT.
The data are presented
A frequency of 101 is represented by the length of
as in figure 4.1.
the scale bar shown.
Frequencies of less than Il are represented by a
line.
The total number of abnormal segments is given for each stage.
The total number of animals with defects is shown in figure 4.4 and the
total number of eggs heat shocked in table 4.2.
Defects in which the
only abnormality was the apparent loss of one (or more)
abdominal
segments were not
included for reasons described in Materials and
Methods.
Following a sham heat shock at each of the stages shown the segments
affected were;
disc,
0 animals with segmental defects: heart shape.
Ti-A?,
A?-A5,
Ti-AlO/il.
A6-A7
elongating
A3-A10/11,
(5
animals);
protocorm.
AS-AlO/li,
A7-Ai0/1I (2 animals): segmented thorax, lb-eye.
Ti -T? . 13, A6-A1 0/11 (4 animals); sAl . T2-T3
A2-A3
sA2
(2
animals) ;
Al-A'..
Al-A10/11,
A6-A7
sA],
12-A3, T3-A10/11 (3
(3
12,
animals);
animals); sA4 . G2-A1
G3-T1
11-13. T1-T? and A3-A4
Ti-A?,
T3,
Al-A3.
Al-A'..
A2-A4,
A3-A5, A7-A8. A7-A9. A8-A10/11 (13 animals); sA5, G1-G3.
AS-A?
G1-13, A4-AiO/1 1
animals);
Al-A?,
Al-A'.,
(4
sA6,
A8-A9
(3
animals); sAl, lb. Al-A'., A2-A3, A5-A?, A7-A9 (5 animals).
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Figure 4.4.
Identity of the first segment (most anterior) affected by
heat shock delivered at the stages of development shown.
Kite diagrams
show the frequency with which a given segment was the most anterior in a
series of affected segments as a proportion (l) of the total number of
animals with segmental defects. This total is given for each stage
(defects in which the only abnormality was the apparent loss of one (or
more) abdominal segments again were not included). Segments are
labelled and the data presented as in figure 4.1. Data were not plotted
for disc and sAl stages as at the former the pattern of response was
unlike that observed for the heart shape and subsequent stages (see
text) and at the latter the frequency of animals with abnormal segments
was low (17 out 239 eggs heat shocked) suggesting the majority of eggs
from pods staged sAl had reached a stage at which heat shock no longer
had any effect. For the identity of the first abnormal segment in the
disruptions observed following a sham heat shock see the legend to
figure 4.3.
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The latency in the response to heat shock in terms of the
Table ..Li.
number of normal segments developed between the last segment visible at
the time of heat shock and the first abnormal segment in a disrupted
region, and the interval of time between heat shock and the appearance
The mean ages of stages from heart
of the first abr('&O1.l segment.
13 and
shape to sAS are given; stages sAl, sA8 and sA9 occurred at 69,
The frequency with which a given
69h respectively (see figure 2.3).
segment was observed as the most anterior affected segment at each stage
is shown in figure 4.4. Data for the disc and sAl stages are not given.
At the disc stage defects occurred throughout the segment file; the
majority of embryos from pods staged sAl were not affected by heat
shock.

The number of normal segments which formed after a heat shock was
usually two or three regardless of the stage at which the shock was
delivered (table 4.3). When measured as the time betwee'n age at heat
shock and that at which the most anterior segment registering its effect
becomes visible (cf figure 2.3) the latency was usually between 5 and
lh. The latency estimated following heat shock at heart shape and
elongating protocorm stages was longer (11 and 12h respectively).
A discontinuity was observed in the distribution of defects within the
abdomen. Although segments A5 and AS were affected by heat shock they
were found rarely as the first abnormal segment in a disrupted sequence
(figure 4.4). The deficiency of defects beginning with these segments
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was emphasized by the distribution seen at the sA2 stage.

The number of

times each segment was scored as abnormal or was the most anterior
segment affected by heat shock is shown in figure 4.5. Since large
numbers of eggs were heat shocked at stages which might have been
expected to result in disruptions which began with segments 45 or 46
(i.e. stages sAl, sA2, and sA], see figure 4.4, hence the large number
of animals with segmental disruptions beginning with segments 44 and
47), it seems the absence of disruptions beginning with segments A5 and
46 was not due to inadequate sampling.

Soo

400

700

600

300

500
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300

100

200

100

0
pattern element

pattern element

(b)

(a)

Figure 4.5 (a) Showing the total number of times each segment was
affected by heat shock (total number of affected segments was 5,373);
(b) the total number of times each segment occurred as the most anterior
in an affected region (total number of defects was 1998).
Data taken
from the heart shape to sAS stage.
Again disruptions in which the only
abnormality was the apparent loss of a complete segment(s) cannot be
plotted. Segments are labelled Gi to Ala/il and the other pattern
elements scored labrum R), eyes (E) , and antennae (A).
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(iii) The extent of defects. In any given animal the number of segments
usually affected by heat shock was two or three (figure 4.6). However,
the number of segments affected at relatively high frequencies varied
with stage. At some stages (sA3, sA4, and sA5, for example) only two or
three segments were affected usually; at others (heart shape, sAl and
sA2) a greater number of segments was affected (figure 4.3). However,
interpretation is difficult as the extent of disruptions was restricted;
posteriorly,

because AlO/il is the last segment of the animal;

anteriorly, because gnathal segments were rarely affected.

The absence

of defects beginning with segments A5 and A6 also clearly influenced the
distribution.
At the heart shape and sA2 stages the spread of segments affected may
have been due, in part, to variability in which segments were affected
(as indicated by the identity of the most anterior abnormal segment, see
figure 4.4). Reference to the raw data for individual pods heat shocked
at these stages showed that although there was often some variability
within a pod, the variability observed was due to differences between
pods.

However, at the sAl stage in more than half of the animals with

segmental defects A4 was the most anterior segment affected.

At this

stage the mean value for number of abnormal segments per disruption was
slightly higher than at other stages (figure 4.6) and this may have
contributed to the spread of affected segments observed.
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The
The number of affected segments per disruption.
Figure 4.6.
frequency of disruptions involving 1,2,3 segments etc. was calculated as
a percentage of the total number of disruptions observed for each stage.
The total and the mean number of segments/disruption (with standard
deviation) is shown for each stage. The figure includes data from
animals in which a single segment or two segments were missing (scored
as having 1 and 2 segments/disruption respectively).
The difference between total numbers shown in this figure and those
shown in figure 4.4 gives the number of animals with defects consisting
of loss of segments.
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C. The resoonse to heat shock of different severitie s
Heat shocks of a different duration or temperature were delivered to
embryos at the elongating protocorm stage. All the heat shocks given
raised the proportion of eggs giving rise to animals with abnormal
segments above that of the sham heat shocked control (table 4.2b). As
the heat shock became more extreme the frequency of normal animals
declined and the proportion affected by heat shock increased (table
4,4). When the results were considered with respect to the heat shock
utilized in the main experimental series (i.e. 48 ° C, 15mm.) an increase
in the frequency of eggs which failed to develop occurred following a
more severe heat shock. The frequency of animals with abnormal segments
reached a peak at 48 °C 15mm.
480 C

Parameters of heat shock
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Table 4.4.
The effect of varying the severity of heat shock at the
elongating protocorm stage.
In the first block of results the
temperature was maintained at 48 ° C and different periods of heat shock
from 5 to 30 minutes given. In the other block the duration was
maintained at 15 minutes and the temperature varied from 45 to 49 °C.
The top two rows indicate the number of pods and the total number of
eggs heat shocked; the following four rows the frequency of the total
number of eggs falling into the classes shown.

As the heat shock became more severe the mean number of segments per
defect increased (figure 4.7). However, the severity of the heat shock
had little effect on the identity of the most anterior segment affected.
The median position of the first abnormal segment was Al or A2 (figure
4.8).
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C. The response to heat shock of different severities
Heat shocks of a different duration or temperature were delivered to
embryos at the elongating protocorm stage. All the heat shocks given
raised the proportion of eggs giving rise to animals with abnormal
segments above that of the sham heat shocked control (table 4.2b). As
the heat shock became more extreme the frequency of normal animals
declined and the proportion affected by heat shock increased (table
4.4). When the results were considered with respect to the heat shock
utilized in the main experimental series (i.e. 48 0 C, 15mm.) an increase
in the frequency of eggs which failed to develop occurred following a
more severe heat shock. The frequency of animals with abnormal segments
reached a peak at 48 °C 15mm.
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Table 4.4.
The effect of varying the severity of heat shock at the
elongating protocorm stage.
In the first block of results the
temperature was maintained at 48 0C and different periods of heat shock
from 5 to 30 minutes given. In the other block the duration was
maintained at 15 minutes and the temperature varied from 45 to 49 0C.
The top two rows indicate the number of pods and the total number of
eggs heat shocked; the following four rows the frequency of the total
number of eggs falling into the classes shown.

As the heat shock became more severe the mean number of segments per
defect increased (figure 4.7). However, the severity of the heat shock
had little effect on the identity of the most anterior segment affected.
The median position of the first abnormal segment was Al or A2 (figure
4.8).
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Figure jj.
The number of affected segments per disruption following
heat shocks of varying severity delivered at the elongating protocorm
stage Data plotted as in figure 4.6. Individual graphs represent
response to a heat shock of temperature and duration indicated.

78

45t 15mm

47C 15mm

48'C 15mmrm

49C lSmmn.

33

93

193

24

lb
eye

0%

an
G

GI
Ti
C
4)

E
4)
4)
C

12

13
Al
A2

4,

a
CL
A5

All
Al

AS
A 10/

5min.48C
87

10min.48C
70

20mrn48C

30mut48C

106

45

M~

I

lb
eye
ant
Gi
G2
63

1- i
C
S

E
V
S
C

12

13
Al
A2

V

A3

a

A4
AS
A6
Al
All
A9
A10/11

53

Identity of the first segment (most anterior) affected
Figure jj.
following heat shocks of varying severity delivered at the elongating
protocorm stage of development. Data plotted as in figure 4.4. Each
kite diagram shows the result following a heat shock of temperature and
duration indicated. The number of animals with disruptions is given.
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Discussion
The effect of heat shock early in development
Prior to germ anlage formation the response to heat shock was similar
at all stages. The majority of eggs either degenerated or gave rise to
normal animals, and the proportion of surviving animals with segmental
defects was low. All segments were affected by heat shock with similar
frequency; the location of defects within the segment file was not
influenced by stage at heat shock and was similar to that of the sham
heat shocked control. This pattern of response was observed at the
first stage after formation of the germ anlage, that is the disc stage.
Heat shock therefore, showed no specific effect on segmentation. This
result is in contrast to that observed in amphibians in which segmental
abnormalities became distributed throughout increasingly posterior
somites as heat shock was delivered at progressively later stages during
the early period of heat shock sensitivity (Elsdale and Pearson, 1979).
Early heat shock did result in an increase in the proportion of eggs
not developing. However, the point at which such eggs ceased
development and the extent to which development of egg and embryo was
normal subsequent to heat shock were not established. It is possible
that some of the embryos in these eggs may have had disrupted patterns
of segments. Surviving animals with segmental defects may have arisen
when the effect of heat shock was not severe enough to result in the
cessation of development but irreparably damaged some cells which later
became incorporated into the germ anlage.
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The effect of heat shock late in development
The relationship between stage at heat shock and the segments affected.
From the heart shape stage onwards the results resembled those
described for amphibians heat shocked immediately prior to and during
visible somitogenesis, that is during the second phase of sensitivity
(Elsdale et a]., 1976; Pearson and Elsdale, 1979). The location of
defects was stage specific and shifted posteriorly from thoracic to
posterior abdominal segments as the heat shock was delivered at
progressively later stages of development. There was a constant
relationship between the last segment visible at the time of heat shock
and the most anterior segment affected, and this was not influenced by
the severity of the heat shock given. The segment first to register the
effect was the third or fourth to form after heat shock, a result
similar to that observed in Rang. Heat shock therefore, seemed to
locate the anterior to posterior progress of a wavefront of cellular
change which preceded and had a constant relationship with the wave of
visible segmentation.
The work on amphibians implied that heat shock affected some process
involved in the generation of segments. Pearson and Elsdale (1979)
interpreted their results in terms of the clock and wavefront model,
proposed by Cooke and Zeeman (1976) in which somites are generated by
the interaction of two components; a gradient, set up early in
development, which specifies the rate at which cells become competent to
undergo segmentation (the wavefront) and a cyclical process (the clock)
the different phases of which occur synchronously in all presumptive
somite cells. During a particular phase of the cycle those cells which
have recently become competent co-operate to form a presumptive somite
and thereby a somite prepattern is created.
In amphibians presumptive somite cells affected by heat shock tended
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to associate in smaller and more irregular groups than normal, and so
failed to form segmental blocks, and this lead Pearson and Elsdale
(1979) to suggest that heat shock affected the cyclical component
necessary for the co-ordination of cells. Heat shock induced
disruptions therefore, located

the

boundary

between

prepattern

(anterior) and unspecified tissue (posterior). Since the most severe
disturbance occurred anteriorly, the somite pattern gradually becoming
normal posteriorly, a recovery process was inferred; the asymmetry of
the disruption reflecting the degree of co-ordination recovered at the
time when cells interacted with the wavefront.
In work on amphibians the effect of heat shock was studied at the
cellular level shortly afterwards. In S . gregaria the effect of heat
shock on the cuticular pattern was examined some 12 or so days after
heat shock.

The patterns of disruption, therefore may not be directly

comparable.

In S. gregaria disruptions were not obviously asymmetrical

and there was nothing to suggest that the most anterior segment was more
abnormal than the posterior segments affected by heat shock (see chapter
5). Thus, although the results described for S. gregaria are very
similar to those observed in amphibians there was no evidence for
recovery.
A result similar in some ways to that described for

greQaria was

observed by Heinig (1967) following the X-irradiation of eggs of Acheta,
an intermediate germ insect (see Sander, 1976). The location of defects
was dependent upon the stage at which eggs were irradiated. Defects
induced at germ anlage formation affected thoracic, maxillar and labial
segments. At subsequent stages more anterior segments, the mandibular
and antennal segments, also were affected and finally the segments of
the abdomen. Head and thoracic segments became insensitive to X-ray
induced defects in the same sequence as they became susceptible,
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beginning with the mesothorax.

However, the location of defects in the

abdomen, which is thought to segment by the short germ method, followed
a rather different pattern.
abdominal segments.

Initially defects occurred in any of the

Subsequently defects tended to affect increasingly

posterior segments; loss of sensitivity occurring in an anterior to
posterior sequence.
. Qreaaria the

It seems therefore, that in

distribution

of

abnormalities, with stage, is more similar to that observed in the "long
germ segments" of Acheta than in the "short germ segments". However, in
both the abdomen (and anterior regions) of Acheta and the segments of S.
gregaria there was a sequential loss of susceptibility to the effects of
X-irradiation and heat shock respectively. The apparent differences
between the short germ segments of Acheta and . greparia may reflect
the different effects of heat shock and X-irradiation rather than a
difference in the process of segmentation.
Stage dependent aspects of the response to late heat shock.

The

frequency of heat shock induced abnormalities varied with stage reaching
a peak at the sAl stage (figure 4.2). The decline at sA4, sA5 and sA6
stages may indicate that a proportion of the eggs in pods heat shocked
at these stages had developed beyond the sensitive period (which the
results suggested ends at sAfi; Cf table 2.1 which shows the range of
stages encountered within a pod). This does not provide a complete
explanation, however, since sensitivity was reduced also at the sA3
stage (compared to sA2, for example) when the segments affected were A8
and A9 rather than A9 and AlO/li (the posterior end) suggesting embryos
in these pods had not yet reached the last stage sensitive to heat
shock.
The position of defects with respect to the most anterior segment
affected also differed between stages. One factor which may account for
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the range of positions at which defects were located, is the duration of
each stage in relation to the number of segments generated (although not
visibly) during the period of that stage. If the rate of segmentation
is constant, heat shock given within a stage of long duration might be
expected to induce defects each affecting a small number of segments but
beginning at different positions according to the exact developmental
age of each of the pods of eggs at the time of heat shock. The segments
of the abdomen did become visible over similar intervals of time (cf
figure 2.3) and defects were similar in extent at all stages suggesting
that the rate of segmentation was constant. In chapter 2 it was shown
that the duration of the first three stages, disc, heart shape, and
elongating protocorm, was particularly long. This may account,
therefore, for the variability in the location of defects seen at the
heart shape stage (but not the lack of variability seen at the
elongating protocorm stage). The sA2 stage however, was of similar
length to other stages during segmentation of the abdomen.
Segments affected by heat shock at low frequencies.

The frequency with

which segments were affected by heat shock was variable.

The frequency

of defects involving gnathal segments was low and, in the abdomen,
defects often included segments A5 and A6 but they rarely began with
them.
It was unlikely that the relative absence of defects in the gnathos
was due to difficulty in scoring these segments for defects, although
gnathal abnormalities were scored with reference to the appendages alone
(see Materials and Methods). There was no obvious reason why defects
involving the mouthparts should have been rare in view of the large
number of disruptions which involved the thoracic limbs (of the 250
disruptions involving thoracic segments which could be described, right
and left scored separately, at least 841 affected the appendages).
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In short germ embryos the development of gnathal segments is believed
to be similar to that of the thorax and abdomen (for example, see
Anderson, 1972; Sander, 1976). The lack of sensitivity of the gnathos
to the effects of heat shock suggested the development of these segments
may differ from that of the segments of the thorax and abdomen in some
way. Heinig (1967) did not find that the gnathos was less susceptible
to X-ray induced defects than other regions (see above).
The lack of heat shock defects beginning with A5 or A6 was also
unexpected. The absence of this 'class' of defects clearly influences
the distribution of segments affected by heat shock and the most
anterior segment of a disrupted sequence at the sA2 stage (figures 4.3
and 6.4 respectively) and will have an effect also on the number of
normal somites which form at this stage between the last segment visible
at heat shock and the first affected.
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Conclusion
Heat shock delivered at stages prior to and including the disc stage
appeared to have little effect upon segmentation. From the heart shape
stage to the sAl stage heat shock resulted in the disruption of the
segmental pattern. The segments affected depended upon stage at the
time of heat shock and a constant relationship was found between the
last segment visible at heat shock and the first segment affected by it.
In amphibians a similar result has been interpreted as an effect upon
segmentation in terms of the clock and wavefront model. Other
interpretations are possible however, and these will be discussed in
chapter 6. The results observed in 1. qrearia suggested also that some
segments were less susceptible to the effects of heat shock than others.
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Chapter 5
Heat Shock of a Short Germ Embryo
IL The Nature of the Segmental Abnormalities
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Introduction
In chapter 4 the effect of heat shock upon segmentation was studied
with reference to the location of defects in the segment file. In this
chapter its effect is examined with respect to the morphology of
affected segments. Fxperimentally induced segmental abnormalities have
been described recently in the larval segments of two species of
Diptera; in Calliphora, following X-irradiation of eggs before and at
cellular blastoderm stages (Pearson, 1914); in Drosophila, following
mir.rocautery at cellular blastoderm (Bownes, 1976).
Since

in

S . greqaria only the abdominal segments are clearly

delineated both dorsally and ventrally, disruptions involving these
segments were described in detail. The thorax was scored because in
this region the contribution of individually identified segments to
disrupted ventral patterns could be assessed using the legs which have
characteristics which distinguish them from each other (this also
applies to the gnathos but very few abnormalities affecting the
mouthparts were recorded). All abdominal segments are similar therefore
the abnormal limb patterns, and the dorsal patterns of disruption
associated with them, were compared with disruptions observed in the
abdomen, in order to infer the segmental composition of the latter.
In relating abnormal limb patterns to the patterns of disruption seen
dorsally in the thorax and the abdomen, at least two assumptions were
made; (i) that dorsal and ventral are not independent (discussed below);
(ii) the response of thoracic segments to heat shock is the same as that
of abdominal segments.
The abnormalities were also of interest in relation to the regulatory
properties of the embryo and were compared to the results of surgically
disrupting the established segment pattern in other insects.
For completeness defects affecting the head and those resulting in
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dwarfing or truncation of the animal were described also.

The patterns

of disruption are described in four sections: I Dwarf and Truncated
Animals; IT Disruptions of the Head; III Disruptions of the Abdomen; IV
Disruptions of the Thorax.

Materials and Methods
The patterns of disruption to be described were generated following a
heat shock of 48 ° C for 15 minutes delivered at stages prior to and
during segmentation of the embryo (see Chapter 4). Usually the effect
of heat shock on the segmental pattern was examined in first instar
hoppers.

Defects in animals fixed as hatchlings (prior to shedding the

embryonic cuticle) and late embryos were described also.

Sometimes

Cuticle was cut from

pieces of cuticle were mounted for examination.

fixed animals using razor blade knives and fine scissors and prepared
for mounting by gently stripping away tissue with watch-makers forceps
and then by treatment with 101 potassium hydroxide at 60 C for 2 to 3
hours. The cuticle was rinsed in water and dehydrated through a series
of ethanol solutions up to bOX ethanol, finally in bOX isopropyl and
mounted in Euparol.

Results
I Dwarf and Truncated Animals
Dwarf and truncated animals were occasionally observed following heat
shock at all stages of development. Dwarf animals, although reaching
stages immediately prior to hatching, usually failed to hatch and were
found in eggs in which the anterior region was degenerating. The
reduction in the length of these animals involved no loss of segments.
Similar animals were described by Moloo (1973) following removal" of
anterior regions of the egg by ligature in 5..
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reaaria.

In truncated animals anterior or posterior regions were absent (figure
5.1).

Truncation was usually observed in retarded animals fixed as

embryos.
-

.\ -

3 legs

Camera lucida drawing of a truncated embryo which lacked
Figure 5.1.
head and pro and mesothoracic segments (dorsal view).

IT Disruptions of the Head
Disruptions involving the eyes, antennae and labrum showed a tendency
towards either duplication or fusion of pattern elements (figure 5.2c
and d).

Various malformations of the labrum and gross stunting or

absence of the antennae were observed.

in the gnathos disruptions

included absence of the appendages of a particular segment and/or fusion
(proximally) of the appendages of adjacent segments, usually on one side
of the animal only (figure 5.2b).

Sometimes antennal and mandibular or

labial and prothoracic segments were fused.

Duplication of appendages

was observed also
Dorsally, head and thorax,

and sometimes anterior abdomen, were

occasionally fused in the vicinity of the midline but it was not
possible to determine which head segments were involved.
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The four heads shown (viewed
Disruptions of the head.
Figure 5.2.
ventrally) are from animals fixed as late embryos. Only the eyes, teeth
of the mandibles, claws of the laciniae and bristles (not shown) were
pigmented (indicated by stippling). (a)Normal head showing the features
scored. (b)Fusion of appendages. On the left of the animal the
appendages of segments Gi and G2 were fused proximally and the antenna
was absent. (c)Duplication of pattern elements. This animal bore one
One eye is not visible in the view
extra eye and one extra antenna.
The mouthparts
shown and lies dorsally (indicated by dashed arrow).
The hypopharynx which is normally concealed beneath the
were normal.
(d)Fusion and loss of pattern
labrum was visible in this animal.
The
The eyes and antennae were fused and the labrum absent.
elements.
mouthparts were normal.
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IN Disruptions of the Abdomen
The disruptions described were those resulting from late heat shock
and involved pairs of consecutive abdominal segments. Defects affecting
two segments were the most frequent class of result following heat shock
(see figure 4.6) and more extensive defects were similar to those
involving two segments (see below). Disruptions including segments AlO
and All (AlO/il) were not described as the pattern of these segments is
complicated by fusion and the appendages which they bear.
Features used in scorinQ
The cuticular pattern typical of abdominal segments (A? to Al and A8
in males) in the first instar hopper is shown in figure 5.3. Segment Al
is fused with the thorax ventrally and dorsally bears a pair of tympanal
organs. A8 (in females only) and A9 bear rudimentary genital
structures.

The features of the pattern examined were the anterior/

posterior and transverse extent of pigmented (tergite and sternite)
regions and the intersegmental membrane (ism). and the polarity and
location of bristles.

The pleurae were not examined for abnormalities

as they are relatively featureless and highly folded.

For convenience,

the segment circumference was divided into four quadrants, consisting of
the two hemisternites and two hemitergites. In a two segment defect one
or more quadrants are affected in each segment. Defects were grouped
into the four classes described below.
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The cuticular pattern of abdominal segments in a first
5.3.
Figure 5.3.
This camera lucida drawing is of the circumference of
instar hopper.
two segments, cut along the pleura on the left of the animal, which was
opened out and mounted. The cuticular pattern of sternite and tergite
and the extent of membraneous areas, the pleura lying between sternite
and tergite and the intersegmental membrane (ism) lying between
The dorsal pattern consists of the
is shown.
consecutive segments,
dorsal midline (a narrow cream line which extends the anterior/posterior
length of the segment) on each side of which is a distinct but irregular
A second band
cream band (bT) running roughly anterior to posterior.
The remaining areas of the tergite
(btl) was usually visible laterally.
Bristles were sparse and aligned parallel
are dark brown (stippled).
The anterior
with the anteror/posterior axis and directed posteriorly.
The sternite consists of two
margin of the tergite lacked bristles.
roughly rectangular patches of light brown pigment separated by a wide
band of cream cuticle lying along the midline. Bristles occur in
posterior and midlength regions of the pigmented areas and point
posteriorly. The ism lying between segments is unpigmerited. In the
preparation shown the anterior/posterior extent of the ism is reduced
slightly by folds and creases. In the intact animal the posterior
region of each segment overlaps the anterior region of the next
(posterior) segment and the ism is folded away.
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lmr
is
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normal overlap

I

normal overlap

II
sternites lused(gapJ

+
Ventral
GAP ( right & left)

GAP AT MIDLINE

A camera ).uc.ida drawing of the dorsal and
The gap class.
Figure 5.4.
ventral surface of a pair of abnormal segments (labelled I and TI) made
from the intact animal. Right and left are labelled according to the
dorsal view; dorsal and ventral midlines are arrowed.
Dorsally a gap occurred on the right extending from bi to the midline
and on the left in the vicinity of the midline where the ism was absent
and tergites I and II fused. Bristle polarity was normal. The total
anterior/posterior length of tergites at the site of the gap was greater
than one tergite length. Ventrally a gap occurred at the midline where
the sternites did not overlap normally and appeared to be fused although
the pigment patches clearly were not.

(i)GAP Dorsally, a gap was characterized by the absence of ism for some
distance along the transverse axis and the fusion of hemitergites.
Often the total anterior/posterior length of the two hemitergites at the
site of fusion was less than normal. No disorientation of bristles was
observed (see figures 5.4, 5.7c,5.8 and plate 5.1c). Gaps usually
extended from bI to the midline. Occasionally, the ism was absent along
the whole transverse length of the hemitergite pair. Ventrallv, gaps
involved a break in the normal overlap occurring between the
hemisternites in the vicinity of the midline and usually they occurred
on both sides of the ventral midline (figure 5.4; plate 5.1a). However,
it was not clear whether the ism was completely absent because the
distinction between ism and sternite is not obvious ventrally (see
figure 5.3). In a few cases a pair of hemisternites was replaced by a
single enlarged patch of pigment bearing bristles in normal orientation
(figure 5.7c) which suggested that the ism was absent.
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single
hemisternite
single
hemitergite

4

Dorsal

Ventral
LOSS (left), NORMAL (right)

NORMAL(rlght). LOSS(left)

On the right segments I and II were
The loss class.
Figure 5.5.
On
the
left,
the
ventral
and dorsal pattern suggested that one
normal.
Dorsally, the single segment
of the (half) segments was absent.
gradually increased in anterior/ posterior length towards the midline.

(ii)LOSS This abnormality appeared to involve the absence of one of the
hemitergites or hemisternites of the pair; the other appeared normal
(figures

5.5,

5.7a,

5.8

and

plate 5.1e) .

However it was not, clear

whether (1)one of the hemitergites or hemisternites was absent, the
other unaffected by heat shock or (2)the hemitergite or hemist.ernit.e
remaining was composed of anterior and posterior remnants of anterior
and posterior segments respectively which had fused following deletion
of midlength regions.
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Dorsal

Ventral
REDUCED (right& left)

REDUCED(right & left)

The anterior/posterior extent of the
The reduced class.
Figure 5.6.
(II) was less than normal dorsally and ventrally.
posterior segment
Dorsally the ism was reduced to a transverse white line (twi) which
Ventrally there was no overlap
occurred intermittently on the left.
the
clear
whether
was
not
although
it
sternites
between
In this
anterior/posterior length of the ism was less than normal.
example two bristles were observed with reversed orientation.

(iii)REDUCED In this class of defect the anterior/posterior extent of
the ism and the pair of hemitergites or hemisternites (particularly that
of the posterior of the pair) was less than normal. In the posterior
hemitergite or hemisternite bristles were observed anteriorly (this
region is without bristles normally - see figure 5.3) with reversed
orientation (figures 5.6, 5.8 and plate 5.1fl. Dorsal disruptions
falling into this class had all three of these characteristics (figure
5.7a and b). while ventrally, often only one of them was observed.
Occasionally the ism was absent ventrally and a single large patch of
pigment, with a marked transverse ridge bearing bristles in reversed
orientation, was observed (figure 5.7b).
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Three other examples of defects involving two segments.
Figure 5.1.
(a)Disruption involving loss and reduction. Ventrally a single sternite
was missing, in other respects the pattern was normal. Dorsally on the
right there was also a hemitergite missing but on the left two abnormal
hemitergites were present. These showed the reduced class of defect;
the ism was reduced to a twi and reversed bristles occurred along the
anterior margin and in the middle of the posterior hemit.ergit.e.
On the right the pattern was normal
(b)Disruption involving reduction.
On the left. vent.raiiy the ism was absent. (apart.
dorsally and ventrally.
from laterally) and the pigment patches of the two hemisternites were
fused. This single patch was larger than that. of a normal hemisternite.
A marked ridge occurred in the cuticle which bore bristles with reversed
polarity. Dorsally the pattern was normal at the midline but laterally
he normal overlap between segments was absent and bristles with
reversed polarity occurred along the anterior margin of the posterior
hemitergite.
It was not clear whether the ism was less than normal in
extent. (c)Disruption involving gaps.
The pattern was normal on the
left dorsally and ventrally.
On the right dorsally a gap occurred; the
ism was absent and the hemitergites fused from bIT to the midline.
The
total length of the hemitergites and bristle orientation was normal.
Ventrally there was a single enlarged patch of pigmentation bearing
bristles with normal orientation. This abnormality was considered to be
similar to the type of gap seen dorsally in which the ism is absent
along the whole transverse length of the hemitergite pair (see also
plate 5.1C).
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These three classes are schematically illustrated below (figure 5.8).

I,

U
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tk..
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NORMAL

LOSS

GAP

REDUCED

Schematic diagrams of the normal pattern of a pair of
Figure 5.8.
segments and the abnormal patterns seen in the gap, loss, and reduced
classes of disruption. The anterior segment is labelled J. the
posterior It. Arrows represent bristles and indicate their orientation.
For details of the abnormal patterns see text.

(iv) DEFECTS AT T H E MIDLINE.

A number of abnormalities could not be

classified with reference to hemisternite or hemitergite patterns.
These disruptions appeared to affect tergites or sternites at their
respective midlines. Dorsal mismatch, involved the incorrect alignment
of corresponding right and le ft hemitergites of the same segment at the
dorsal midline. In other cases right and/or left hemitergites of a
single segment did not extend to the midline and therefore failed to
fuse correctly to form a normal tergite (this is a single segment
disruption but was observed in animals with ventral defects which
affected two segments). Small aaos Al XJl, midline also fell into this
class (see plate 5.1).
The total number of times each of these classes of disruption occurred
in the population of animals with two segment defects is shown in table
5.1. Fach hemisternite disruption is plotted against the hemitergite
disruption found with it and so indicates the lateral half patterns.
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Others

TOTAL
(dorsaJ.
classes)

TRALI
Normal
DOR

Gap or
Normal?

Gap

Gap/
Fused

Loss

Reduction

Normal

29

190

316

2

20

38

0

595

Gap

63

20

43

3

7

13

0

149

Loss

0

2

0

1

247

34

1

285

Reduction

8

7

3

9

146

116

2

291

100

219

362

15

420

201

3

TOTAL
(ventral
classes)

320
1320

Table 5.1 The number of times each class of defect was observed and the
relationship between dorsal and ventral patterns. Values indicate the
number of times hemisternites with a given defect were found with
hemitergites with a given defect for 660 of the 678 experimental animals
with two segment defects. The total values give the number of times
each class of hemisternite and hemitergite pattern occurred irrespective
of corresponding dorsal and ventral patterns.
*A number of hemisternite, hemitergite and lateral half patterns were
normal, other regions of the segment circumference must therefore have
been affected by heat shock.* *Ventrally, where one side of the animal
was clearly abnormal it was not possible to distinguish between the
normal pattern and a disruption involving a gap at the midline on the
opposite side, hence the ventral class "gap or normal'?". Hemisternite
patterns scored as having a gap were those in which a gap occurred on
both sides of the animal at the midline. The gap/fused column contains
patterns in which a gap apparently extended the complete transverse
length of the hemisternite pair (see text). The "others" class of
ventral defect represents abnormalities in which the pattern suggested
the hemisternite pair was the equivalent of less than one hemisternite.
15 other animals had disruptions affecting dorsal or ventral midlines;
9 with dorsal mismatch (ventral pattern normal (7) or gap at the midline
4 other animals with dorsal mismatch and dorsal gaps (ventral
(2));
normal); 2 animals in which opposing hemitergites failed to fuse at the
midline (ventral gap at the midline). 3 other animals were unclassified.
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Circumferential location of defects
Table 5.2 shows that in this selected sample of data (i.e. defects
falling into the two segment defect category) all four quadrants of the
circumference were often affected. Slightly less common were defects
affecting one lateral half (ventral and dorsal on right or left) of the
animal or the whole ventral surface. Disruptions involving the whole
ventral surface were basically of one type, that is a gap at the ventral
midline (150/157). Defects affecting both hemitergite pairs, one
hemitergite

or

one

hemisternite pair,

or a hemitergite and a

hemisternite pair on opposite sides of the animal were rare.
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Table 5.2.
Frequency with which the circumferential patterns of
disruption indicated were observed (in the population of animals with
two segment defects total 678). Fach horizontal bar represents the
circumference of a pair of segments (individual segments separated by a
horizontal dashed line). Vertical dashed lines divide the circumference
into quadrants; two hemisternites (hs) and two hemitergites (ht). The
ventral midline is indicated by an arrow.
Quadrants affected by heat
shock are shaded.
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D.isruptipns involving 3. 4 or more segments
More extensive defects were similar to those involving two segments as
illustrated in figure 5.9.

Such defects usually involved a number of

consecutive segments (see Chapter 4). More rarely (in

Si

of

disruptions), there were two regions of disruption separated by one or
more normal segments (figure 5.9d) or a single normal overlap (dorsally
and ventrally) would occur between two of the segments within a
disrupted region (figure 5.9c).

IV Disruptions of the Thorax
In this section only thoracic disruptions involving pairs of thoracic
segments and their appendages were considered under three headings; (A)
The pattern of limb branches following fusion; (B) The segmental origin
of limb branches; (C) Dorsal patterns of disruption. The disruptions
described are those resulting from both early and late heat shock.
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Figure 5.9 illustrating four examples of disruptions affecting more than
The most anterior segment is labelled I and consecutive
two segments.
Right and left are labelled according to
segments II, III, IV, etc..
the dorsal view. Disruptions can be described with reference to the gap
(G), loss CL) and reduced (R) classes described for two segment defects.
(a)A defect affecting three
N indicates that the pattern was normal.
segments.
All the abnormalities (between adjacent segments) are of the
The pattern of disruption was similar dorsally and
reduced class.
ventrally. (b)A defect affecting three segments.
On the left the three
On the right, ventrally there was a single
segments were normal.
enlarged patch of pigmentation involving loss and perhaps the type of
fusion falling into the gap class illustrated by figure 5.7c.
Dorsally
the two hemitergites were reduced.
One hemitergite was apparently
absent suggesting loss. Dorsally and ventrally the pattern implied loss
of a half segment.
In this example the pattern of disruption was not
similar dorsally and ventrally.
(c)Defect affecting five segments in
which there were two separate regions of disruption, of two and three
segments, separated by the single overlap between segments II and III
which appears normal throughout its circumferential length. (d)A defect
affecting five segments in which there were two regions of disruption
separated by a single normal segment (IV).
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Features used in scoring
The structures used to score abnormal segments and their appendages in
first instar hoppers are shown in figures 5.10 and 5.11 respectively.
Dorsally, the cuticular pattern of the thoracic segments was similar to
that of the abdomen and although the pronotum is larger than the meso-and metanotum there were no cuticular markers which enabled one segment
of the thorax to be distinguished from another. in unpigmented animals
the completeness of the dorsal pattern was estimated from the overall
length of the segments.

The pleurae of each segment are divided into

two plates (figure 5.10a).

The meso- and metathoracic spiracles lie in

the membrane between pro- and mesothorax and meso-- and metathorax
respectively. Only the latter pair were visible in the first instar
hopper; the former were concealed beneath the edge of the pronotum.
Both pairs were visible in the late embryo and newly hatched larvae
(figure 5.10b).

in abnormal animals the number of pleural plates was

estimated although individual plates were not identified.

The presence

of metathoracic spiracles was scored also.
The proximal/distal limb axis was scored for the presence of limb
segments and claws (figure 5.11a and b). The circumferential pattern of
abnormal limbs was described with reference to the markers illustrated
in figure 5.11c. The contribution made by individual segments to
composite T2/T3 limb patterns was determined from the location of the
double row of tibial spines. In pro- and mesothoracic limbs these
occurred on the medial face; in the metathoracic limb on the lateral
face. Metathoracic spines and spurs were larger than those of the pro
and mesothoracic appendages.
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Figure 5,10.
I.ateral view of the thorax. Camera lucida drawing of (a) a
first instar hopper and
(b) a late embryo. (a) The prothorax (Ti) is
covered by the saddle-like pronotum which extends laterally and partly
covers the mesonotum (12).
The lower posterior angles of meso- and
metanotum (T3) give rise to the wing buds. The pleurae (i.e. the
lateral parts) of the thoracic segments are sclerotized and divided into
two plates, an anterior episterrium (eps) and a posterior epimeron (epm).
In the prothorax the pleurae are obscured by the pronotum and only a
small part of the episternuni is visible.
The thorax bears the paired
meso- and metathoracic spiracles.
The mesothoracic spiracles are
concealed beneath the edge of the pronotum in the first instar hopper
but visible in the late embryo and newly hatched hopper (see b). (b)
Shows the location of the mesothoracic spiracle and the pleuropodium.
pleuropodia, which are lost on hatching, are the appendages borne on
segment Al.
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prothoracic leg
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prothoracic and
(b)
(a)
Camera lucida drawings of
Figure 5.11.
metathoracic legs (from the left side) of a first instar hopper showing
The mesothoracic limb is similar to the
the segments of the limb.
The 3 segments of the tarsus are labelled 1.2, and 3; the
prothoracic.
and posterior
faces of the limb, medial (M), anterior (A), lateral (L)
the cuticular structures used as
illustrates
(P - not shown).
(c)
markers to assess the completeness of abnormal limbs and to distinguish
The drawings are of the distal tibia
the T3 from the Ti and T2 limbs.
Medial and
and tarsus. (I) Medial face of the prothoracic limb.
(ii)
(iii) lateral faces of the metathoracic limb. The markers used were the
2 claws; the 3 segments of the tarsus, bearing in all 4 pairs of tarsal
pads (or pulvilli) and a single central pad (segment 3), medially; the 2
pairs of spurs found at the apex of the tibia and the double row of
tibial spines which ran the proximal /distal length of the tibia. The
location of this double row of spines was different in pro and
metathoracic limbs. In pro and mesothoracic limbs they occurred on the
medial face; in the metathorax on the lateral face. Metathoracic spines
and spurs were larger also.
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(A)Pattern of limb branches following fusion
In 105 of the 250 disruptions (right and left scored separately)
involving the thorax, segments Ti and T2 or T2 and T3 and their
appendages were affected. In general, the dorsal extent of the two
segments was less than normal and in some cases only a single,
apparently normal, hemitergite was present. In three cases the dorsal
pattern appeared normal. The number of pleural plates tended to be less
than normal. Two pleural plates were most commonly found and
occasionally 3 or 4 (the normal number). The metathoracic spiracle was
absent in defects affecting the meso- and metathoracic segments (for
examples of these abnormalities, see figures 5.12. 5.13 and 5.16).
Three classes of appendage were observed (table 5.3): a single more or
less normal limb (class 1); a limb with at most two distally complete
branches (class 2) and a limb with at most three distally complete
branches (class 3). The segmentation of distally complete limbs was
usually normal. The only segment occasionally absent or much reduced in
length was the tibia (figure 5.13b).

Distally incomplete limbs ended

with the tibia or within the tibia or tarsus.

Humps or spikes of

cuticle without any of the markers described were classified as 'spikes'
and were not regarded as an appendage (figure 5.11c).
Class 1 limbs.
formed.

Sometimes a single apparently normal appendage was

As shown in table 5.3 this class of result was particularly

common following fusion of Ti and 12 and less so following fusion of 12
and 13. The single limbs arising from fusion of Ti with T2 often
appeared to be completely normal, although occasionally having an
enlarged circumference (figure 5.12a). In some cases however, the
appendage or pleural plates bore a spike (figure 5.12b).
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Ti/T2

T2/T3

TOTAL

Single, complete

10

2

12

Single, complete & spike

15

4

19

1 complete & I incomplete

3

1

4

1 co,lete & 1 incomplete & spike

2

1

3

12

12

24

2 complete & spike

7

4

11

2 complete & 1 incomplete

7

13

20

3ccicspiete

4

6

10

1 complete & 2 spikes

0

1

1

3

1

0

1

61

44
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BRANQ4/LThIB PATTERN

Class 1

TOTAL!
CLASS

31

Class 2

2 complete

Class 3

"Others'

complete & 1 incomplete

TOTAL

42

>

30

2
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Abnormal limb patterns following fusion of segments Ti with
Table 5.3.
The first column shows the classes of limb pattern
12, and 12 with 13.
The description of the limb (next column) refers to the
observed.
that is "complete"
pattern at the distal end of the limb or branch,
indicates the 2 claws were present; the figures 1 to 3 indicate the
number of branches present (or more strictly speaking "sets" of pattern
elements since "branches" sometimes remain fused). The other columns
give the number of times each limb pattern was observed following fusion
of Ti with T2. T2 with T3 and the total. The last column gives the
total number of abnormal limbs in each class; the bottom row shows the
total number of times the limbs were fused.

Class 2 and 3 Limbs.

Appendages bearing more than one complete set of

pattern elements circumferentially usually branched. limbs with two and
three branches are illustrated in figure 5.13. Tn 46/12 (647) of class
2 and 3 limbs branching (the more proximal branching event in class 3
limbs) occurred at a level within, or proximal to, the femur (figure
5.13a). The majority of the remaining limbs branched within the tarsus
(figure 5.14); 47 were fused along the whole proximo-distal axis (figure
5.17a). Class 3 limbs which branched proximally usually consisted of a
normal (distally complete) limb and a second branch (which often
branched again), the pattern of which varied (see figure 5.16).

Ibis

irsu.

Wa

Figure 5.12.
Fxamples of class 1 limbs both resulting from fusion of Ti
with 12.
(a) shows a single normal limb, slightly enlarged proximally.
Dorsally there was a single apparently normal tergite (Ti-like in
length)
and laterally 2 pleural plates (labelled 1 and 2). (b) shows a
single appendage with a spike.
The limb was normal in other respects.
The spike arose proximally and bore no markers.
The dorsal and pleural
pattern was similar to that described above.
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Examples of a class 2 and a class 3 limb, both resulting
Figure 5.13.
(a) shows a limb which branched at the
from fusion of Ti with 12.
proximal femur, to give 2 normal distally complete branches (class 2).
The fused/shared limb base, coxa and trochanter, were enlarged.
Dorsally the 2 segments were reduced in anterior/ posterior length.
possibly to that of a single segment; laterally there were 2 pleural
plates (labelled 1 and 2). (b) shows an appendage enlarged proximally
with 3 distally complete branches. The limb branched at the femur/tibia
joint. The anterior branch divided again at the proximal tibia to give,
anteriorly, a normal limb and a middle branch which was distally
complete but lacked the tibia. Dorsally a single segment (again
Ti-like) and laterally, 2 pleural plates (1 and 2) were associated with
this limb. The metathoracic spiracle was not visible.

114

The total number of pattern elements present circumferentially (that
is the total of all branches) remained constant or changed between the
proximal and distal ends of the limb. Sometimes the number increased
(i.e. the pattern diverged) and occasionally (in two cases) it decreased
(i.e. the pattern converged). So, for example, in a class 2 limb where
both branches were normal and fused only proximally, the number of
pattern elements remained constant (figure 5.13a); the limb shown in
figure 5.14 diverged.

tip with two pairs of claws
—tip without Claws
:-:5

rows of tarsal pads

spurs

rows of spines
lffvn

Figure 5.14.
Drawing of the tibia and tarsus of a class 3 limb,
resulting from fusion of TI with 12 (left side), which was fused for
most of its proximal/distal length.
Two branches were distally
complete; the third incomplete (tip lost due to damage?).
The coxa,
femur and tibia were enlarged.
The tibia had 4 rows of spines on its
medial face and 8 spurs (7 shown in figure).
Proximally the tarsus bore
5 rows of tarsal pads.
The limb branched between the first and second
tarsal segments (rows 3 and 4).
The posterior branch ended with a
smooth hump of tissue which lacked claws.
The anterior branch had 2
distally complete tips. The pattern of this limb diverged. The number
of rows of tibial spines and spurs was 2 x while the number of tarsal
pads/row was 2 1/2 x normal. Dorsally there was a single segment and
laterally 2 pleural plates.
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(B) The segmental origin of limb branches
The criteria for distinguishing between limbs were confined to the
tibia. In pro- and mesothoracic limbs the double row of tibial spines
occurred on the medial face; in the metat.horacic limb on the lateral
face.

Metathoraci.c tibial spines and spurs were larger than those of

the pro- and mesothorax (figure 5.11c).

Thus, the segmental origin of

abnormal limbs could only be determined where
metathoracic limbs were fused.

the

meso- -

and

The types of pattern found after fusion

of 12 with 13 are listed below (total 44, table 5.3).
A single normal limb with characteristics of either 12 21 T3,

in

some cases bearing a spike (5 cases).
Limbs with characteristics of either segment T? or T3.

These

limbs branched in the tarsus and had an enlarged tibia bearing rows of
spines of either T? or T3-type (4 cases).

Such limbs had one or two

rows of tibial spines; 6 or 5 spurs and 4 to 6 claws (figure 5.15).
A normal T. and a normal T3 branch fused proximally only (6
cases).

In a further 6 cases the 13 limb bore a spike.
tarsus
tlpwfth thr.e pairs
Vol claws

Spurs7

row T3.11k. spines

tibia

femur
1mm

N

An example of a class 3 limb (left leg, femur to claws),
Figure 5.15.
resulting from fusion of T2 and 13, with markers characteristic of only
The coxa and femur were enlarged
one of these segments (T3).
The tibia had a single row of spines and 4 spurs typical of
proximally.
The tarsus was enlarged also, although the number of tarsal pads
T3.
The limb branched distally to give one tip
per segment was not clear.
with a single pair of claws and a second with two pairs of claws.
Dorsally the segments were reduced in anterior/posterior length.
Laterally, there were 2 pleural plates.
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2

rows of T3-like

tibia

J

r

ttibia

tarsus
i row of 13-Ilk* spins

rsus
•W5

An example of a class 3 limb resulting from the fusion of
Figure 5.16.
12
with 13.
The limb branched proximally at the coxa/trochanter joint
to form an anterior branch which was a normal, distally complete T2 leg.
The posterior branch was malformed and twisted.
The tibia bore 3
distinct rows of spines and 8 spurs which were 13-like in size.
Two of
the rows are shown and the third occurred on the opposite face of the
A further short row of smaller spines was present
limb (see inset).
This limb branched at the tibia/tarsus joint to give
2
also (inset).
Dorsally a single segment
normal tarsi each bearing a pair of claws.
only was apparent and laterally 3 pleural plates (labelled 1,2. and 3).
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(4).

A normal 12 or T3 branch fused proximally with a second branch

(which may branch again) bearing an increased number of pattern elements
circumferentially, but markers of only 13 or T2 respectively (5 cases,
see figure 5.16 above). 4/5 of these had a normal 12 branch and the
second and third branches bore T3 markers only, with a total of 6 to 8
tibial spurs and 3 or 4 claws (but in only one case was the number of
rows of tibial spines increased, to 3). The remaininq animal had a
normal T3 branch and a second with characteristics of 12 only, bearing 2
spurs and 4 claws. In a further 9 cases the supernumerary branch did
not have identifiable markers.
Limb

Number

In 8/9 the normal branch was 12.

Rows of Tibial Spines

T2

Total no.

T3

spurs

Total flO.
claws

Class
(as Table 5.3)

4

2

Class 1

2.

2

2

6

4

3.

2

1(or 2)

8

4

4.

2

1

9

4

5.

1

3

8

4

6.

2

8

6

4

5

12

5

8.

1(+?)

2

Class 2

Class

Table 5.4. The pattern elements present in limbs with composite tibiae.
Eight such limbs are described and the class of each indicated. These
limbs branched distally (most proximal level, distal tibia) apart from
no. 1 which was a class 1 limb with one set of pattern elements and limb
no. 5 which branched proximal tibia to give 2 distally complete
branches; one a normal 13 and the other composite, bearing a row of
12-like and a row of 13-like tibial spines (figure 5.17b).

(5).

Limbs with composite

12/13 branches (8 cases); one class 1 and

seven class 2 or 3 limbs which usually branched distal to the tibia.
Composite tibiae bore rows of spines and spurs characteristic of both
segments 12 and 13 (with respect to their location and size).

Spines of

size characteristic of T2 and 13 did not occur in the same row.

The

number of rows of spines of each type never exceeded 2 (even when the
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number of claws present equalled 6, see table 5.4).
branches were often very mis-shapen and curled up.

Composite limb
Two examples are

illustrated in figure 5.17.
3 other limbs had at least two branches, only one of which was
identified as 12 or 13.
Thus most

(35144)

of the T?/T3 patterns listed in table 5.3 had

characteristics of both the 12 and the 13 limb although the markers by
which T. and T3 were distinguished rarely appeared on the same branch of
a limb.

(C) Dorsal oatterns of disruotion
In order to relate the abnormal limb patterns of the thorax to the
disrupted patterns of segments observed in the abdomen the dorsal
patterns found in conjunction with abnormal limbs were described. Of
the 105 abnormal limb patterns described however, only 26 occurred in
fully pigmented animals and only in these animals could the dorsal
pattern be described in detail sufficient to enable a satisfactory
comparison with abdominal patterns. The dorsal patterns of disruption
were similar to those found in the abdomen and fell into the reduced (10
cases) and loss (16 cases) classes (figure 5.18). Tn some unpigmented
animals, the absence of an overlap between segments and a decrease in
anterior/posterior length, suggesting the gap class of defect, was
observed.
Both reduced and loss patterns were found with all possible classes of
abnormal limbs, from single distally complete limbs to limbs with three
distally complete branches. Where fusion involved segments T2 and T3
(13 of 26 pigmented hoppers) the limb pattern, in all but two cases, had
characteristics of both segments.
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sof 12-Ilk, spines
is spin

12-like spurs

13-like spurs

rows oiltarsal pads
tip with 2 pairs of claws

(a)
'awe

I row 12- Ilk. spines

spines
1rowT3-Ilke

tibia

'emu

M

/

2rows 13.11k. spin.,

purs

(b)

Two examples of limbs (both class 2) with composite
Figure 5.17.
(a)The tibia of this limb (from the right side of the
(12/13) tibiae.
animal, distal femur to claws drawn) bore 2 rows of spines and 3 spurs
typical of 13 on its lateral face (L) and 2 rows of spines and 3 spurs
typical of 1? on its medial face(M). The tarsus bore 4 rows of 4 tarsal
pads and distally 4 claws. Dorsally there was a single segment.
Laterally there were 2 pleural plates and the metathoracic spiracle was
absent. (b) This limb (left leg, drawn from femur to claws), branched
proximal tibia to give laterally a distally complete branch, with spines
and spurs characteristic of 13 and a medial branch. The medial branch
was composite and had a row of T3-like spines and 2 spurs and a row of
12-like spines and 3 spurs. Distally there were 2 claws. Dorsally the
anterior/posterior length of the segments was reduced possibly to one
segment length. Laterally there were 2 pleural plates.
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reduced
hemitergil

(CL) NORMAL (Ieft), LOSS (T2JT3, right)

(c)

REDUCE O(T1/T2,Ieft),NORMAL(right)

1mm

(.b)

NORMALOeft ).LOSS(T1/T2.riahtl

Fxamples of the dorsal patterns of disruption observed in
Figure 5.18.
Pigmented areas are stippled and bristles not shown.
The
the thorax.
disruptions fell into the loss
(a and b) and reduced classes as
described for the abdomen.
In (c) bristles were observed along the
anterior margin of segment T2 with an orientation that was disturbed
rather than reversed.

1?1

Disruotions involvina seaments T3 and Al
Disruptions apparently involving the appendages of 13 (limbs) and Al
(pleuropod].a) were also observed
thorax, see above).

(42/250 disruptions involving the

However, the pleuropodia are normally lost on

hatching hence their contribution to abnormal appendages in first instar
hoppers was difficult to assess. Therefore such limbs were illustrated
only (figure 5.19).

\M/T3

Single ciaw_

T2

spurs
tarsus

tibia
prothoracic leg
femur

-"-

JJ
mesothoracic leg removed

1mm

Figure 5.19.
A typical example
(26/4? animals abnormal appendage resulting from the fusion of
Proximal regions of the appendage (i.e. "femur"
grossly enlarged and swollen. Distally the limb was
this example only a single claw was present., usually
the normal number of spurs (6).
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see text) of an
segments 13 and Al.
and "tibia") were
normal in size. In
there were two, and

Discussion
Types of pattern abnormalities observed in abdominal segments
Heat shock of embryonic stages of Schistocerca gregaria resulted in
three classes of pattern abnormality all of which appeared to involve
the deletion of a particular region of the segment (figure 5.20);
Gap; deletion of the intersegmental membrane.
Loss; either deletion of a single segment or deletion of posterior
and anterior regions (of the anterior and posterior segment of the pair
respectively) and the intersegmental membrane.
Reduced; deletion of most of the iritersegmental membrane and the
anterior margin of the posterior segment.

ism

OSS
REDUCED

Figure 5.20.
Schematic diagram illustrating the segmental
(stippled)
and intersegmental (i.e. ism) regions which may have been deleted in the
gap, loss, and reduced classes of disruption.

In the gap and loss classes deletion appeared to be followed by fusion
of the sternite or tergite regions which remained. In the reduction
class the development of bristles with reversed orientation along the
anterior margin of the posterior segment suggested deletion was followed
by pattern regulation resulting in the duplication of posterior segment
regions. Defects not falling into these categories (class iv) affected
segments in the vicinity of the ventral or dorsal midline.
The experimentally induced abnormalities described in the larval
segments

of Calliphora

(Pearson.

1974) and Drosophila (Bownes, 1976)
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appear to be similar to those of the gap, loss, and defect at the
midline classes described above. Segmental defects similar to those of
the reduced class were described only in adult Drosophila (Bownes,
1976). Lohs-Schardin et al (1979) also did not detect abnormalities
involving the duplication of pattern elements in Drosophila larvae
following localized UV-irradiation of eggs at the cellular blastoderm
stage.
The seamental composition of disrupted regions
The segmental composition of disrupted regions was determined where
defects involved the fusion of meso and metathoracic limbs.
Examination of the abnormal limb patterns resulting from fusion of 12
with T3 showed the majority (35/44, 801) had characteristics of both
segments (for the exceptions, see above). Dorsal patterns of disruption
in the thorax (described only in pigmented animals) fell into the loss
and reduced classes. This suggested that the loss class of disruption
may be due to deletion from both segments followed by fusion of the
regions which remain, rather than the absence of one or other of them.
However, single (class 1) limbs with markers of either 12 or T3 implied
that in some cases a whole segment may be absent.
The lack of thoracic defects involving a gap dorsally and an abnormal
appendage, relative to the number with loss or reduced patterns, might
be explained by the fact that the majority of gaps (i.e. those scored in
the abdomen) were located in the vicinity of the dorsal or ventral
midline. Lateral gaps located towards the boundary between dorsal and
ventral were infrequent suggesting the region usually affected in the
gap class of defect was rather remote from that which would have to be
affected to influence limb pattern formation.

124

Fxlanation in terms of deletion and intercalarv regeneration
The patterns of disruption observed can be explained in a similar way
to the results of the excision experiments of Wright and Lawrence (1981)
on the larval segments of Oncopeltus (see Chapter I). The loss class
can

be

explained by the deletion of tissue equivalent to the

anterior/posterior length of one segment across the intersegmental
membrane, so confronting cells of equivalent position in the two
segments.

The remaining areas fuse and develop as a single chimeric

unit (cf. figure 1.5).

Sometimes deletion of this length of tissue may

result in the deletion of one entire segment.
The deletion of over half but less than one segment length of tissue
resulting in the confrontation of cells of disparate position might
result in the reduced class of pattern. For example, if the
intersegmental membrane and anterior margin of the posterior segment
were deleted, intercalary regeneration (via the shortest route) would
lead to the replacement of these regions with structures typical of the
posterior of the segment arranged with reversed orientation (see figure
5.21b). However, other classes of defect would be predicted following
deletion of this length of tissue from other positions;
(I) absence of the intersegmental membrane and an enlarged segment with
a region of bristle reversal approximately midlength (figure 5.21c);
(ii) reduction of the intersegmental membrane to a transverse white line
and, anterior to this, a segment bearing structures typical of the
anterior region of the segment along its posterior margin (figure
5.21d)
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Classes of disruption which might be expected, subsequent
Figure 5.21.
to intercalary regeneration, following the deletion of more than half
but less than one segment length of tissue. (a) The positional values of
each segment (labelled I and II) are represented as a graded series. 10
to 0, and the segment border by value 0/10. The cuticular pattern
corresponding to the positional values is drawn below (for dorsal
surface). This representation makes two assumptions; (1) the location
of the segment border with respect to other elements of the cuticular
pattern (however this is not relevant to the following); (2) that
positional values are equally spaced along the anterior/posterior axis.
In the following diagrams (b to d) positional values lying between the
dotted lines are deleted. The dashed lines indicate the positional
values substituted following intercalary regeneration via the shortest
route. In (b) following deletion of the sequence 1 0/10 9 8 7 which
roughly corresponds to posterior ism and anterior segment II values 2
and 6 are confronted. Intercalary regeneration replaces these values
with the sequence 3 4 5, arranged in reversed order, which corresponds
The resulting pattern would be
to posterior regions of the tergite.
In (c) values 2 1 0110 9 8 are
similar to that of the reduced class.
deleted. Intercalary regeneration, between values 3 and 7, will replace
This would lead to a
them with values 4 5 6 in reversed sequence.
pattern lacking ism and the duplication of posterior regions in the
In (d) values & 5 4 3 2 are deleted from within a
posterior segment.
Intercalary regeneration, between values 7 and 1, will
segment (I).
replace them with values 0/10 9 8 again arranged in reversed sequence.
This would lead to a pattern in which the ism was reduced with
duplication of anterior regions within the segment M. With the
location of the segment border given, in (c) a border would be lost and
in (d) a border gained.
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In the gap class the absence of the intersegmental membrane appears to
correspond to a deletion of less than half a segment length of tissue
which, according to Wright and Lawrence, should be reformed by
intercalary regeneration (Cf. figure 1.5). Sometimes the overall length
of segments was reduced at the site of the gap but not usually to the
equivalent of a single segment, suggesting a "gap" does not correspond
to "loss" over a limited transverse length of the segments (or at the
dorsal or ventral midlines).
the work on Oncooeltus.

An inconsistency also appears to occur in
Wright and Lawrence (1981) demonstrated that

excision of a narrow strip of cuticle including the segment border,
during larval life, was followed by intercalary regeneration of the
border.

However, Lawrence (1966) observed animals with naturally

occurring breaks in the border, which were associated with
disorientation of hairs over a considerable area, which he regarded as
being analogous to the excision of a narrow strip of tissue (removal of
a wider strip of tissue could account for the bristle reversal observed
but intercalary regeneration would not give rise to a pattern that was
stable; discontinuities would persist). It seems, therefore, that the
response to the (assumed) positional disparity was different to that
which would have been predicted from the excision experiments.
Defects affecting segments in the vicinity of dorsal or ventral
midlines (dorsal mismatch, failure of hemitergites to fuse at the
midline and dorsal and ventral gaps) may reflect abnormal pattern
formation around the circumference of segments rather than along the
anterior/posterior axis. Pearson (1974) suggested that dorsally, such
defects may result from bilaterally unequal growth and development of
right and left hemitergites of a segment, following experimental
manipulation. Dorsal mismatch may occur for example, when a right
hemitergite reaches the midline

before
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the

corresponding

left

hemitergite and fuses with an adjacent (anterior or posterior) left
hemitergite.

Obviously, gaps occurring in the vicinity of dorsal or

ventral midlines cannot be due to hemisegment misalignment.

It is

unlikely that ventral gaps are due to an effect upon ventral closure,
subsequent to gastrulation, as they were common following heat shock at
all stages, while gastrulation is completed by the elongating protocorm
stage (see chapter 2). Ventral gaps may result from abnormal
development of the nervous system.
Circumferential patterns of abnormality
The dorsal surface is derived by extension of the lateral margins of
the embryo.

Dorsal/ventral lineage restrictions have been demonstrated

by clonal analysis (see Chapter 1) in Oncopeltus

(lawrence.

1913)

and

Drosophila (Wieschaus and Gehring. 1976). In Drosophila the
dorsal/ventral restriction was shown to occur after the restriction to
single segments; clones extended from wing to mesothoracic leg at a time
when they were confined to single segments. Do the patterns of
disruption induced by heat shock say anything about the relationship
between dorsal and ventral? Reference to table 5.2 shows dorsal and
ventral surfaces of a single lateral half (or both halves) of the animal
were often affected by heat shock. Table 5.1 shows that although the
class of defect observed ventrally was sometimes identical to that seen
dorsally, more often it was not, implying that dorsal and ventral were
to some extent independent.
The scarcity of defects affecting right and left halves of the dorsal
surface alone is not surprising in view of the fact that the left and
right halves of the dorsal surface are derived from the lateral margins
of the embryo which extend dorsally and fuse relatively late in
development. A further interesting aspect of the abnormalities was that
the whole transverse length of the hemisternite or hemitergite pair was
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not necessarily affected by heat shock. This is clearly illustrated for
example, by the gap class of defect (figure 5.4).
Regulatory oronerties (as illustrated by limbs)
Following fusion of two thoracic segments and their appendages abnormal
limbs were produced with 1, 2 or 3 branches. The circumferential and
proximal/distal patterns of the branches varied, but up to 3 distally
complete branches were observed (one exception, with more than 3, see
table 5.3). The number of circumferential pattern elements along the
proximal/distal axis of the abnormal limb (total of all. branches) either
remained constant or increased (and very rarely decreased).
The development of a supernumerary thoracic appendage (i.e. as in
class 3 legs) implied pattern regulation had occurred. This result is
interesting in view of the fact that thoracic limbs amputated during
embryonic stages coincident with the completion of segmentation in the
abdomen (Whitington and Seifert, 1982) and during larval life (French,
personal communication) do not regenerate. The patterns of branches
observed can be interpreted with reference to the 'polar co-ordinate'
model (French, Bryant and Bryant, 1976). In this model the positional
values of the limb primordium are represented by two components of a
polar co-ordinate system; positional values around the circumference of
the limb are represented by positions on a circle; positional values
along the proximal/distal axis of the limb by positions on a radius.
The centre of the circle represents the distal tip of the leg (see
figure 5.22).

The development of a single limb (as shown in figure

512a) might arise following deletion of the region between
corresponding positions in consecutive limb primordia, and fusion of the
regions which remain (figure 522b). This would be reminiscent of the
loss class of abdominal segment defect described above.
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Interpretation of class 1 and class 3 limbs with reference
Figure 5.22.
to the polar co-ordinate model (French, Bryant and Bryant, 1916).
(a)The normal polar co-ordinate maps for two adjacent limb primordia.
Numbers 1 to 1210 denote positional values around the limb circumference
and positional values along the proximo-distal axis are represented by
the letters A to F. (b)Following deletion of 1 segment length of tissue
between consecutive limb primordia cells of similar positional value are
confronted: the tissue which remains forms a single limb field and a
single limb will develop. (c)Following deletion of less than a single
segment length of tissue (but more than a half) disparate positional
values are confronted stimulating .intercalary regeneration which leads
to the formation of a third limb field between the original fields and a
supernumerary limb will develop.
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In the limb illustrated in figure 5.13b with three distally complete
branches, the supernumerary might have formed by intercalary
regeneration subsequent to deletion of the region between the limb
primordia of adjacent segments. so opposing regions of disparate
positional value (figure 5.22c). This would correspond to the 'reduced
class of abdominal segment defect.
Excision of a similar area in cockroach (Leucoohaea) larvae resulted
in the regeneration of a supernumerary limb, with reversed orientation,
lying between the original pair of limbs (Rohn, 1974a). In further
experiments Bohn (1974b) demonstrated that the supernumerary limb was
composite and derived from both segments. In
abnormal

12/13

a.

areaaria however,

composite limbs with three branches usually had one

branch with 12 characteristics, one branch with T3 characteristics and a
third branch which was not composite and bore markers of 12 or 13.
Abnormal limbs with two branches (class 2 limbs) cannot be explained
by the polar co-ordinate model as their fusion implies a confrontation
of disparate positional values (similar to that suggested for class 3
limbs).

Such discontinuities should be removed by pattern regulation

resulting in the development of a supernumerary limb.

In this respect,

i.e. the persistence of a positional discontinuity, class 2 legs
resemble the gap' class of abdominal defect.
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Conclusion
The detailed examination of heat shock induced abnormalities in
abdominal and thoracic segment patterns suggests that:
Disrupted regions are composite (with given assumptions - see above)
The disruptions can be interpreted in terms of deletion of a
particular region of a segment and/or ism.
iii)Pattern regulation can occur (as indicated by the reversal of
bristle orientation and the development of supernumerary limbs).
Some of the patterns of disruption (segmental and limb) can be
explained in terms of the models used to explain the results of excision
experiments performed on larval segments of other insects (see Wright
and Lawrence. 1981; French. Bryant and Bryant, 1976).
However,
i)it cannot be inferred that heat shock induced deletion is equivalent
to the excision of a strip of tissue (see chapter 6);
ii)other patterns of disruption, which were not observed, would be
predicted.
iii)some of the patterns of disruption observed would not have been
predicted (i.e. the gap class of segmental defect; fused limbs with two
distally complete tips).
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a) The normal abdomen. (±)Vtral and
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tathoracic legs removed (for further details see figure 5.3).
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(i)Ventrally, on the right side (according to the dorsal view) of this
animal the patch of pigmentation of one hemisternite is reduced in
length.
The overlap between this and the anterior hemisternite is
This pair
normal laterally but does not extend to the ventral midline.
On the
of hemiste - nites is fused to a single hemisternite on the left.
left side of the animal therefore, a single hemisternite is apparently
absent (loss class of defect). (ii)Dorsally, on the right the pattern
The anterior/posterior length of the posterior
is also reduced.
::5itOrgite is less than normal.
On the left,
two hemitergites are
found in association with the single hemisterruite described. The
anterior/posterior length of the posterior hemitergite of the pair and
tho intorsogmental membrane is less than normal (on left and right,
bristles with reversed polarity were observed along the anterior margin
of the posterior hernitergite -for further details see figure 5.6 and
text).

Chapter 6
Discussion
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Introduction
Segmentation is the process by which the longitudinal axis of the
insect embryo is divided up into a linear array of similar units. The
segmented pattern consists of a number of units which are similar in
appearance at the time of their (visible) formation but each of which
has unique characteristics. The different segments occur in an anterior
to posterior sequence, hence the overall pattern has polarity. Pattern
elements within segments also have a polarity which is usually aligned
with that of the pattern as a whole.
In insects, different aspects of the pattern can be disrupted in a
variety of ways during early embryogenesis (figure 6.1).

(i)character of segments (or parts of segments) is transformed by the
action of homeotic mutations in Drosophila. A single segment may be
homeotically transformed (e.g. metathorax to mesothorax by mutations
bithorax and oostbithorax) or many segments (e.g. all segments posterior
to and including the metathorax to mesothorax following deletion of the
bithorax complex; reviewed Lawrence and Morata. 1983).

(ii)character and DolaritM (but apparently not number) in the double
abdomen patterns induced in Chironomus and Smittia by centrifugation or
UV-irradiation (reviewed, Kalthoff, 1983).

(iii)character, polarity and number in the double abdomen and double
head patterns induced in Drosophila by the maternal effect mutations
bicaudal (Nisslein-Volhard, 1977) and dicephalic (Lohs-Schardin, 1982)
respectively; in the double head patterns induced in Chironomus and
Smittia by centrifugation (Yajima, 1960; Rau and Kalthoff 1980); in the
double abdomen and inverted sequences of segments induced in Eucelis, in
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posterior egg fragments made following the translocation of posterior
pole material (Sander, 1960) and in the double abdomen patterns observed
in Callosobruchus, following temporary fragmentation (van der Meer,
1984).

:
A
:
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Ej

normal
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Schematic illustration of the various abnormal patterns of
Figure 6.1.
segmentation observed.
(i) to (vi) correspond to the classes described
in the text; A to F indicate the six segments of this hypothetical
In (iv) the pair of
insect; arrows indicate intrasegmental polarity.
horizontal lines indicate the site of fragmentation.
(iv)number

(and

by

implication,

at

least,

size)

in

anterior

posterior parts of fragmented eggs (references as in chapter3

and

) and in

Eucelis in anterior egg fragments following the translocation of
posterior pole material (Sander, 1960). In the latter case the total
number of segments produced by anterior plus posterior fragments of the
egg may be greater than normal (cf figure 1.8).
A halving of the segment number is observed in the pair-rule
Drosophila mutants described by NUsslein-Volhard and Wieschaus (1980).
However, each segment is composite, and has characteristics of two
consecutive segments, so that when number is counted with respect to
segmental character (as apposed to number of segment borders) all
segments are present.
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(v)oolaritv within individal segments in the

"segment

polarity'

Drosophila mutants described by Ilüsslein-Volhard and Wieschaus (1980).
Disruptions of the pattern occur at a fixed point with respect to every
segment so that the number of repeats of the disruption equals the
normal number of segments. The patterns can be described in terms of a
deletion of a particular region and duplication (with reversed polarity)
of the region which remains. Any region of the pattern can be deleted
so that in some mutants, segment borders are unaffected, in others (e.g.
hedgehog) there are no segment borders and in others (e.g. patch) there
is twice the normal number.

(vi)seauence

(so

that

normally

non-adjacent

segments

occur

consecutively) in Drosophila at the "line of symmetry" in the
asymmetrical double abdomen patterns induced by the mutation bicaudal
(Nisslein-Volhard, 1977) and in Callosobruchus in some of the larvae
resulting from temporary fragmentation (van der Meer, 1919).
Sequence is also disrupted following homeotic transformations (see i).

These different classes of disruptions imply features of the segmental
pattern have been altered as a result of the change in the developmental
fate of a given region (or regions) of the egg. The insect species in
which these abnormalities have been observed are predominatly long germ.
The disruptions described resulted from experimental manipulations or
mutations acting prior to the visible appearance of segments at stages
before the formation of the germ anlage (for example, in Drosophila at
cellular blastoderm). Homeotic transformations are an exception in that
they can also be induced relatively late in development, at larval
stages.
I will now discuss the fragmentation and heat shock techniques which I
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have used to disrupt the segmental pattern in locusts and

the

implications which the results have for the mechanism of segmentation in
short germ development.

Fragmentation and a Gradient Model
Fragmentation is a particularly valuable technique because it normally
affects only a single aspect of the pattern (i.e. the number of segment
primordia). The eggs of several long and intermediate germ species have
been fragmented with very similar results (see chapter 3). The
interpretation placed on these results is that, in long germ species,
interaction between anterior and posterior regions is necessary during
normal development in order to generate the full complement of segments
(although Vogel (1978) has some evidence that in Eucelis the pattern
arises by interaction between anterior, posterior, and medial regions).
An alternative possibility is that the loss of segments is due to damage
inflicted by fragmentation.
In Drosophila, a temporary fragmentation lasting for only

5

minutes,

during cleavage, resulted in a gap of four to nine segments (Schubiger
and Wood, 1977). Morphological studies showed that the fragments were
isolated by a double plasma membrane formed by the fusion of the
membrane where its upper and lower surfaces were pressed together by the
blade (Newman and Schubiger, 1980). The number of blastoderm cells
forming at the egg periphery was unaffected by fragmentation; there was
no evidence of loss of cells by physical exclusion, degeneration, or
failure to differentiate". The reduced number of larval segments
forming after fragmentation were each longer and had more cells along
their anterior/posterior axis than normal (Newman and Schubiger, 1980).
Schubiger et al (1977) punctured the barrier which formed immediately
143

after temporary fragmentation by inserting a glass needle from one end
of the egg. The eggs which developed into larvae following this double
operation were completely normal or lacked only a single segment. The
latter result was found to be consistent with damage caused by insertion
of the needle.
At the cellular blastoderm stage (when the system first responds to
experimental manipulation as a mosaic) puncturing the egg at 601 EL
later results in larval defects located in segment A4. Defects made at
the same level were located in segment A6 however, when 401 EL was
located in a posterior egg fragment isolated during cleavage stages
(Newman and Schubiger, 1980). In the reciprocal experiment, in which
the site of puncture (i.e. 401 EL) as located in an anterior fragment,
the position of the defect was identical to that observed in
non-fragmented eggs, punctured at cellular blastoderm (Schubiger and
Newman, 1980). The latter result is curious and inconsistent with the
observation that an anterior fragment of given size produces an
increasing number of segments as fragmentation is performed at
progressively later stages (Schubiger and Wood, 1977).
The development of a normal pattern following reunion of egg fragments
(after temporary fragmentation plus puncturing) suggests that damage is
unlikely

to be the explanation for the gaps observed following

fragmentation.

Furthermore, the change in developmental fate clearly

demonstrated in the posterior egg fragment, suggests that fragmentation
disrupts segmentation by preventing the interaction between the anterior
and posterior regions of the egg required for the development of the
complete pattern (in long germ species). However, a pattern of
disruption which does seem to be, at least partly, a result of damage
has been described in Callosobruchus by van der Meer (1979).
Fragmentation of short germ eggs has been less successful in producing
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similar effects upon the segmental pattern (see chapter 3).

Voilmar

(1911, reviewed Sander. 1916) working with the intermediate germ insect
Acheta, observed a few partial patterns following fragmentation prior to
the formation of the germ anlage. Anterior partial patterns showed a
similar dependence on fragment size (at later stages) and stage at the
time of fragmentation to that observed in long germ species (see chapter
3). Posterior partial patterns (embryos showing small defects in the
head lobes only) developed following fragmentation

during

early

cleavage. Posterior partial patterns were not observed subsequently
until formation of the germ anlage at which stage fragmented eggs
developed both anterior and posterior partial patterns. In some eggs
these patterns were complementary, in others there were gaps of up to
six segments.
The results suggest that, as in long germ species, the posterior
region of the egg does have some influence on the development of the
anterior, but provides no evidence for a reciprocal effect of the
anterior region upon the development of the posterior. In marked
contrast to long germ species however, a small posterior fragment (161
EL) will give rise to the complete germ band suggesting that the
posterior pole of the egg has an important role in pattern formation in
Acheta.

In short germ insects the visible delineation of most segments occurs
in an anterior to posterior sequence during the gradual growth and
elongation of the posterior of the embryo, suggesting that segments may
be formed sequentially by segmentation occurring at the posterior tip.
In 1 . rearia the effect of fragmentation was studied at stages
subsequent to the formation of the germ anlage to see if the body
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pattern was specified by interactions within the germ anlage.

If

interaction between anterior and posterior regions of the germ anlage is
necessary for the development of the complete segmental pattern, the
equivalent of a long germ gap which disappears with increasing age at
fragmentation might be a gap which disappears as fragmentation is
performed more anteriorly, at levels approaching visible segments (see
chapter 3). I was unable to demonstrate such a transition from an
anterior unsegmented region where patterns were complementary to a more
posterior region where patterns were always non-complementary. This may
have been due to the small number of eggs developing both an anterior
and posterior partial embryo in these experiments. However, the results
did show that isolated posterior partial embryos were able to continue
segmentation and that the number of segments which formed was related to
the level of fragmentation. In contrast, anterior partial embryos
usually terminated with segments visible (or the next segment due to
become visible) at the time of fragmentation, irrespective of the level
of fragmentation, suggesting that anterior portions of the embryo (with
a few exceptions) may not continue segmentation when isolated from the
posterior.

There are several models of segmentation which can more-or-less
explain the change in developmental fate observed following
fragmentation in long germ species and some of the other results
described above. The most successful models seem to be those in which a
gradient of positional information is built up between anterior and
posterior regions of the egg. The egg is then divided into segmental
blocks labelled according to the gradient profile. A model of this type
is described by Meinhardt (1977). Some other models are described and
discussed by Slack (1983), Sander (1981), Meinhardt (1982). Meinhardt's
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model is illustrated in figure 6.2; its successful application to double
abdomen patterns in figure 6.3 and its application to the results of
fragmentation experiments in figure 6.4.
Although this gradient model, in particular, emphasizes the importance
of the posterior pole in pattern formation. Pleinhardt has not extended
it to describe segmentation in short germ insects.
may

However, the model

explain why, in •. gregaria anterior partial embryos cease

segmentation following their isolation from the posterior (see legend to
figure 6.4).
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The lateral inhibition model of Gierer and Meinhardt in
Figure 6.2.
which a gradient of positional information is generated between the
poles of the egg by the interaction of two substances, an activator and
an inhibitor. The activator stimulates its own production
(autocatalysis) and also that of the inhibitor, while the inhibitor
represses the formation of the activator. Both substances are
diffusible, and the inhibitor diffuses more freely than the activator.
The steady state of the interaction is shown (a) and consists of a sharp
peak of activator concentration ( — ) and a broad one of inhibitor
It is hypothesized that the activator peak forms
concentration ( --- ).
The gradient of the
at the posterior pole (OX EL) of the insect egg.
inhibitor provides positional information. (b) shows the segments which
form in response to the different levels of the gradient (after
Meinhardt, 1977).
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Application of the lateral inhibition model to symmetrical
Figure 6.3.
The normal profile of the activator ( — ) and
double abdomen patterns.
inhibitor ( --- )are shown. (a) Experimental manipulations such as
UV-irradiation or puncture of the anterior pole of the egg (where the
concentration of the inhibitor is already low) result in a decline in
the concentration of the inhibitor and consequently a rise in the
concentration of the activator. If the increase in activator levels is
sufficiently high a second activator peak (.-.) develops at the anterior
pole which eventually results in a symmetrical distribution of the
inhibitor (.-e). (b) shows the double abdomen pattern which forms in
response to the symmetrical gradient of positional information.
There are however, two other experimental results linked with the
production of double abdomen patterns which this model cannot explain.
The induction of double abdomens by UV is, even after a substantial
time delay, suppressed by subsequent irradiation with visible light
In order to explain the long period during
(reviewed Kalthoff, 1983).
which the effect of UV can be reversed Meinhardt proposes that
irradiation with visible light blocks the activator production that
Photoreversal of UV-induced damage is
normally follows UV-irradiation.
the generally accepted interpretation of this result (Kalthoff,
1978).
Meinhardt's interpretation also implies that the induction of double
would
means,
such
as
puncture,
also
be
abdomens by other
photoreversible.
This has been found not to be the case (Kalthoff,
1978).
MeinhardUs model is unable to explain the generation of double head
In these embryos pattern formation is occurring (in the case
patterns.
of diceDhalic embryos to form patterns consisting of head, thoracic and
sometimes anterior abdominal segments) in the absence of an activator
peak and therefore presumably in the absence of a gradient of positional
information.
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Application of the lateral inhibition model to the results
Figure j.
of fragmentation experiments. The normal profile of the activator (.--.—')
and inhibitor (---) are shown. Following fragmentation the inhibitor
accumulates C-.-.-) in the posterior fragment, which contains the source
of the inhibitor, resulting in the absence of the threshold values
required for the formation of the more a.flterior segments normally
developed by this region of the egg. In the anterior fragment the
concentration of the inhibitor falls (.-.-.) to a level which normally
never occurs and consequently it would be predicted that no pattern
elements (or posterior ones!) would form, which is clearly not the case.
Meinhardt therefore proposes that determination (of cells to form a
particular segment) proceeds from anterior to posterior until a level of
determination is reached which is appropriate to the local inhibitor
If the inhibitor disappears determination will proceed
concentration.
Therefore,
the structures formed by anterior fragments
no further.
reveal how far determination has advanced at the time of fragmentation
(after Meinhardt, 1982).
This additional assumption implies that at a given stage the most
complete partial patterns developed by an anterior fragment would
terminate with the most recently determined segment, irrespective of the
length of the fragment. This is clearly not the case following
fragmentation of Protoohormia, for example, where the partial larvae
formed by large anterior fragments have more segments, on average, than
those produced by small fragments (see Herth and Sander, 1973, figure
5).
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Heat Shock and the Clock and Wavefront Ilode].
The heat shock experiments performed on amphibians (Elsdale

at

11,

1916; Pearson and Elsdale, 1919) suggest that visible segmentation is
preceded by some cellular change following which tissue
insensitive to the effects of heat shock.

becomes

In amphibians the results

have been interpreted in terms of the clock and wavefront model (see
Pearson and Elsdale, 1979) in which the visible appearance of segments
in anterior-to-posterior sequence reflects their anterior-to-posterior
segmentation (see chapter 4).
The disruptions resulting from heat shock have been interpreted as an
effect upon the "clock" component of the mechanism, resulting in the
loss of synchrony between clocks in neighbouring cells.

Subsequently

the clocks gradually become resynchronized; the severity of

the

disruption reflecting the time left for recovery before cells interact
with the second component, the wavefront' (see chapter 4). Pearson and
Elsdale (1979) suggest that the wavefront, the gradient which specifies
the rate at which cells progress towards the act of segmentation, is set
up early in development prior to the stage at which the heat shock
result is first obtained (i.e. the neurula stage) and is not affected by
heat shock. A number of experiments suggest that some component of
segmentation is preset (predetermined) in this way.
1.Embryos surgically reduced in size (at the early blastula stage)
undergo pattern regulation and form the normal number of somites. These
somites are reduced in size and contain fewer cells than normal (Cooke,
1975). The rate of somitogenesis is the same in operated and control
embryos and the process is completed in the same time in both cases
(implying that the time taken for each cell to become competent to
undergo somitogenesis is increased).
2.The preset nature of the wavefront would account for the fact that
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somitogenesis
propagated).

appears

to jump gaps (i.e. is kinematic and not

Deuchar and Burgess(1967) demonstrated that the progress

of visible somitopenesis was kinematic.

They found that somites

continued to form in the posterior half of embryos cut transversely into
two immediately posterior to the last formed somite at neurula stages.
Pearson and Elsdale (1979) demonstrated that the progress of the
wavefront is also kinematic by cutting embryos into two (at the neural
fold stage, before the formation of the first somite) immediately after
a heat shock. Visible somitogenesis was observed to continue in the
posterior half of these embryos even in cases where the heat shock
located the wavefront in the anterior portion of the embryo at the time
of cutting. In such divided embryos the total number of somites, the
sequence of somite formation and the time at which somitogenesis was
completed was normal.

Heat shock given at stages prior to the neurula stage (i.e. during the
first period of sensitivity, see chapter 4) is interpreted as having an
effect upon the setting up of the wavefront (Elsda].e and Pearson, 1979).

Results similar to those described for amphibians were observed in S.
gregaria following heat shock delivered during development subsequent to
the disc stage (see chapter 4).
1.As

heat shock was given at progressively later stages during

development, increasingly posterior segments were affected.
2.The relationship between the last segment visible at the time of heat
shock and the first segment affected by it was constant; usually three
normal segments formed.
3.The number of segments affected at a given stage depended upon the
severity of the heat shock.
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In amphibians however, the disruption was asymmetrical; the most
severe abnormalities occurred at the anterior end of the disrupted
sequence, the pattern gradually becoming normal posteriorly. This was
taken to imply that at the time of heat shock, the wavefront was located
at the boundary between normal somites and the maximally disturbed
anterior somites of the disrupted sequence; the increasingly normal
appearance of posterior somites was interpreted in terms of a recovery
during which the synchrony of clocks in unsegmented tissue is regained.
In

1.

gregaria the pattern of disruption, assessed with reference to

the cuticular pattern of first instar hoppers was not obviously
asymmetrical. Therefore there was no real evidence for a recovery.
However, heat shocks of increased severity resulted in an increase in
the number of somites affected. This may be interpreted in terms of a
recovery process which requires an increasingly long period of time in
which to restore synchrony following increasingly severe heat shocks.

In amphibians the pattern for the anterior third of the somite file is
laid down in tissue which has ceased to divide, while the posterior two
thirds are formed where tissue is becoming extended through cell
divisions (and cell rearrangement) in the tail bud (see Cooke, 1977).
Segmentation of long germ insects might therefore be comparable to
somitogenesis in the amphibian trunk and segmentation of short germ
insects to somitogenesis in the amphibian tail bud. The clock and
wavefront model may be applied to amphibian somitogenesis without making
any distinction between trunk and tail bud somites (i.e. same mechanism
for both). If the model is applicable to the segmentation of insect
embryos (of long, short and intermediate germ type) fragmentation
experiments might be expected to reveal something of the nature of the
wavefront.
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In S. gregaria fragmentation, at levels dividing the embryo posterior
to the last visibly formed segment, did not conclusively demonstrate
that the pattern which formed was complete and therefore, that (visible)
segmentation in short germ species had similar kinematic properties to
somitogeneSis in amphibians.
However, fragmentation of long germ eggs such as Drosophila reveals
that visible segmentation is kinematic at the blastoderm stage; whatever
the level at which the embryo is divided, segmentation continues in the
posterior egg fragment and the total number of segments formed by the
anterior and posterior pair of egg fragments is equal to the full
complement of segments. In terms of the clock and wavefront model this
would imply that the properties of the wavefront are predetermined by
the blastoderm stage, segments subsequently becoming visibly delineated
upon the interaction of the wavefront with the clock. The character of
the wavefront may be determined by reference to a gradient, similar to
that described above, which is disrupted by fragmentation.
This interpretation would lead to the prediction that heat shock
delivered at or after the blastoderm stage would result in disruptions
of the segmental pattern in long germ species.
delivered to long germ insects at blastoderm.

Heat shocks have been
In Drosoohila segmental

abnormalities were induced following heat shock at blastoderm (Maas,
1949). In Calliohora, Pearson (1974) found that heat shock (and
X-irradiation) was only effective at inducing segmental abnormalities
(at very low frequencies) when given prior ja and at blastoderm stages.
However, implicit in the model is that segmentation occurs in anterior
to posterior sequence. Although in some long germ insects visible
segmentation is sequential (see Anderson, 1972), in Drosophila it seems
that all segments appear more-or-less simultaneously (see Turner and
Mahowald, 1977). However, their formation may be sequential.
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rc (c.20)

Figure 6.5. The zones (and their approximate dimensions) present in the
amphibian tail bud (at the 13-somite stage). To the left the last three
visibly formed somites are labelled. Posteriorly lie the prepattern
zone, the zone of extension and at the tip the packing zone or somite
stack. The figures in brackets indicate the number of prospective
somites which occupy each region (after Elsdale and Davidson, 1983).

A detailed examination of the amphibian tail bud has been carried out
by Elsdale and Davidson (1983) using surgical techniques involving the
removal of various parts of the posterior tip of the tail bud and the
marking of tissue at different distances from the posterior end of the
bud. These techniques have suggested that pattern regulation does

nQ.t,

occur in the tail bud; tail buds do not regenerate; surgical marks
persist and can be observed in the somites which develop later. Using
these techniques, Elsdale and Davidson found that the majority of the
presumptive somites were stacked in the extreme posterior tip of the
tail bud.

More anteriorly presumptive somites became increasingly

extended and less tightly packed.
visibly

Between this zone of extension' and

delineated somites was a zone in which the spacing of

presumptive somites was the same as that of visible somites (figure
6.5).

The boundary between this zone and the zone of extension was

found to coincide with the boundary between tissue insensitive and
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tissue sensitive to heat shock (i.e. the location of the "wavefront").
These results lead Elsdale and Davidson to conclude that the tail bud
is a "highly determined system" and that cells have acquired positional
values (true also of cells in the posterior stack). In terms of the
clock and wavefront model this can be interpreted as meaning that the
progress of the wavefront is determined in the tail bud as well as in
presumptive flank regions.
predetermined

This implies that, for any given stage, the

"progress" of the wavefront must change along the

anterior/posterior axis of the tail bud; across the cells in the zone of
extension and across the cells of the posterior stack (i.e. in some
sense it is steeper in the stack).
A similar stacking of segment primordia was suggested by the results
of the fragmentation experiments performed on £. greaaria. In £.
gregaria it was found that the relative frequency of posterior partial
patterns beginning with each of the segments not visibly delineated at
the time of fragmentation, declined in anterior to posterior sequence
(figure 3.7). One interpretation of this observation is that the
"primordia" of segments not yet visible may be unequally "represented"
in some way in the unsegmented protocorm, posterior segments being
represented by a smaller proportion of the anterior/posterior length of
the protocorm than anterior segments approaching the time of visible
delineation.

With regard to insects, the clock and wavefront model implies that
segmentation of the protocorm of short (and intermediate) germ insects
is similar to that of long germ insects. The pattern of segments is flt
generated at the posterior tip of the embryo, but rather, the end of the
axis is just the last region to become competent to form segments and
does so while growth and elongation is occurring. However, fundamental
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to this model is the kinematic nature of the mechanism which generates
the segments. In S. gregaria the fragmentation experiments were not
conclusive, but anterior and posterior partial embryos from a single egg
were not usually complementary. The alternative possibility is that the
process generating segments does occur during growth at the posterior
tip of the embryo (subsequent to germ anlage formation), and is
dependent on this growth.

The ProQress Zone Model
A model for sequential pattern formation during growth has been
suggested for the proximal-to-distal specification of pattern elements
in the developing chick limb (Summerbell 1973). In this model it
is proposed that a "progress zone" is located at the distal end of the
chick limb bud.

The positional value of the cells within the progress

zone is labile and becomes increasingly distal with time.

As cell

division occurs within the progress zone proximally situated cells
emerge from it with a positional value fixed at the level achieved in
the progress zone. Hence cells form a pattern appropriate to the length
of time spent in the progress zone. In the chick the presence of the
apical ectodermal ridge, which lies at the distal tip of the limb bud is
thought to maintain the size of the progress zone and lability of cells
within it. In a short germ insect embryo, cells leaving a progress zone
located at the posterior tip of the germ anlage, early in development,
would form thoracic segments, say, while those leaving later would form
abdominal segments (see Sander, 1976). Implicit in this model is that
segmentation occurs in anterior to posterior sequence.
What effect would fragmentation have on pattern specification by this
type of model, assuming as is proposed for the chick limb, that the
progress zone cannot be regenerated (see figure 6.6)?
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Anterior partial embryos, isolated at a given stage, would form a
limited number of patterns, the most complete of which would indicate
the most posterior segment specified at that stage.
The segments formed by posterior partial embryos would depend upon
the level of fragmentation.
3.Complementary anterior and posterior pairs of patterns would be
observed only following fragmentation at a level anterior to the last
segment specified.
4.The gaps observed in non-complementary partial patterns would become
increasingly large as the level of fragmentation approached the
posterior tip.

T3 visibly segmented
1

} specified, but not visible

2

PROGRESS ZONE

40

3 -----

level of

f rg men tat ion

1
2
3
4

Dredicte
anterios

artial patterns
posterior

end
end
end
end

begin Al
begin A3
begin posterior to A3
begin v. posterior to A3

T3
A2
A2

A2

The partial patterns predicted following fragmentation if
Figure 6.6.
The figure
segments are generated by the activity of a progress zone.
shows an embryo (at the segmented thorax stage) and the levels of
fragmentation considered are indicated by dashed lines; 1 within the
visibly segmented region; 2 between specified segments and the progress
zone; 3 anteriorly within the progress zone ; 4 posteriorly within the
progress zone. The predicted patterns are listed. Following
fragmentation at levels 1 and 2 anterior and posterior partial patterns
from a single egg, would be complementary; at levels 3 and 4
non-complementary (for further details see text).
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This assumes that the size of the progress zone is restored after
experimental perturbation, gaps would occur because cells which would
have emerged from the progress zone and formed the missing segments
during normal development remain in it.
Predicted patterns 1, 2. and 3 were similar to the results observed
although there were some exceptions (notably occasional anterior partial
embryos terminating with posterior abdominal segments). In this model,
to have an effect on segmentation, heat shock would have to affect cells
jn the progress zone. Following the X-irradiation of chick limb buds it

was found that proximal structures were absent following early
irradiation, and more distal structures were lost as irradiation was
carried out at progressively later stages during development (Wolpert et
al, 1979). This result was interpreted in terms of cell death, induced
by X-irradiation, forcing surviving cells to remain for a longer period
of time in the progress zone, re-populating it. Similar patterns might
be predicted, without cell death, if cells were counting time spent in
the progress zone and heat shock just delayed cell division so
preventing the emergence of cells from the progress zone. In amphibians
there was no evidence that the disruptions induced by heat shock were
associated with cell death; somitic tissue was not obviously missing,
rather there was a disruption of the normal pattern of regular
intersomitic clefts. In locusts the disruptions observed were similar
to those induced by X-irradiation of chick limb buds in that the defects
often appeared to involve deletion of a particular region; the deletions
affecting increasingly posterior segments as heat shock was carried out
at progressively later stages during development (see chapter 5).
A problem with the progress zone model is that it would be special to
the segmentation of short germ insects or abdominal segments of
intermediate germ insects
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There is some experimental evidence that some segments may form
differently to others. In the heat shock experiments carried out using
S. greqaria the location of abnormalities in the segment file (following
late" heat shock) suggested that the head segments (including the
gnathos) were less susceptible to heat shock induced abnormalities than
segments of the thorax and abdomen. In the intermediate germ insect,
Acheta, Heinig (1967, reviewed Sander, 1976) found that the pattern of
defects induced, following X-irradiation, in the abdomen was rather
different to that of the anterior segments (see chapter 4).
However, the fragmentation experiments performed on Acheta prior to
germ anlage formation suggest that the abdomen has no special status
(Volimar 1971, reviewed Sander, 1976). Voilmar observed incomolete
anterior partial embryos terminating with head, thoracic or abdominal
segments. This indicates that the formation of the abdomen is not
strictly all-or-nothing following experiments preceding formation of the
germ anlage, as might be expected if abdominal segments were generated
by a progress zone located at the posterior tip of the germ anlage
(similar conclusions can be drawn also from the results of Sander's
(1960) translocation experiments on Eucelis).

The A-P Stripe Model
Meinhardt

(1982) has recently proposed a model, applicable to

segmentation of both long and short germ insects, in which segmentation
is coupled with the allocation of cells to either an anterior or
posterior compartment within a segment (also see Kornberg, 1981).
Lawrence's (1973) clonal analysis of Oncopeltus demonstrated the
restriction of cells and their descendants to a particular segment (see
chapter 1). In Drosophila, clonal analysis (Wieschaus and Gehring,
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1976) has demonstrated similar segmental restrictions occurring at the
blastoderm stage, and furthermore intrasegmental restrictions to the
anterior or posterior comoartment of the segment (Garcia-Bellido It

Al .

1973). Compartmental boundaries have been found in several segments and
they seem to be as precisely defined as segment borders and may arise,
at least in the thorax, at the same time (Wieschaus and Gehring, 1976).
Ileinhardt suggests cells may oscillate, synchronously, between two
states A and P (which are equivalent to the eventual compartments) and
that over a certain distance, the presence of A cells has a stabilizing
effect upon P cells and vice versa. If a single P-A boundary is set up
at one end of the germ anlage A cells immediately posterior to the
border will be stabilized by the presence of the P cells. Some distance
away from the P cells A cells would switch back to P and so a second A-P
boundary would be formed and so on. If the first boundary forms
anteriorly the front between stable and oscillating cells would move
posteriorly down the axis forming a stable pattern of alternating A and
P stripes, the width of which would be determined by the distance over
which one state stabilizes the other. If cells form a particular
segment according to the number of A-P P-A oscillations undergone then
segments will form sequentially, each with an A and a P stripe.
In order for this model to be compatible with the evidence for a
gradient mechanism controlling the number, size and nature of segments
in long germ species, Meinhardt (1982) suggests that the oscillation
between states can only occur above certain threshold levels of the
gradient and that the threshold increases with every oscillation. The
width of the stripes would therefore be determined by the gradient
profile.
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Partial patterns predicted following fragmentation, if
Figure 6.7.
segments are generated by the A-P stripe mechanism proposed by Meinhardt
The stage of the embryo and sites of fragmentation considered
(1982).
Following fragmentation at
are the same as those shown in figure 6.6.
levels 1-4 anterior and posterior partial embryos, from a single egg,
would form complementary patterns and the segments present in each
partial pattern, dependent upon the level of fragmentation (see text).
This model very simply explains segmentation of short germ embryos.
The most anterior P-A border is formed and as terminal growth gives rise
to tissue beyond the stabilizing range of the P cells, the cells at the
very tip switch from A to P, establishing the second border and so on.
The pattern of stripes would extend gradually as growth occurs at the
tip. In this model there is very little unspecified tissue;
segmentation has occurred throughout the embryo, except at the extreme
tip and this region cannot exceed the width of one stripe.
It would be predicted therefore, that since fragmentation of the
embryo within the unspecified region would be extremely unlikely,
anterior and posterior patterns would be complementary and the number of
segments formed by each would depend upon the level of fragmentation
(see figure 6.7). The partial patterns observed were rather different
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to those predicted; pairs of anterior and posterior partial patterns
were usually non-complementary; the anterior partial patterns which
formed were not affected by the level of fragmentation (see chapter 3).
It is not clear what effect heat shock would have although it may result
in the incorporation of dying cells into specified tissue. However, if
in long germ insects heat shock affected the synchrony of oscillation
small patches of A and P tissue (exerting a mutually stabilizing effect)
may arise scattered throughout the unsegmented region and the regular
pattern of A-P stripes fail to form.

What Does Heat Shock Do?
The effects of heat shock upon morphogenesis have been studied in a
rather different way by Mitchell and Lipps (1978). They used heat
shock, delivered at pupal stages, to study the morphogenesis of bristles
and hairs in adult Drosophila. They found that heat shock at specific
times during pupal development resulted in particular abnormalities of
bristles or hairs (which were phenocopies of certain mutants). In
Drosophila, heat shock temporarily initiates the transcription and
translation of a small number of genes, giving rise to a group of
proteins termed heat shock proteins. Furthermore, the normal
transcriptional activity of the affected cell is suppressed (discussed
in Mitchell and Lipps, 1978, for example). Mitchell and Lipps suggested
abnormal bristles formed when presumptive bristle cells failed to
recover normal function in time to participate in the development of
bristles.
This interpretation of the effect of heat shock, at the level of
morphogenesis, is not unlike that proposed by Pearson and Elsdale (1979)
in support of the clock and wavefront model; cells were unable to
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recover their synchrony in time to interact normally with the wavefront.
However it is not clear how this would lead to the particular type of
abnormalities seen in £. areaaria.

The Nature of the Seamental Abnormalities
The heat shock induced pattern abnormalities, described in the cuticle
of first instar hopper, fell mainly into three classes; gap, loss and
reduced (chapter 5). The abnormalities were explained in terms of the
deletion of a particular region/s of a segment/s followed by intercalary
regeneration via the shortest route (French, Bryant and Bryant, 1976),
that is in a similar way to the results of excision experiments
performed on the larval segments of Oncooeltus (Wright and Lawrence.
1981). The heat shock induced disruptions are also very reminiscent of
the patterns formed by some of the segmentation mutants described by
Niisslein-Volhard and Wieschaus (1980) which again apparently involve
deletion and pattern regulation. The "loss" class of segmental
abnormality induced by heat shock is similar to that of the "pair-rule"
mutants (i.e. deletion of a segment length of tissue from an adjacent
pair of segments and fusion of the tissue which remains) and the
"reduCed" class to that of the "segment polarity" mutants (i.e. deletion
of more than half a segment length of tissue and consequent pattern
regulation). A class of mutant corresponding to the gap class (which
appears to involve deletion of less than half a segment length of
tissue, without the expected intercalary regeneration) was not described
by NUsslein-Voihard and Wieschaus (although their comment that
"mutations causing smaller deletions in the segmental pattern do not
lead to polarity reversals" implies that they do observe some mutants
with deletions of less than half a segment.
Obviously an important difference between the mutants and the heat

163

shock induced defects is that the former are repeated along the
anterior/posterior axis. These mutants are largely zygotic (as distinct
from the maternal effect mutations such as bicaudal which disrupt
segmentation). Work with a temperature sensitive allele of the paired
locus showed that the extreme phenotype only occurred when embryos were
kept at the restrictive temperature at the blastoderm stage (i.e. when
the pattern is determined according to other experimental criteria;
Nüsslein-Volhard and Wieschaus. 1980). Similarly DNA/RNA hybridization
techniques have recently shown that the wild-type alleles of the
pair-rule mutants fushi tarazu (Hafen . J.,, 1984) and hairy
(Ish-Horowicz, personal communication) are transcriptionally active at
about the blastoderm stage.
The generation of the abnormal pattern has been described for the
pair-rule mutant paired (Sander et a]., 1980). It was observed that when
transverse epidermal furrows first became visible in the embryo they
were spaced at about twice the normal distance, delineating six regions
which contained about twice as many cells as one normal segment anlage.
Each of these regions developed two pairs of tracheal pits (one pair
would usually form per normal segment). There was no evidence of cell
death and the length of each segment (following formation of the
cuticle) in mutant embryos was about 1.5 times normal. Each of these
enlarged segments was composite and had cuticular structures
characteristic of two consecutive segments (confirmed by analysis using
homeotic mutants). In contrast, in the pair-rule mutant, hairy. Howard
et a]. (1984) found that formation of a normal pattern of transverse
furrows was followed by localized cell death in the ectoderm. These
results suggest therefore, that in some of the pair-rule mutants
(paired, for example) the pattern is laid down abnormally (in the
absence of cell death) while in others (such as hairy) the pattern may
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be formed normally and subsequently parts lost due to cell death.

It is not clear whether cell death plays a role in the defects induced
by heat shock. However, in locusts (and in the segmentation mutants
described for Drosophila) the classes of disruption (or deletion)
observed imply that cells of a particular positional value (or segmental
region) within a particular segment/s are functionally deleted. These
results suggest that segmentation involves the specification of a
sequence of segmental positional values and not the specification of
segment borders, between which segmental positional values subsequently
arise.
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Conclusion
To conclude, it seems that the data do not unequivocally support any
of the models described. Although following fragmentation the anterior
and posterior partial patterns observed were similar to those predicted
by the progress zone model, the results of the fragmentation experiments
were inconclusive. Use of an improved technique, permitting
fragmentation of the embryo at a known position (see chapter 3), might
demonstrate unambiguously whether the anterior and posterior partial
patterns which develop are complementary or non-complementary and if the
result is dependent upon the level of fragmentation. Such information
is important in discussion of the results in the context of any model.
The heat shock results are difficult to interpret in terms of the
models described because the effect of heat shock on pattern formation
is unclear. However, what the segmental abnormalities which result
following heat shock do suggest is that segmentation is not a process
which initially specifies segmental boundaries but is one in which a
sequence of segmental positional values are laid down, one of which (per
segment) corresponds to the segment border.
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Appendix 1

Statistical Treatment
A X 2 analysis was used to determine the effect of heat shock on the
proportion of eggs failing to develop. In order to assess the effects
of heat shock, at any given stage, the variability in the proportion of
eggs failing to develop between eggs from different pods had to be taken
into account, as well as the effect of heat shock in comparison to that
the sham heat shock. For each stage a table was drawn up (table 1).

of

A 2 x n X - - test was carried out on these figures, where n = the total
number of pods used at a given stage (i.e. no. of pods heat shocked
no. of pods sham shocked -see tables 4.2a and b). The total
obtained was partitioned into an "effects"
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obtained from;

no, of eggs failing to develop
no. of developing eggs
where H1
and
S

+

heat shock
Hf
Hd

sham shock
S
Sd

Hd = total number of eggs heat shocked (table 4.2a)
Sd = total number of eggs sham heat shocked (table 4.2b).

For each stage an F ratio was calculated
F ratio= A E xn-2
Xhet

and the exact probability of this F ratio was obtained.
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