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SUMMARY
The structure, composition and mechanical properties of the
abdominal outiole of Rhodnius prolixus St&l nymphs have been
examined. The development of the cuticle has been investigated
throughout the fifth nymphal instar.

An attempt has been made

to relate the structure and composition of the cuticle to the
changes in the outiole mechanical properties which occur at ecdysla
and particularly at feeding.

1(a) The structure has been examined, principally by electron
microscopy, and the cuticle shown to consist of an epioutiole and
an endocutiole.

There is no solerotised exocutiole.

The endocuticle is all lamellate and appears isotropic in
structure.

The cuticle consists of 10-12% chitin, the rest is mostly
.i
protein. 65-70% of the cuticle dry weight issolub1e protein.

The weight and compositional changes of the extensible
cuticle through the mater have been followed. When nymphs are
starved soluble protein from the endocutiole is aboorbed. The
cuticle therefore acts as an emergency nutrient source.

The ohitin structure has been examined and chitin microfibrile,
diameter 2.8 nm , have been shown to associate closely with the
matrix protein.

Iv.
2. The largest fraction of the extensible cuticle is soluble
protein. This fraction has been characterised.

The soluble protein fraction consists of many proteins
which have been separated by eleotrophoresia and their molecular
weights calculated.

Various cuticle proteins extracted in different solvents
have been related to those of a detergent extract separated by
electrophoresis.

(0) Evidence against polymorphism in cuticle proteins is presented.

The optimu' solubility of the protein fraction was investigated,
particularly with reference to the pH and ionic strength of the
solvent. Solubility of proteins can be altered by preservation of
Insects in alcohol or by use of organic solvents.

A water soluble protein is shown to be a complex of three
distinct peptides.

water soluble cuticular proteins have a ring structure.

The water soluble protein appears to be similar to tubulin in t8t
it is only soluble at low temperature, at an optimum ionic strength
and its solubility depends on the ionic character of the solvent.

Mechanism of inducing cuticle plasticisation by lowering the
cuticle ionic strength or pH are proposed. The effect would be to

V.

increase cuticle protein solubility by decreasing secondary bonding
in the matrix. The bonding changes are discussed and an 'in vitro'
reaction demonstrated. pH change is considered the most Likely
'in vivo I stimulus.

3. The mechanical properties of extensible cuticle were measured.

: effect of extracting certain protein fractions of the cuticle
was measured.

The cuticle mechanical properties were shown to be isotropic.

Induction of cuticle plasticisation by 511T was confirmed.

(o) Plasticisation of cuticle 'in vitro' was stimulated by the
sam media as increased cuticle protein solubility. Plaatioisation
is due to a reduction in cuticle protein secordary interactions.

A model of the stretch mechanism of cuticle is proposed
involving increased matrix protein solubility. This model
complements the model of cuticle plasticisation.

Starved nymphs do not feed completely. This was investigated
and is explained by the inability of the cuticle to stretch an much
as that of normal nymphs. The explanation fits the model of cuticle
stretch. The amount of stretch depends on the amount of matrix
protein in the erdocutiole.

vi.
4. The development of the abdominal cuticle after the insect he.a
fed was followed.

The structural changes on feeding were investigated and fit
the stretch mechanism proposed,

After feeding an additional layer of eadocutiole is produced
with a different structure and composition. This occurs before
development of the jliarate cuticle commences.

(o) Control of deposition of the poet-feed ergocuticle was
investigated and its origins and fate determined.

The post-feed deposited endoonticle was shown to be stronger
than the pre-feed endooutiole • This is related to the
compositional differences between the naterials.

The developmental aiificanoe of the post-feed eridocutiole
is discussed and a multiple role proposed for it.

The composition and mechanical properties of R. proligus
extensible cuticle bave been compared to those of the related
bug Triatoxia phylloaonR paUidipennia St&l and shown to be very
similar.

vii.
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Chapter 1

IMODUCT ION
The study of arthropod cuticle

has expended rapidly over the

last decade involving a wide variety of arthropods and many diverse
techniques. Fortunately an excellent and timely review of the
literature has been made by Neville (1975). A detailed review of
cuticle literature here would only be repetition. I shall therefore
consider only the most recent, relevant work whilst outlining the aims
of my research.
Most investigations of arthropod cuticle have been concerned with
its structure, biochemistry or mechanical properties. Few attempts
have been made to marry investigations of these cuticle properties.
ny insects are suitable for use in investigating any one of these
factors, choice of one amenable to investigation of all is more
difficult.
Investigation of the chemical composition of cuticle requires an

insect with a cuticle in which all the components are not intractably
bowil, an untanned cuticle, a 'soft' cuticle (Backman and Goldberg,
1958). This type of cuticle has received far less attention than

the tanned cuticles though the vast majority of insects, especially
endopterygote larvae, have 'soft' cuticles,
The study of cuticle structure is not an important factor in the
choice of an Insect to study as techniques in light and electron
microscopy are suitable for adaptation to most problems so far
encountered in cuticle research.
The mechanical properties of many types of cuticle have been
measured but mostly with tanned cuticle.. The mechanics of 'soft'
cuticles are relatively unknown.
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Several types of cuticle are suitable for investigation
especially those of insects which can control the mechanical
properties of the cuticle. Female locust intersegmental membranes
have the properties required (Vincent and Wood, 1972) queen
termites preparatory to egg laying (Bordereau, 1967) or haertoto

-

kothe

phagous bugs during feeding (Bennet-Clark, 1961) appeardLai1ar

prop4±43.

The larval abdominal cuticle of the Meinipteran Rhodnius
prolixus Sth is extensible and expands when the insect feeds

(wigg].eeworth, 1933).

The uohanioa1 properties of the cuticle

have been examined (Bonnet-Clark, 196 1

Reynolds, 1975a) and shown

to be under active control (Bernet-Clark, 1962).

The stimulus of

this change in mechanical properties, plasticisation, is possibly
5-hydroxytryptamine

which,when injected into H. prolixua larvae,

produces the change found at feeding (Reynolds, 1974a). Because
the extensible cuticle of H. prolixus is 'soft' (I.okmn, 1975),
because the insect can oontrol the smohaniosi properties of the
extensible cuticle and because little is known about the detailed
cuticle structure and composition I have examined these properties
of R. prolixua extensible cuticle in an attempt to interrelate some
-

of these properties.
Wiggleaworth (1933) first described the abdominal cuticle of

R. prolix) nymphs showing that the abdominal cuticle was composed
of an epicuticle and an endooutiole, there is no tanned exocutiole.
This simplified cuticle structure is an advantage in studying the

cuticle properties. The cuticle structure has been re-examined
using electron microscopy (Chapter 3).

The composition of the cuticle has been examined and related to
the structure (chapter 3),

3.
Bennet-Clark (1961) demonstrated that the change in mechanical

properties of the cuticle during feeding can be mimicked by soaking
cuticle in buffer at pH 5 or in urea solution. Reynolds (1975b)
examined the mechanical properties of larval abdominal cuticle in

vitro and possible mechanisms stimulating plasticisation.

He

concluded that a pH change in the cuticle was the most probable

mechanism as had been suggested by Bennet-Clark (1961).
The mechanical properties of the cuticle (Chapter 5) have been
related to the chemical composition and an attempt will be made to

explain the changes in the interactions of the cuticle components
which must occur when its mechanical properties are changed.
Throughout this study the changes and effect, examined have been

related to the development of the cuticle in an attempt to uxxlrstath
the relationships between the components of the cuticle.
All previous work has been concentrated on the cuticle of tinted
nymphs and the changes occurring during plasticization at eodyain

(Reynolds, 1974b) and feed (Bezmet-.Clark, 1961;

Reynolds, 1975a,b).

I have considered the structure, composition and mechanics of cuticle

through the nymphal ins tar though the balk of the work has ewninad
fully developed but wit ed R. prolixua larvae. I have examined the

fate of the cuticle after feeding (Chapter 6) as the insect develops
to the next instar because Zwicky and Wigglesworth (1956) showed that
more cuticle is deposited after the meal and Wigglesworth (1935)
reported that the old cuticle is partly absorbed prior to being
discarded at eodysis.
These aspects of the larval abdominal cuticle of R. prolixus
have been investigated. Particular attention has been given to the

role of the protein components of the cuticle (Chapter 4).

4

.

Weis-Fogh (1969) considered that the differences between various
cuticles in structure and function depends on the most abundant
and variable components present, the specific proteins. As

oh.ttin appears to contribute to cuticle as a filler material
(Gordon, 1968) providing mainly short term strength and contributing

inoctly by providing 'toughness' to the cuticle, it does not appear

to be important in the stretch reaction.
It is easy to examine material and report measurements mad, on
any aspect of it but consideration must be given to the relevance

of the experiments and what contribution they make to an unerrtandin
of the system being examined. Many measurements of cuticular
mechanical properties lave been made and related to different types
of structure but I have in addition attempted to relate the

composition of the cuticle to its specific function.
Cuticle is a composite material;

Jensen and Weis-Fogh (1962)

suggested that it contains at least two phases. Particular
properties of the material can be attributed to one or other phase
but not all properties are easily analysed. Various attempts have
been wade to resolve some of these problems. Hepburn and Joffe
(1974) attempted to measure the effective contribution of exocutiole
and endocuttole by measuring the mechanical properties of the
cuticle as endocuticle was being deposited. Hunter and Vincent
(1974) have described a method of reducing the amount of chitin in
a cuticle and so attempted to determine the relative contribution
of chitin to the recovery of the cuticle from deformatione
have attempted in this work to draw inferences about the
relative contributions of the various cuticle components to cuticle
structure, mechanics and morphogenesis by examining an atypical
cuticle and the aspects in which it differs from the more

5.
conventional aelerotised cutioles. In general I have been
concerned with relating the cuticle properties investigated to the
cuticle as a syet, its relationship to the biology of the insect
and how it is adapted for its specific functions,

6.
Chapter 2
INSECTS AND THEIR

1NTEA110E

2.]. INSECTS
A stock of Rhodnius prolixua st&1 (Heiniptera, Reduviidae) was

obtained from the Department of Zoology, University of Cambridge.
Triatoma phyllosoma pallidipennia Stil (Heiniptera, Reduviidae) were
used from a stock maintained in Edinburgh for many years.

2.2 CULTURE OF INSECTS

2.2.1 Colonies
H. iro1ixus and T, phyllosoma were kept under identical conditions.
The insects were kept in half-pound and one pound jam jars

containing strip, of filter per and sealed with cotton gauze secured
with rubber bands. The niabere of insects kept in each jar wore
always within the limits described by Gardiner and MaddreU (1972).
All jars were kept in an incubator at 2723 .5° C in the laboratory.
A tray of water was kept in the incubator to maintain a sufficiently
high humidity to prevent deesication of the cultures. Neville
(1967) showed that outiouijr deposition by insects could be altered

by light regime changes.

Insects were therefore kept in a strict

12 hours lights12 hours dark cycle controlled by a time clock.

The incubator door was only opened during the light period.

7
2.2.2

.

Feeding
The insects were fed on rabbit blood normally 14-28 days after

eodyais, For this a group of six half-lop eared rabbits were kept
in the lioenoed animal rooms of the Zoology Department, These
rabbits were used when 6 months to 2 years old only and were
successively replaced by similar animals.
The feeding methods of Hill and Campbell (1975) were used. The
rabbits were restrained in a wooden,purpose-built box and their ears
supported horizontally on insulated, cushioned electric iron elements
heated to 40°C by a controlled, low voltage power pack. Heating
stimulated blood flow to the ears causing vaso-dilation which

facilitates the extent and speed of feeding. When the ears were
warmed jars of insects were inverted on to then and left until all
insects had fed to repletion, indicated by the insects' negative
geotactic behaviour. Insects were kept in the dark until feeding
had started, this ensures more uniform feeding. Insects were
always allowed to feed fully.
The safety margins of blood that could be removed from each host
animal were never approached (Bonnet-Clark, 1961; Gardiner and
?ddre1l, 1972).

2.20 Inetar development
If the insect is fed to a sufficient level it needs no fther
meal in that inatar (Wiggleaworth, 1934; Beckel and Priend, 1964).
Care was taken that all insects in each jar were fed uniformly to
ensure ecdysie at a similar time Insects, fed above the critical
leve1,'ut not fu11y,c1yae 2-3 days earlier than a fully fed inseot.

Table 21 Developmental time-table from feed-moult for
R. prolixuz larvae at 27± 0.5 0 C.

Instar

Approximate timing in days after feeding
Mitosis in
epidermis

Apolyeie

Eodysia

1-2

7-8

8

11

2-3

7-8

8

12

8-10

10

15

9-12

12

19

10-14

14

23

4-'5
5-,'*du3.t

8.
The development of the insect was monitored, Table 2.1. It
was relatively constant and was used in planning development
experiments. The rats of development depends on the conditions
under which the insects are raised and so differs from that of
other workers e.g. Buxton (1930), diggleaworth (1933) etc.

2.3 INSECT SELECTION
The naintenanoe conditions do not produce a completely =dformi

population of insects. A visual selection method was used when
insects were being selected for an experiment or jars cleaned
(Ryolasan and RyOkmn, 1966) • After each moult the jars were
cleaned but still left sufficiently dirty, especially for first

ins tar nymphs, to maintain the necessary population of gut
symbionta (Harington, 1960) •

Cleaning entailed removal of exuviae,

debris and insects which had failed to feed or eodyae. During
cleaning of the fourth iris tar insects a more rigorous visual
inspection took place and all insects of abnormal size or development were removed. This provided a group of insects more iaiiform

in size and development for experimental work.

2.4 AGE OFIi'1CTS
I

vcr

of

-tr

'r oc

:r

f

In.

timing of these events determines the developmental age of the

insects therefore the age of insects used in the following experiments
are quoted in days from eo&ysis or feeding
e090

+ 10 - 10 days after ecdyale
F+6

-

6 days after feeding

9.
2.5 CUTICLE EXAMINED

Abdominal segments 1-7 including the intereegmental membranes
but excepting muscle insertion sites and sensory bristles are
extensible in R. prolixus

nymphe • In the adult only the lateral

pleat and intersegmental membranes of the abdomen are extensible
(wiggleuworth, 1935).
Unless otherwise stated all cuticle used was extensible cuticle
from fifth inetar R. prolixue nymphs.

10.
Chapter 3
T}D EXTENSIBL' CUTICLE OF . RCLDWS "" HS
311 INTRODUCTION
The abdominal cuticle of fl o prolixus nymphs can be stretched
to a strain of 1.0 during the feeding process. The mechanisr of
this stretch is un1ow , "ut if the composition and structure of the
to béo

'riowr,3raps
IUCJJJ cod

)uO

;1od4:1t

r t:3t'etc1

he suestod,

The abdominal cuticle of H, prolixus nymphehas been described
by Wiggleaworth (1933, 1934) using light microscopy and recently by
transmission electron microscopy (Wiggleaworth 1975 a,b,c) whilst

attempting to locate cuticle lipids.

Caveney (1971) examined the

structure by polarised light microscopy whilst examining the effects
of insect hormones on cuticle architecture. These reports form an

incomplete description of the cuticle structure. I have therefore
re-examined the cuticle structure by scanning and transmission

electron microscopy and polarised light microscopy.

3,2 SCANNIX EMM(V MICROSCOPY OF EXTENSIBLE CUTICLE

3.2.1 Method
Immediate examination of the cuticle, after dissection, in the
scanning electron microscope results in rapid deterioration of the
specimen and collapse of the structure as the material is
dehydrated in the vacuum chamber of the microscope. Dorsal and
ventral sheets of abdominal cuticles of fifth inatar T. prolixus

,-able 3.1

i.eparation of cuticle for electron microace"y

5% glu araldeh,de in O.]M phosphate buffer, pH 7.0, was
injected into the haemocoel of the insect. The insect was
then dissected in the fixative. Cuticle samples were
transferred to fresh fixative for 4 hours at 4 °C,

Wash 2x20 minutes in 0.2M ucro se/phosphate buffer at 4° C.

3 Poet-fix in 1% Osmium tetroxide in phosphate buffer, 90 minutes
at 4 °C.

4. Wash 2x20 minutes in sucrose/phosphate buffer at 40C.
5. Dehydration -

1x15 minutes in 30% ethanol
n

1x20

• 1 uranyl acetate

1x20

"

"

1x30

"

"70%

1x30

"

"96%

1x30

"

n100'

1160

"

2x30

50%

• 1 uranyl acetate

"loo
"propylene oxide

Specimens for scanning electron microscopy used at this stage.

6. Embedding
Immerse in 1,1, Araldite * propylene oxide overnight.
Transfer to degansed Ara1dite+ accelerator and agitate for
12 hours at room temperature.
Transfer to degassed Araldite + accelerator in capsules for

24 hours at 48 °C.

Transfer to 600c for 48 hours.

79

Preparation of sections,

Embedded cuticle was sectioned with glass knives on a
Huxley Cambridge ultramicrotome. Thin sections were
stretched with chloroform vapour and picked up on carbon
coated, copper grids.
Sections were stained by uremyl acetate during dehydration,
ominieion of this made little difference, then after
sectioning.
Grids were immersed in 2% aqueous potassium per an.V. for
8 minutes, then washed for 4 minutes in 5 changes of distilled

water. Grids were then immersed in 80 mY lead citrate
solution for 30-120 seconds then washed in a stream of

die tilled water and dried.
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Figure 3.1

Scan electron micrograph of the

intersegmental membrane between dorsal
abdominal segments 4 and 5 of 5th, instar
R, prolixus.
rnQnbIatl

I St

Figure 5.2

scan electron micrograph of a stellate

fold of 5th. instar R. _prolixus abdominal
cuticle showing fine structure.

1. pm
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were fixed and dehydrated, Table 3.1, before being stuck on 1x
examination stubs with qtAck dir

The material was

then uniformly coated with a conducting layer of 40% gold
palladium, approximately 20 ml thick, by evaporation in an Tdwards
coating unit. To ensure even coverage the specimens were rotated

on a turntable at 60 r.p.m, and coated from a steep angle, 50_600,
as the cuticle surface is very rough. The cuticles were then
examined in a Cambridge atereosoan microscope.

3.2.2 Structure
The surface of the abdominal cuticle of unfed nymphs has the
stellate appearance described by Viggleaworth (1933). The extremely
convoluted surface covers the segments which stretch on both the

dorsal and ventral surfaces, segments 1-79 including the intersegmental membrane which appears as a continuum of the tergal and
sternal plates, Fig. 3.1. The only interruptions are the sensory
bristles, the spiracles and muscle attachment sites which do not
stretch. When examined at higher magnification the convolutions
have a finer folding imposed upon them, Fig. 3.2.

The significance

of these fine folds is not obvious; perhaps they indicate the
boundaries of the epidermal cells secreting the epicutiole. The
surface is also covered with lumpy deposits which are probably wax
secreted from underlying canals. No openings onto the surface can
be seen in the developed insect other than the large dermal gland
ducts. The openings of other canals may be masked by the :otal
coating, blocked by the surface wax or present only in the troughs
between wrinkles.

Flow,

Dermal gland

4
r3

ore cana

duct

ristIe lumen

1

Fiure 3.3

Scrn electron micro'

of

[Li

e

abdominal cuticle of 5th. instar R. prolixus,
age E-4, showing holes in the epicuticle.

Figure 3.4

Scan electron micrograph of the 'ndersurface

of the presumptive exuvium of 4th. instar
R. prolixus, age E-4, showing holes penetrating
the endocuticle.

Bristle
lumen

-Pore canals

40

1 pm
Dermal
gland duct

ISM

ANTERIOR

10 jim

POSTERIOR

a) dorsal
surface

(b) ventral
surface

Figure 3,5
Scan electron micrographs of segment
of the abdominal surface of 5th. instar
R. prolixus.
JS11

-

tmgr0n

5
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To determine if other openings are rreaent cuticle was
sampled from insects at developmental stage E6.4, just after the
epioutiole has been I onned,before any folding occurs, wax is

produced or the cement layer form (wigglasworth, 1933). Three

sizes of holes or pits are found at this stage, Fig. 3.3, with
diameters of 0.1 urn, 0.6 urn and 3.5 urn. The largest is the

lumen of the developing bristle; the hair has not formed at this
stage. The opening with diameter 0.6 urn Is the dermal gland duct.
The smaUast opening is that of the pore canals penetrating the
surface. Fig. 3.4 shows holes of similar size when the undersurface of the presumptive exuvium is examined at stage 1.4. The
/

only difference in this example is that the diameter of the smallest
hole is 0.28 urn, almost three times that seen on the surface. The
surface openings, those passing through the epioutiole, are wax
canals several of which fuse at the inside of the epioutiole to
form a pore canal with a larger diameter (Locke, 1961).

Comparison of the surface architecture of dorsal and ventral
cuticle shows two differences, Fig. 3.5 a/b. The bristle hairs on
the ventral surface are longer; this has no relevance to the stretch

reaction. The ventral cuticle has large folds, one pair on each
segment.

These folds meet on the anterior mid-line of the segment

and run at an angle of 300 to the anterior-posterior axis to the

posterior of the segment. The folds are pulled out when the
cuticle is stretched appearing to act similarly to the rest of the
cuticle though during feeding they d4ppear before cuticle stretch
con*aences. I have also observed that if nymphs are starved the
folds become much deeper. The ventral folds therefore are used as
a means of altering the abdomen size without invoking the stretch
mechanism and also as an ancillary to cuticle plastiolsation. The
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response in starved insects winallow some reduction in abdomen
volume as the insect weight decreases without altering the abdn
shape unduly and imposing large stresses on the cuticle.

3.3 TRASISIOK EIECTROR MICROSCOPY 07

TSI3IZ C7ICL1

3.3.1 Method
Few electron micrographs of P. prolixua cuticle have been
published (e.g. by R.obn, 1975 and Wigglesworth, 1975b) and they
are of a poor quality-. The nymphal abdominal outiol. of R. prolizua

is an intrectabie material for electron aiooeoopy (Caveney, pern.
cams.) • I have therefore had to try may combinations of fixation
techniques, methods of dehydration and embedding methods and media.
The most satisfactory procedure in described in Table 3.1 9 though
this is far from perfect.
Thin sections were out using glass knives on a Cambridge Huxley
ultramicrotome then picked up on copper grids coated with a carbon
film 10 im thick. Various other films were also tried but were
1.5. satisfactory. A sequence of staining was developed involving
uranyl acetate, potassium permangsnste and lead citrate (details
in Table 3.1). 3xamination took place in a Siemens 7lmiskop lÀ or
a khilipe EM300 electron microscope. Photographs were taken on

flford special lantern contresty plates in the Siemens and on Kodak
( plates in the Philips. Both were developed with Bromophen,
then fixed in JCodaf ix, Prints were med. on Kodak bromide papers
developed with DC and fixed with ICodafix.

Key.
epi - epicuticle
endo - endocuticle
-O1im
epi

p c - pore canal
WC

- wax cnnl

wc
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Figure 3.6

An

endo

electron microraph of the epicuticle of

the abdominal cuticle, extracted in urea, of
5th. instar R. prolius. The urea removes most
of the endocuticle protein and components from the
pore and wax canals. Tie epicuticle is -!ot
by urea.

affectcd

(

(b)

)

endo

1 ,um

1pm

Figure 3,7

(a) An electron microçraph of a cross—

section of the abdominal cuticle of 5th. instar
R. prolius, age T+5, stained with potassium
p ermang an ate.
Key.
epi - epicuticle
endo - ondocutjcle
e
- epidermis
P c - pore canal
(b) An electron micrograph of a cross—
section of abdominal cuticle, age E+ll, showing
the change in orientation of the pore canals in
the section. The section is stained with lead
citrate only.
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3.3,2 Structure

3.3.2a EPICUTICLE
The epicutiole appears as a densely staining layer up to
1

thick, Fig. 3.6.
It lacks ohitin. This can be demonstrated by boiling exuvia,

almost totally epioutiole (6.4.2), in M NaUR. It dissolves completely.
The hydrolysate shows a negative reaction when tested for glucoearnines
by the method of Catt and Berman (1966).
Little attention has been paid to the structure of the epioutiole
as I presume it, on the basis of the histological findings of
wigg]e.worth (1947), to be little different from other epicuticles.
See section 6.4.2.

3.3.2b PROCtYrICIE
The procutiole is entirely lamellate consisting of two parts,
one secreted prior to eodyeis and the other after ecdyaia. In
ci,

most insects the cuticle secreted before ecdyaieAbecomes tanned
is termed exocuticle. This cuticle is normally lamellate.
The cuticle deposited after eodyeis is normally called endocutiole;

some of it may be tanned. Some endocutiole nay be produced before
ecdysia. Fidooutio1e nay be built in a wide range of structures
(Neville, 1975) which are normally untanned.
The abdominal procutiole of unfed R. prolixus nymphs differs
from most other insects in that it consists entirely of lamellate
endocuticle, Fig.3.79 and nay be defined as endocutiole as it does
not tan and is almost fully absorbed prior to eodysis to the next
inatar, (see 6.4.1 0 Neville 1975).
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The procutiole layers can thus be named:
pre-eodysia andooutiole

)

pro-feed endocutiole

post-eodysie endoouticle )

These terms will be used to describe the particular parts of the

prooutiole used in all subsequent experiments.
:he lamellar pitch of the cuticle appears to vary through the
tixicneS8 of the procutiole. The orientation of the pore canals
indicates that this is due to a gradual change in the plane through
the cuticle being examined, F18. 3.7. The stellate folding of the
cuticle surface (3.2.2) is shown in section in these figures.
The deep folds only affects the orientation of the lamellae in an

area very close to the epicuticle. Generally the lamellae are
parallel to the epiderml cell layer.
Sections out from cuticle in anterior-posterior and lateral
orientations show the same uniform structure. The cuticle appears
to be structurally isotropic.
The endooutiole consists largely of ohitin, protein and water,
Lipids (see 3,5.3) appear to be only a small proportion of the
cuticle weight and far lees than Wiggleaworth (1975 b,o) suggests.
In electron microscopy of cuticle only the proteins are positively
stained and chitin embedded in the protein is negatively stained
(.ville and Luke, 1969b),
It is difficult to discern any fine structure in the endocutiole
of unfed insects. This has been noted by Caveney (pore. oowiu.).
Various staining methods were tried but only the alternating bands
of lamellae were shown. Cavenoy suggests that the protein matrix
masks the chitin mioro-fibrils. Alternatively this suggests that

C
- I-

ii

F

1pm
Figure 3.8

An electron micrograph of an oblique

section of abdominal cuticle from unfed 5th.
instar R. rolixus showing a parabolic pattern
of oore canals. ach pore canal includes at
least one filament.
Key.
p c - pore canal
fil - filament

(a)
Figure 3.9 a,b and c

'N'

y1

Electron micrographs of
urea extracted enclocutjcle
from the abdomen of 5th.

\ •

IL

instar R. prolixus.
bA

These micrographs show the
parabolic pattern of

le

sK,

.1

:
(h)

.

helicojdal framework of
chitin. The integrity of
the pore canals (pc) is
also shown.

1.0 )i

A

-

'

(c)
Ir

iicrofjbrj1s characteristic
of cuticle with a

0.1 Ur!1
'
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there is a very low proportion of chitin in the cuticle which 411
be determined later (3 , 5, 3)0
Examination of oblique sections of cuticle reveals a parabolic
pattern of pore canals similar to those described and explained by
Neville and Luke (1969a.), Pig. 3.8. This pattern in due to the
twisted ribbon structure of pore canals which arises as the pore
canals pass through orientated layers of parallel chitin microfibrils.
Each successive layer is rotated a few degrees from that above or
below it (Neville and Luke 1969a). This suggests that the endocuticle is made of suceaive1y rotating layers of ohitin ni.torofibrile
as hypothesised by Bouligand (1965).

As Neville and Luke's (19699)

theory of pore canal structure is based on BOUligand the alternating
bands of the lamellae

rectGct

the helk.da1 crii1tjcn or Ihe

chitin mierofibrjls
No microfibrile can be seen in sections of cuticle for the
reasons discussed above. As will be shown (3.50) the cuticle has
a high protein content and removal of this by soaking the cuticle
in BM urea prior to fixation reveals a parabolic pattern of fibrils
similar to those described for zany insect cuticles and on which
Bouligand (1965) built his theory, Fig. 3.9.

R, prolixus larval

extensible cuticle is therefore mde of a typical heiholdal framework of chitin. The procutiole is unusual

in ber

±orred.

endo PC

fI

4:
p..
,

I

J

epid-

Figure 3.10

An electron micrograph of the juntion of

the abdominal endocuticle and epidermis of
unfed 5th. instar R. Drolixus 0 The continuity
between the pore Canal contents and the epidermis
is shown.
Key.
endo - endocuticle
p c - pore canal
fil - filament
epid - epidermis

f 11

—

0,1 im
Figure 3.11

An electron micrographof a cross—section
of the endocuticle, near the epidermis, from

the abdominal cuticle of unfed 5th. instar
R. nro1ixjs, The section is stained with lead
citrate only. The pore canals (pc) include
one or more filaments (fil). See also Fig. 3.8.
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3.3.2,c
Proxmai

RADIAL SPRtTURES IN THE CUTIClE
to the .ndoouticle is an epidermis one ce].]. thick. A

continuous system of pore canals extends from the

the epicutiole. The pore canals

are

epidermis to

connected to the

epidermis

by what appear to be cytoplamnio strands (Wiggleaworth 1948;
Flock 196 8) which fill the pore canals, Pig, 3.10.
of sections out obliquely show parabolic

Lai-

Micrographs

arrays of pore canals

with eliptical shapes in cross-section which fit the twisted

ribbon

structure proposed by Neville and Luke (1969a)9 Pig.3.8. The
canals appear to have a fairly uniform diameter through the endo-

cuticle but become much finer in the epioutio].e, Pigs. 3.6, 6.7d.
Cross-sections of

cuticle show that some

filament, Pig.3.11. Locke (1961)

canals

have more than one

attributes this to fusion of

several wax canals with individual filaments to form one pore

canal.
There is

considerable debate concerning the

function of pore

canals. In some cuticles they appear to be blocked with
materials and in others to

still contain

the pore canals do not appear to

of cuticle extracted

cuticular

cytoplasm. In R. pro].ixus

be blocked, Fig.3.10,

with urea have densely

Sections

staining pore canals

suggesting that they have a structural integrity and are not simply

gape in the cuticle structure, Fig,3.9.
T'uotion of pore canals varies. Soheie at a). (1968) showed
that they do not open onto the surface of Pariplaneta americans.
Locke (1961) showed that pore canals branched into fine wax canals
in

the epicutiole. This has been shown to

000xw

in R. Prolixan g

Pig.3. 6 9 also no fine canals open onto the surface of the developed
abdomen (3.2.2).

The pore canals therefore

are used as a means

epi

\.
end o

Key.
epi - epicutic].e
endo - endocutjcle
D C
- pore canal

PC

epid. - epidermis
dep
region of cuticle
deposition
m v - microvjj.late border
o r - endoplasmic

dep

reticulum
my

v - v?sicics of

cuticular
material

V
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-

MX 6

a

''L
t
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Figure 3.12

.

•

ljim

4$.4

An electron micrograph showing

deposition of the abdominal cuticle of
5th. instar R. prolixus at age S-3
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of coimu'inioation with the cuticle surface prior to eodyaie but
not afterwards • They appear to be a means of communication with
the endccutiole though they may be in contact with the wax layer
via the wax canals but not with the surface as it is covered with
a cement layer (Wiggleeworth, 1935).

There I. evidence thet pore

canals are a means of transporting impregnating materials into the
developed cuticle (Neville, 1975) • This will be considered in the
case of R. prolixus in section 6.5.2. They may be involved in
transporting a propagating agent of the stretch reaction
(wiggleeworth, 1975b).
No other vertical structures appear in the extensible cuticle.

3.5.2.d

CUTICLE DEPOSITION

The structure of the cuticle as it develops has been followed
using transmission electron microscopy to determine the mode of
deposition and when and if any ohangee occur in the structure.
Epioutiole is deposited in the two days following apolysie.
Deposition of endooutiole then proceeds until a few hours before
ecdyais. After expansion of the insect at eodysis, deposition
reoommenoes and more endocuticle is formed, The mode of
deposition at both stages appears to be similar though a
disruption layer can often be seen between the two parts of the
eidocuticle Fi. 3.13.
After formation of the epiouticle a discrete deposition zone
between the epidermis aM cuticle is formed which is granular,
Fig.3.12. The epidermal membrane is
aicrovillate in structure. The developing pore canals stretch
from the epidermis across the deposition zone.

•

ep-

--

N
- —.--.p r e

dis
cost

(a) age E—1

(b) age E+1
10

iti

Figure 3.13

Polarised light micrographs of cross—sections
of the abdominal cuticle of 5th. instar

R. prolixus showing the disruption line between
pre and post—ecdysis endocuticle.
Key.
epi - epicuticle
pre - pre—ecdysis endocuticle
post - post—ecdysis endocuticle
dis - disruption line
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The epidermis is densely packed with endoplasxnic reticulum,

riboeomea and microtubules immediately under the cuticle, Fig,
3.12. A narrow bard under the miorovilli contains a large
number of vesicles which show the same staining reaction as the
cuticle and thus appear to contain precursors about to be

secreted. As the dark vesicles only exist in this part of the
eel], they

ma.j

be formed in the epidermis.

3.4 POLARISED LIUHT MICROSCOPY
Frozen sections were out and examined through crossed-

polaroide. The endoouticle shows form birefringenoe, Fig.3.13,
(Neville, 1965a).

This is further evidence that the cuticle is

helicoida]. (3.3.2b). There is no evidence of preferred orientation
endocuticie,
camination of frozen sections through crossed polaroids has

been used as a quick method of gauging the development of the
cuticle particularly as the disruption in deposition at ecdyaia
is easily seen, Fig.3.13.

3.5 CEMICAL CctPO6ITION

3.5.1 Introduction
The stretch reaction of the nymphal abdominal cuticle is a
Consitut ,mr.

of its composition and structure,

Bennet-Clark (1961)

dnowed that a large proportion of the abdominal cuticle is
soluble in mild solvents.

The technique used was that pioneered

for 'soft' cuticles by Hackman and Goldberg (1958). I have
examined the cuticle composition using a variation of the

Table 3.2 Extraction sequence for cuticle
I • Dried cuticle soaked 3x24 hours at 4° C in a lipid solvent, 1
methanol: 2 chloroform. Cuticle dried at 70 0C then weighed.
2. Dried cuticle soaked 3x24 hours at 4°C in 0.11'! phosphate
buffer, pH 7.0, rinsed briefly in distilled 'water, then dried
at 700C and weighed.

0
3, Dried cuticle soaked 3x24 houre at 4 C in 0.51'! NaCI, pH 7.0 9
rinsed briefly in distilled water, than dried at 70°C and
weighed.
49

Dried cuticle soaked 3x24 hours at 40 C in 811 urea, pH 7.0,
rinsed in distilled water then dried at 70 0C and weighed.
Dried cuticle soaked 33E24 hours at 4° C in 0.1M !laOH, rinsed in
distilled water then dried at 70 0 C and weighed.
Dried cuticle boiled at 100 0C in 14 NaOH for 24 hours with 5
changes of al1li then rinsed In distilled water, dried at
700C and weighed.

All treatments were successive on cuticle samples.

Table 3,3 Extraction of the extensible cuticle of i+10 insects

Treatment

Tea.n weights (me.) and
Dorsal cuticle

-

X

Dry weight

1.04 6 5

Lipid solvent 1.035

S.S.

,. (n20)

7entri1 cuticle

-

S.,

X

Whole
abdomen

% Lost
Dorsal Ventral Total

0.028

1.3445 0.0327

2.391

-

-

-

0.0264

1.3415 0.0316

2.3765

1.10

0.22

0.61

water

1.0125

0.0264 1.3156 0.0316

2.3261

2.15

1.93

2.02

Salt
solution

1.0025

0.0244

1.3060

0.030

2.3085

0.96

0.71

0.82

Urea
solution

0.292

0.0072

0.377

0.0091

0.669

6 7.89

69.10

68.57

0.1M
NaOH

0.2125

0.0060

0.2815

0.0066

0.494

7.60

7.10

7.32

0.277

-

-

9.08

Boiling
N NaOH

-

left (ohitin)

- 11.59
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technique of Ha&cix (1972).

3.5.2 Methods
Fifth ins tar nymphe were dissected and the abdominal cuticle
out into sternal and terga]. sheets.

These were then cleaned;

all epidermal residue was removed by rubbing with moistened
filter paper. When the cuticles were clean, checked under a
dissecting microscope, they were briefly rinsed in distilled
water, blotted, then dried for 24 hours at 70 °C. The cuticles
were weighed to an accuracy of ±0.0001 mg on a Cahn Eleotrobalance. Extraction of the cuticles at 40C was made by the
sequence described in Table 3.2 • After each solvent the
cuticles were rinsed in distilled water, dried and weighed to
determine the weight extracted.

3.5.3 Solubility of extensible cuticle
Fully developed unfed rmpha at stage E+10 were sampled and
the cuticle extracted as described above. The results are shown
in Table 3.3 • There is no difference between dorsal and ventral
cuticle slabs therefore the extraction of the whole cuticle will
be considered.
A very small but consistent proportion of the cuticle dry
weight is extractable in lipid solvent. The various aqueous
solvents act by disrupting pIiysioal and chemical bonds of differing
strengths, (Hackn ant Goldberg, 1958). Water extracts all
unbound material in the cuticle, In this case 2% of the dry
weight. All cuticles showed a weight reduction after each
solvent treatment. Salt soluble material was a smaller but
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measurable proportion of the cuticle. The largest fraction was
soluble in urea, almost 70% of the dry weight was extracted.
This material is held in the cuticle by secondary bonds (see

4.4.3).

The proportions extractable in alkali were consistently

large ,these fractions are covalantly bonded in the cuticle.
The proportion left after boiling in lOM NaOH was 11.59%, this

In the chitin content (Hackman and Goldberg, 1971; 305.4).
The repeatability of this result is shown in 3.6.3.
This experiment was undertaken to

va

results of

Bennet-Clark (1961). There is reasonable agreement with his
findings though he extracted more material in water. This may
be due to the buffer used (4.4.4). The only major discrepancy
is the amount left after 1.011 NaOH treatment. Berinet-Clark found

17%9 I found 11.59.

This is because Bennet-Clark heated his

solvent only to 600C which does not remove epicutiole, my treatment
does. This was checked on frozen sections after treatment. This
shown that epicuticle is approximately 5% of the cuticle by weight.
The important result from this experiment is the large
proportion of cuticle that is extracted in urea, a hydrogen bond
disrupting agent.
Sire this experiment was performed, mcbsn (1975) has
examined the abdominal cuticle of R. prolixue nymphs using similar
methods. Our results agree closely, especially the ohitin contents,
except for the amount soluble in urea. I found 68.58%, IoIaan
found 30.2% of the dry weight was extracted.
Several experiments tD explain the discrepancy have been
attempted. One difference in technique may be partly responsible.
I have used slabs of cuticle whilst Hackman used powdered cuticle

Table 3,4

'ffect of alcohol on cuticle solubility

Control - cuticle extracted by the sequence in Table 3.2

Treatment

Mean
Cuticle

$ dry vi.
extracted

Cumulative
vt, extracted

n-5
Dry wt.
Experimental treatment

2.0918
-

-

-

Water

2.0514

1.93

Urea solution

0.712

64.03

65.96

0.1MNaOH

0.5544

7.54

73.50

M Na.Ofi

0.2288

15.57

89,06

(100°c)

40

Cuticle extracted by the method of TIao1an (1972)

Treatment

Mean
Cuticle

% dry wt*
extracted

wt.(mg.)

Cumulative

% vt, extracted

n-5

Dry wt,

1.9351

-

-

Experimental treatment
(Boiling lipid solvent)

1.9351

0

-

Water

1.8119

6.50

Urea solution

0.9481

44.51

51.01

0.1M NaOH

0.52 56

21.83

72.84

M NaOH
(100°c)

0,2096

16.33

89.17

-

Cuticles soaked in alcohol for 14 days then extracted as 2)

Treatment

Mean
Cuticle
Wt-(mg.)
n-5

dry wt.
extracted

Ctimu1ativ.
wt, extracted

Dry wt.

2.0663

Lipid solvent (4°c)

2.0423

2.16

Water

2.0115

1.49

2,65

Urea solution

1.3928

29.94

32.59

0.111 N&OH

0.7251

32.31

64.91

N NaOH (boiling)

0.2156

24.66

89.56

-

-

-

Results from Hackxn (1975)

Treatment

% dry wt.
extracted

Water

Trace

Salt solution

Trace

Urea solution

30.2

N NaOH
(boiling)

-

Cumulative
ç4 wt. extracted

881 8

22.
which I believe is more likely to lead to ices of aterial.
}.okan measured the dry weight of material extracted whilst
I have measured the dry weight 1.t by the cuticle slabs
during extraction. It is possible that

JOkI

figure is

artificially low as he in measuring the yield of extract after
dialysis end drying.
pk'nn

could only use preserved a, prolixue as importation

of live Triatom 4 r.e into Australia is illegal. He therefore
obtained abdominal cuticles preserved in 7

alcohol from the same

source as I used (2.1; Uackmen, 1975).
Alcohol in a common histological fimtive so the effect it

will have on the cuticle must be

,rnm4nd

as must the effect of

boiling cuticle in the lipid solvent, methaioi/ohlorofora, as used
by Hackman (1975). Any denaturation of proteins may greatly
affect their extraction,

Fifth instar abdominal cuticles were prepared (3.5.2), dried,
weighed and the following experiments performed.

5 outiolee extracted by the method above, Table 3.2.
5 cuticles extracted by the method of Hackman (1972),
5 cuticles soaked at room taaperature in 7O alcohol
for 14 days then extracted by the method of Iokzimn (1972).

The results of the extraction sequences are shown in Table

3.4.
Similar amounts of rterial were extracted in water in group.
1 and 3, more was extracted in water from group 2 cuticle • This
is possibly due to the effect of boiling in methanol/chloroform
which was omitted for group 3 cuticles,

Table 3.5 flffect of soaki
14 days at room

e ins ects in

for

Extracted by the sequence described in Table 3.2 - compare to
Table 3.4(1)

Treataent

Mean
Cuticle

% dry wt.
extracted

wt.(zng.)
ri-5

Cumulative

% dry wt.
extracted

1.7561

-

-

-

-

-

Water

1.6684

3.86

-

Urea solution

0.8166

49.64

53.50

04M NaOli

0,4301

22.01

75.51

N NaOH
(boiling)

0.1769

14.42

89,93

Dry wt.

Lipid solvent
(not used)

Extracted by the method of Haokin

Treatnent

Mean

Cuticle

(1972)

% dry

wt.

extracted

wt. (mg,)

Cumulative
5 dry wt,
extracted

n-5
Dry wt,

1 , 8775

Lipid solvent
(boiling)

198282

2.63

-

Water

1.7452

4.42

7.05

Urea solution

0.9266

43.60

50,65

00111I NaOH

0.4758

24.01

74.66

M NaOH
(boiling)

0,1854

15.47

90.13

Table 3.6 Repeat experiaent to show effects of a)l,

V
.4geriment

sIrou,

Dried, weighed cuticles soaked in 7$ alcohol for

3 days at 4°C to determine if my Mterisl is
extracted in 7$ alcohol.

A2

Control voing extraction sequence in Table 3.2
without lipid solvent.

31

Fresh cuticle soaked in 70)G alcohol then extracted
as A2.

B
2

Fresh cuticle soaked in 7W,, alcohol then extracted
by the nothod of Hackman (1972).
Fresh cuticle soaked in 7$ alcohol then extracted
by the method of Ha*T*n (1972) but uning cold lipid
solvent.

Results

%

Group

cuticle dry weight extracted by treatment
H
WE (boiling)

Lipid
solvent

Water

Urea
solution

0.l
NaCI!

A1

0

1.46

64.10

7.56

15.69

/12

-

3.75

66.43

4.56

13.88

2.78

61.83

11.62

12.52

0.77

5.87

54.01

15.52

13005

35

0

0

56.73

17.29

14.34

C

-

2.02

57.11

15.75

14.53

31
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A similar proportion of dry weight was extracted by urea in
group 1 as found earlier (Table 30). Only 45% of the dry weight
was extracted by urea solution in group 2. The alcohol soak,
group 3, reduced the amount extracted by urea to 29.9 of the

dry weight. This was much less than extracted by my methods
and was airnflRr to that reported by Iacknan (1975).
It appears that the solubility of cuticle is impaired by
soaking in 70% alcohol and

boiling in methanol/chloroform

therefore the results of Hackman (1975) are underestimates of tho
solubility of R. prolixua extensible cuticle and those of BennetClark (1961) are more accurate.
A group of insects soaked whole in 70% alcohol for 14 days

before dissection and extraction by the method of Hackman (1972)
also showed a slight increase in extraction in water and a mexked

reduction of solubility in urea solution, Table 3.5.
The results from the full extraction sequence, including dry
weight and cuticle chitin contents, Tables 3.49, 3.

indicate

that the differences in the results are not due to differences in
the cuticles used.
The differences between my results and those of HacIciAn (1975)
are considerable as are the implications when the importance of
cuticle solubility is considered.

The experiment was repeated

to confirm the above findings.
One experimental group (A) was designed to show if any material

was extracted in alcohol, none was.

(Table 3.6).

The control using my extraction sequence (Table 3.2 ) produced
similar results to the irevioua experiment (Tables 3.49 3.6).
Cuticle soaked in alcohol for 9 days was then extracted by my

Table 3.7

Solvent

Effect of different urea concentrations used for
extraction

Use

% Dry wt. extracted

7 molar urea

Haclonan (1975)

69.35

8 molar urea

Table 3.2

69.14

7 molal urea

Control

71.82

8 molal urea

Control

71.87

There is no significant differences in the amount of material
extracted by the different solvents.

24.
method (group B 1 ), boiled in lipid solvent (B2 ) then extracted
after Hao1cnvn (1972) or extracted in cold lipid solvent (B3 ) then
extracted after HLckmn (1972).

Whole insects were also soaked

in alcohol then extracted by Mr method (group C).
The results are shown in Table 3,6. The reduction in
solubility after an alcohol soak is much less but the soak was
shorter, 9 da'e only. Group A 1 soaked in alcohol for 3 days, had
more material soluble in urea than group B 1 . The lipid solvent
reduced solubility in urea solution, boiling solvent being more
effective. Soaking whole Insects in 70% alcohol also reduced
solubility in urea solution. More material was again found to be
extracted in water after boiling cuticles in lipid solvent.
The reduction in solubility of
alcohol was again demonstrated,

cuticle after soaking in

though not

So

drastically,

There was one other difference in the extraction processes,
I used 8M urea, Hackman (1972) used 7M urea. The effect of the
two solutions was tested on fresh cuticle, Table 3.7.

This

showed that the lower amounts of cuticle extracted by the Hackman
(1972) process were not due to urea concentration differences.
Yq conclusion is that because the cuticles used by Hackman (1975)
were preserved in 70% alcohol the solubility of the urea soluble
fraction was reduced and that boiling in methanol/chloroform to
remove lipids made som of the urea soluble fraction soluble in
water but also

;nsoIoIe

ren4.red

ixrt of that fraction, The change in

solubility is not neceusarily denaturation, bonding changes might
occur on cuticle dehydration in 70% alcohol.

The further analysis

of the cuticle proteins made by 1okmen (1975) nnast be treated
cautiously as they represent less than half of the soluble cuticle
proteins and may not be representative. The accuracy of analysis
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of other cuticles by these methods aist be doubtful if alcohol
preservation or boiling in lipid solvent has been used.

3.5.4 Tests on extracts
To determine that chitin was not extracted by the mild
solvents and that protein was extracted by them several
qualitative tests were imde on the extracts.
Teats on all samples for hexosea (Dubois at al, 1956) and
giuooaaznines (Gatt and Bernan, 1966) were negative indicating
that no carbohydrates or chitin was extracted in these processes.
Glucose was used as a control substance for the hexose teats and
molar NaOH extracted cuticle

dissolved in molar 31 was used as

the control substance for the gluooaamine teats. Both samples
gave positive results.
Qualitative Lowry tests for protein (Lowry at al, 1951) were
positive for water, urea and NaOH extracts. Salt solution extract
gave a very slight positive reaction. The water extract also was
weak. The sane results were found in all extracts tested.
These results suggest that the solvent sequence used extracts

lipids in methanol/chloroform shown by a greasy film loft
when the solvent used was totally evaporated.
proteins in water, urea and alkali extracts,

The watrar based solvents will also extract any ions present
in the

noldu, 1975b) and c'ftcuri other substances likely

to be present e.g. urea or uric acid. Chitin is not soluble in
any of the solvents used though it can be dissolved in l.C! HCl.
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3 • 6 DEEI2 aF cuTicLE. THROUGH THE. INSTAR

3.6 9 1 Introduction
The development of R. prollxus abdominal cuticle has been
described histologically by Wiggleeworth (1933).

The structure

has been described using electron micros copy (3.3).

The

composition of the stretchable cuticle, at age E10 9 has been
determined (Table 3.3) • I have examined the

etctksJS

of the

abdominal cuticle of unfed nymphs to determine whether
compositional changes are involved in the ability of the cuticle
to stretch.
The abdominal cuticle can not stretch at all times during the

meter and the insect will not feed at certain times during the
inatar.
Before eodyais the cuticle is soft, floppy and unpigmented.
The insect will not attempt to feed at this stage. The earliest
I have been able to feed fifth inetar nymphs is age E+2.
At ecdysie all cuticle except the abdominal cuticle is soft
and expanded by internal pressure produced by the intereegmental
muscles of the abdc*nen. No air is swallowed at this stage
(wigglesworth, 1933) • Two hours after eodysie the head, leg and
thoracic cuticle becomes solerotised and all the cuticle becomes

melanised. The abdominal cuticle then becomes plastioised
(Reynolds, 1974b). The insect sucks air at this stage to inflate
the abdomen to the size determined by the previous instar (BernetClark, 1971). The air sucking is demonstrated by the presence of
air bubbles in the gut amongst remnants of the previous meal.
These bubbles only appear after the head, legs and thorax are
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Figure 3.14a Dry wt. of the abdominal cuticle of unfed 5th. instarR. prolix.is .
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Figures 3.14b/c Dry wt. of the abdominal cuticle of the unfed 5th. instar of R. prolixus.

1

27.
hardened. The abdon inflates in the eazi* proportion as the
rest of the insect. The folds of the abdominal cuticle are not
pulled out. No further thangea occur in the size of the Insect
until feeding though cuticle is secreted for the next few days.

3.6 9 2 Weight changes

The changes in dry weight of the abdominal cuticle are shown
in 1.g, 3.14 and Table 3,8. The dorsal cuticle is approximately
four-fifths the weight of the ventral cuticle. This is consistent
through the instar, The changes through the inatar are the same

for dorsal and ventral cuticle.
The results confirm the observation of Wigglesworth (1933)
that two thirds of the cuticle thickness (1 9 6 mg from Fig.3914)
is produced before eodyaia and one third (0.8 mg from F18,3.14)
after eodysia, The cuticle weight remains constant, no significant
differenoe, through the age when the insect can normally be expected
to feed, E+14

iF*30

(Bennet-Clark, 1961).

If bugs are kept under normal conditions (2.2) without being
fed the abdominal cuticle dry weight decreases,

ig.3.14.

Bennet-

Clark (1961) showed that the ability of bugs to feed properly and
fully decreases with age. By stage E+120 a large proportion of the
population had died and of the rest many would not stretch properly.

From the results in Fig.3.14 the bug reabsorbs outioular material
when starved, almost 40% of the dry weight is absorbed. The
abdominal cuticle therefore acts as a food store •

The resorption

of cuticle appears to affect the composition of the cuticle (3.6.3)
and its stretchability (5.4.3)0

.Dry wt.

I.')

a
E

5

Age (days).

Figure 3.15 Solubility of the abdominal cuticle of unfed 5th. instar R. prolixus.

TABLE 3.8

Dry weights (nag) of cuticle after successive extraction with the solvents
described in Table 3.2

Mean dry wt.
(mg) after
treatment

Age of larvae
E-2

El

E2

E3

Dry weight

1.0592

1.6315

1.6798

1.4583

Lipid solvent

1.0533

1.6005

Water

0.9657

1.5230

Salt solution

0.8720

1.5205

Urea solution

0.3275

0.5085

0,lM NaOH

0.2399

0.3755

-

0.2092

0.1820

-

10

20

4

-

1.5773
-

0.4986

-

-

-

-

-

E+2
1.9884
-

1.9532
-

0.6301
-

E+6
2.2204
-

2.1822
-

0.8298
-

E+101

E+102

E+20

E-1-21

E+27

E+30

E+35

E+60

E+120

E-f-145

2.3910

2.4312

2.5068

2.1497

2.2575

2.1555

2.2771

2.3747

1.9973

1.5527

2.3765

-

2.3281

2.285

2.3085

-

0.6552

0.4940

0.4449

0.1804

0.2633

0.2770

5

6

6

20

2.4664
-

0.6690

0.1644

-

-

3
ii.

0.7324
-

2.3713

-

1.5402

-

-

-

2.1357

-

-

-

-

1.9693

1.3197

2.0818

-

-

-

-

1.8960

1.2880

-

-

0.6485

0.7853

0.6540

-

-

0.5070

-

0.5994
0.4806

0.5945
-

0.2981

0.2472

0.2389

5

10

8

-

12

-

0.5319

0.2731

0.2377

0.2602

0.2750

5

15

6

20

Percentage of cuticle dry weight extracted by the solvents described in

TABLE 3.9

Table 3.2 - calculated from Table 3.8

Age of larvae

Treatment
E-,-102

E+20

0.61

-

-

1.72

2.02

6.04

-

-

0.82

-

-

-

66.54k

61.97

68.42

67.04

-

-

-

7.32

11.86

-

22.34

28.72

11.16

11.27

-

9.37

11.86

E-2

E1

E

E3

E+2

E+6

Lipid solvent

0.50

1.90

-

-

-

-

Water

8.27

4.75

9.75

-

1.77

Salt solution

8.85

0.15

-

-

Urea solution

51.41

62.03

64.22

0.114 NaOR

8.27

8.15

M NaOH

2.95
19.75

%

chitin

/t,
c&

E+101

E+27

-

-

0.65

-

2.51

-

69.17

68.96

-

8.65

-

5.53

-

9.08

-

17.32

10.86

11.59

-

11.89

11.50

1.61*

b

tr

0 vtç not-

E+21

JE- c.

E-i-35

E-i-60

E-i-120

E+145

-

-

0.14

-

0.81

-

E+30

-

-

3.67

2.04

72.55*

55.61

40.83

-

5.96

-

9.80

-

-

-

11.34

26.29

14.58

10.58

-

12.08

10.01

13.03

17.74

tac*J

1.40k

14.20
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3.6,3 chemical changes
The composition of the extensible cuticle of unfed bugs has
been examined at successive ages through the fifth instar by the
technique. described In 3,5.2;

Table 3.2.

The results are shown

in Fig. 3.15 and Tables 3.8; 3,9.
There is no significant variation In the lipid content of the
cuticle between insects at the developnental stage. examined.
The proportion of cuticle dry weight soluble and extracted by water
does vary. The developed cuticle, E+6---%- ':+30,, has a water soluble
fraction less than 2 of the cuticle dry weight. Before and at

eodyais the water soluble fraction is 5-10% of the cuticle dry
weight probably because the cuticle components being seorntn and

assembled during cuticle fonnation are water soluble. Cuticle is
also foined after eodysis but the water soluble fraction is not so
high, 1 .77% at E+2 0 suggesting that the materials extracted at

eodysis are not only cuticle precursors but also some unstabilised
materials • At this stage the cuticle is translucent and very soft.
After eodysia the epioutiole becomes me].anised and the whole
cuticle appears more rigid. Melaniaation appears to be accompanied
by some stabilisation of the cuticle though no covalent crosslinking occurs (neyriolda, 1975a),
After prolonged starvation of the insects a higher proportion of

the extensible cuticle is water soluble.

The mean dry weight of the

cuticle at this stage, E+1459 has dropped as cuticle 1s digested and
absorbed for use as a nutrient supply. The increase in solubility

of the cuticle, there is an increase in net weight of material water
soluble, may, be due to solubilisation of the material to allow its
absorption or beoauae some component binding water soluble material
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has been selectively absorbed (4.4 and 4.5).
The fraction extracted in 05M sodium chloride is large

during deposition of the soft cuticle prior to eodyaia but is
constant and quite small during the rest of the ins tar.
Tychsen and Vincent (1976) have shown that when the female locust,
Locuata migratoria, matures sufficiently for oviposition there is

a change in the solubility of the atretohy, abdominal intersegmental membranes accompanying this maturation.

Previously the

largest soluble fraction of the cuticle was extractable in urea
only but after maturation a much larger fraction was soluble in
salt solution. No such changes occur when the extensible cuticle
of R. prolixue nymphs develops to allow plasticisation and stretch.

The systems appear to be different.
The urea soluble proportion of the cuticle is also constant,
65-70%, when the cuticle is fully developed.

It is much lower at

age E-2 when the water soluble fraction is high. The fraction
eventually held in the cuticle by secondary bonds is being
secreted and assembled at this stage. During deposition this
fraction is therefore most soluble being extracted in either water
or salt solution. The only other variation in the urea soluble
fraction occurs in starved insects. The reduction in the relative

proportion of the cuticle soluble in urea may be due to resorption
of this fraction of the cuticle as a nutrient supply to overcome
starvation or as a result of selective absorption of a cuticle

component responsible for stabilising the secondary bonded fraction.
In relative and absolute terms the proportion of cuticle that is

water soluble increases. Therefore the urea soluble fraction is
not only being lens firmly bound in the cuticle but there is a
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reduction in the urea soluble fraction of the cuticle during
starvation. This change results in the inability at the insect
to feed properly when starved (Bennet-Clark, 1961). The
plasticisation of cuticle allowing its stretch

is due to changes

in the secondary bor4ing of the cuticle. Investigation of
t ht

specific ohengeareeorption of specific components of the cuticle
causes may therefore yield clues to the mechanism of plasticisation

(4.2.2.0 and 5.4.3).
Table 3.9 shows that the ohitin content at E.2 is very high,
drops to the level determined for pre-feed eiocutic1e (3.5,3)
at ecdsiz,M is a larger proportion of the cuticle dry weight
of starved insects, Comparison of the absolute quantities shows
that the chitin fraction of preseodysis endocutiole is all
produced by E-2; the protein is then added to the ohitin framework. The proportion is constant until starvation occurs. The
chitin content at +145 is 17.7',: ever the absolute amount has
not changed therefore chitin is not absorbed by starved insects
only protein which in normally urea soluble.
The chitin content varies little through the ins tar of normally
reared insects being 10-12 of the cuticle dry weight. In insect
outicles the chitin content varies from 1.4-64 of the dry weight
(Richards, 1951).

In structural cuticles it is normally 25-.45' of

the dry weight. The structural arrangement of such a low chitin
content as this one other than the helicoidal layers already
discussed (3.5.2.b) is not known.
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3.7

currn

STRUCTURE

3.7.1 Chitin in situ
Miorofibrila have been shown to be the ohitth.oua structures

of arthropod cuticle (Rudall, 1967). It was shown earlier to be
difficult to dnonatrate that the chitin in R. pro].ixua zrwphal
abdomiv1 cuticle is composed of miorofibri].s (3.3.2.b). This

may be due tomasking of them b:r the matrix, though potassium
perminanate should show then by negative staining (ovil1e and
Luke, ]969b). There may be few miorofibrils present. The
ohitin content is low, 10-12%, but miorofibrils have been
identified in cuticles with lower chitin contents (Beadle, 1974)

or the individual microfibrile may be very email. The smallest
so far reported, from Glos alma aunteni, have a diameter of 2.4 na
(Neville et al, 1976) therefore they should be resolvable in

electron miorograpis. As discussed and shown earlier (3.3.2.b;
Figs. 3.8 and 3.9) the pore canal patte=n in electron micrographs suggest that the microfibrils of the cuticle are arranged
in helices though no direct proof was obtained (see 6.4.2).

Another method must be found.
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3.7,2 Extracted chitin fibrils

3,7.2.a PURE CHITIN
A standard method of preparing fibres for electron microscopy
is to separate them then to spread them on a carbon film before
negatively staining. This was attempted with R. prolixu.e extensible
cuticle. A similar technique has been used by Barth (1973) and
Neville (1975) to examine inioxofibxi]e,
Several clean abdominal cuticles were homogenised using a
tissue homogeniser ran at maximum speed for ten minutes in 0.114
ammonium acetate buffer, pill. Large pieces of debris were spun
doim using a bench centrifuge. The supernatant was than aonioated,
centrifuged and its supernatant removed for use. Drops of the
miorofibril suspension were picked up on copper grids coated with
thin, carbon films and pertly dried. A drop of 24 phoaphotungatic

acid at pH9 or 1% uranyl acetate was then picked up and the grid
blotted and allowed to dry completely.

Alternatively one drop

of suspension was mixed with one drop of stain and some of the
mixture dropped onto the carbon film i4hich was immediately blotted.
Then dry grids were examined in a Philips E24300 electron microscope.
It proved very difficult to discern individual fibrils when
whole cuticles were used as stained protein masked the fibrils.
It was necessary to first extract the soluble protein by soaking
cuticle in 814 urea. The urea was then washed out and the cuticles
prepared as above,
Even after aonioation and centrifugation the samples contained

clumps of fibrils but individual fibrila could be seen, Fig.3.6.
These

kAYe

been measured and found to have a minimum diameter less

It

(a) negatively
stained with phosphtungstic acid

-

!'
lII

X 74,000
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-

(b) negatively
stained with phosphtungstic acid.

X 167,000

Figure 3.17

Electron micrographs of microfibrils

from the extensible cuticle of T. ohvllosoma,
The rnicrofibrils are apDroximately 3 nm thick
similar to those of R. nrolixus in Fig. 3.16c.
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figure 3.18

Electron micrograph of a clump of

microfibrils from R. nrolixus extensible

cuticle. The cuticle as prepared as described
in 3.7.2a and negatively stained with uranyl
acetate. The beading on the fibrils has a
periodicity of 3.2-3.6 nm •
Magnification X 260 0 000
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Figure 3.19

Electron micrographs of tungsten

shadowed fibrils from R. prolixus extensible
cuticle. The endocuticle protein was not
extracted before the grids were prepared.
The isolated fibrils appear to be linked
by lumps of protein.
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than 3 run. This corresponds with the range of miorofibril
diameters measured for a variety of insects by Neville et al
(1976).
Cuticle from T. phy]ioeoma was also prepared and examined
the diameter of the fibrils varies from 2,7-3,0 run, Fig.3.17.

3.7.2.b B&DIW OF MICROF'IBRILS
Peters (1969)9 Rudall (1969) and Barth (1973) have published
photographs showing a beading along the length of miorofibrila
in a variety of arthropods. Fig,3.18 shows a similar beading

with a periodicity of 3.2-3.6 run, Rudall (1969) produced X-ray
evidence to support beading structure with a periodicity of 3.1 rim.
He suggested that the structures might be globules of protein.

The foregoing ahoy that the iniorofibril structure of

R. prolixus and T. phyliosona is similar in size and detail to that
of other insects examined. The only difference concerning ohitin

appears to be in the proportion and its relative distribution In the
cuticle.

37.2.c FIBRIL COATS
Another way of examining fibril structure was used. This

involved preparing grids as above, with ca" without stain, and
evaporating tungsten onto the grids from a fixed direction and
low angle producing a shadow from any structure on the grid.
The technique of shadow-casting (William and Wyokoff, 1946) has

been used in the investigation of many fibrils e.g. collagen and
DNA. If only the supernatant of preparations was used individual

fibrils could be found, Fig.3.19.

Figure 3.20

Electron microraphs of fibrils from the
extensible cuticle of R. prolixus where the

matrix protein has been previously extracted.
Protein extracted with urea, fibrils tungsten
coated. Nag. X 22 9 300. The fibrils are clumped and
not separate -,s "ouni in uole cuticle preparations.
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Individual firils can only be clistinguishedat
the edge of the clumps,
Protein extracted with molar TaOH. The
fibrils are negatively stained with uranrl acetate.
Ilag. X 79,200. The fibrils are again clumped.
The individual microfjbrjls are of a similar
thickness to those in Fig. 3.16.
A tungsten shadowed preparation from cuticle
incubated in pronase to remove all protein.
Clumping also occurs but a regular structure
of the microfibrils can be distinguished.
Nag. X 148,000
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Figure 3.21

An electron micrograph of a tungsten

shadowed preparation made after soaking whole
cuticle in buffer. The fibrils do not 'have the
large lumpy phases found with whole cuticle
preparations. kiag. X 20,000.
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Isolated fibrila were found up to 1 um long. Fibrils in
samples from whole cuticle preparations had considerably thickened
portions tapering at each aid, F19.3.19a. These chunks of material
may occur on individual fibrils = my join several fibrile together.
The thiokaed portions are protein. This was demonstrated by
preparing cuticles after extraction of protein by urea, N110 NaOR
or incubation in proi*se solution. Under these conditions no
individual fibrils were found only aggregations, F1g.3.20.
Aggregations occur in most preparations. The aggregation in this
situation may be due to incomplete separation, hydrophobic Interactions between microfibrils or be a drying artefact.
Pig.3.l9a shows that protein is associated with the microfibrils
in two phase.
large lumps
a finer sheath association shown by the tapering of the fibrile
to a constant width suggesting that one phase of the protein is
closely wrapped round the miorofibril and another is associated
with the protein sheath.
Prolonged soaking of cuticle in O.1M phosphate buffer, pR7 9
before homogenisation produces some fibrils without the bulky phase.
The soaking will help to disrupt secondary bonding between the phases
and remove some protein. The tapering of the fibril. was still
found after this treatneit, Fig. 3.21.
The close association between some of the protein and the microfibrils has been further demonstrated.
Preparations contain globular particles in solution as well as
miorofibrile, Figs, 3.19

9

3.21. These will be shown later to be
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'igure 3.22
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An electron micrograph of a tungsten

shadowed preparation made in an organic solvent
and distilled water. The fibrils do not have
large lumps but small globules giving a beaded
appearance. Mag. X 22,500.
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water soluble proteins (4.6.3).

The lumpy phase of protein on

microfibrils therefore appears when water soluble proteins have
been partly removed; I

therefore attempted to make a preparation

from which the water soluble proteins were not removed.
Clean cuticles were homogenised and sonioated In the lipid
solvent used earlier (Table 3.2). The supernatant was dried down
then resuspended in distilled water. The proteins involved are
not soluble in distilled water at room temperature (44.2). Grids
were then prepared as above.
Samples prepared in this way had a beaded appearance, Fig. 3.22,
The periodicity Is approximately 50 cm but this may be misleading as
the thickness of the tungsten coating is not known, The beaded
appearance is possibly due to conformational changes of the protein
when dehydrated during preparation or because the proteins are
naturally globular but were disturbed in other preparations.
The tungsten coating will mask any fine structure but

protein is

attached to miorofibrila regularly, along their length.
After outiole incubation in pronase, lr'40.20c, fibrils show a
beaded appearance suggesting that the fibrils are composed of stacks
of discs,

Again no accurate periodicity can be measured because of

the tungsten coating but it is lose than 7 cm. This structure
involves no protein.

3.7.2.d COMPOSITE STRUCTURE
Chitin Is composed of chains of poly N-acetyl-gluoosanine with
a small proportion of glucoanminA units. The iniorofibril, on
average 2.8 cm

In diameter, may have eighteen chains of poly N.

acetyl gluooeamirie at each or any level (Neville, 1975). The

36.
bowling of Periodicity 3,2-3.6 nm way be due to the g1uooaintn

units in the poly-N-acetyl-oheina allowing branching of the
structure (RudAll, 1963), This beading might be due to tightly
bound protein but it is still found in samples prepared In pronase
(pig.3,20 0) suggesting that it represents the chitin structure.

The miorofibrila have a protein coat which is disrupted after
extraction of some protein into clumps. The water soluble proteins
therefore seem to have some organisational significance In the
protein coat of the miorofibrila.
The proteins of the cuticle, particularly those soluble in
water, mat be studied in more depth before their possible interactions can be considered.
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Chapter 4
THE PROTEIN FRACTION OF EXTENSIBLE CUTICL E
4.1 INTRODUCTION
Some oharacterisation of the protein traction of extensible

cuticle has been attempted in response to the problems arising in
Chapter 3.

Weis-Fogh (1969) and Neville (1975) have appealed for

more work on cuticle proteins to increase knowledge of the types
of cuticular proteins and differences occurring between proteins

from different types of cuticle, similar species and different
instars of the same species.
A detailed eRmirtion of the proteins from R. prolixus nymphal
abdominal cuticle my help to explain the mechanical changes in the
cuticle when it is plasticised and lead to a better understanding of
the ultrastructure of insect cuticle. The proteins from R. prolixus
extensible cuticle are particularly suitable as most are highly

soluble (3.5.3) being held in situ by relatively weak physical bonds
though some are chemically bound.

4.2 SDS EICTROPHORFSIS OF SOLUIE, CUTICLE PROTEINS

4.2.1 Method

The soluble protein fraction of fourth and fifth lnstar
R. prolixus extensible cuticle was examined by disc gel electrophoresis. A method of eleotrophoresia of detergent-soluble proteins

was developed similar to that of Lenard (1970).
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Clean abdominal cuticles of 1. prolixus nymphs wore preod

(3 • 5.2).
ml of

The cuticles from one to four insects were soaked In one

' sodium dodecyl sulphate (SDS) in O.l phosphate 1*iffer,

PH 7.2 9 for 24 hours then homogenised in the sane ao].ution.in a
standard tissue homgeniser ( 3,7,2a), The macerated tissue was
then left to soak and the debris allowed to sediment for 24 hours.
0.5 ml of the supernatant was taken and used as the sample. It
was later found that homogenising the cuticle was unnecessary and
did not affect the protein extraction. Samples were therefore made
by soaking cuticle slabs in 0.5 mi

5% 3DS for 24 hours.

Separation was achieved on polyacrylamide gels composed of 5%

acrylaniide, reoryotallised from clilorofonn, cross linked by 0.135%
bieacrylamide, reorystallised from acetone. The gels were

prepared in 0.1M phosphate buffer, pH7.29 containing 0.1% SDS.
Polymerisation was by 0.1%, final proportion, ammonium persuiphate
and catalysed by 0.1%, final proportion, Tetramethylethylene
dimine (TM). The gels were prepared by pouring the gel
solution into glass tubes 5

ur

in dianeter and 7 oms long and

allowing the gels to set overni*t at room temperature.
Samples were made 20 mt d.ithiothreitol to reduce any
disulphide bonds present in the proteins (Dunn and )ddy, 1976).

The extract was boiled at 100° C for three minutes, then made 8 M
urea or 20X sucrose to facilitate layering on to gels. 0.1 ml
bromophenol blue, 0.1% solution in distilled water, was added to

each sample to mark the sample front during separation.
The samples were applied to the cathodic ends of the gels and

separated in a constant current of 10 m& per tube for two hours or
until the sample front had migrated 5-6 ems. Gels were pre-run
for 1ê hours before the samples were applied.
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After separation the gels were removed from the tubes by a
jet of distilled water and fixed overnight in 10% triohloroaoetio

acid at 300C. The gels were stained in two stages.
8 hours In 10% methanol: 7% acetic acid with 0.000025%
Coomeasie Brilliant Blue R at 300C.
24 hours in a change of the same solution at 30° C.

1* staining method was developed from that of Dunn and rddy
(1976).

RI, values of the proteirm separated were calculated from the
position of the banda and the sample front

indicated by the bath

of bromophenol blue.

+ RI - distance of protein from cathodic end of gel
distance of bromophenol blue band from cathodic end of gel
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4.2.2 Analysis of the protein fraction through the meter

4,2,2a iitracts nade in SDS
Samples of nmpha1 abdominal cuticle were taken from insects
at successive stages from apolysie of the fourth nmpha1 ins tar to
eodyeio of the adult. The banding patterns have been drawn,
Fig.4.1, and show bends with mean R.f values calculated from three
to five gels. Bends shin were present in at least three gels.
The bending patterns found in the apolyaia-eodysis stages are
irregular. Many bands do not recur in consecutive samples either
with the same intensity of staining or with accurate replication of
Hf. value, Fig.4.1. Probably the variation in intensity of stain
is due to differences in protein concentration in the samples.
The absolute amount of protein extracted increases as the cuticle
develops (3.6,3.). Alternatively variations my be due to proteins
with a specific function occurring for a short time only during
development of the cuticle.
In pre-eodysis samples four bands occur with regularity at
Rf 0.07, 0.12 9 0.29 and 0.41. They occur only in the pre-eodyaia
stages of the fourth instar but are present in all stages examined
of the fifth instar. This suggests that their absence is due to
lou, concentration in the fourth ins tar samples as four insects were
used for each sample and fifth ins tar cuticles are much larger.
They can be demonstrated in fourth instar samples if very large
loads are applied but then the other bands become smeared due to overloading of protein. The concentration of these proteins is highest
during periods of cuticle deposition suggesting that they are not
structural proteins but regulatory or presumptive proteins or
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metabolites.

s will be shown below, these proteins have a large

molecular weight. They nay

therefore be precursors of struotural

proteins or enyinea responsible for cuticle construction or
naintenanoe.
Determination of the function of these proteins will require use
of refined biochemical techniques and, as these proteins are a very
minor fraction of the cuticle proteins, no attempt has been tde to
analyse them further.
The largest fraction of cuzicle

jJiDtOiflS

which are alwayu resent

and stain intensely (though staining intensity is not strictly
proportional to protein concentration) have Rf, values between 0945
and 0.90 (Fig.4.l). These proteins can be detected in roughly
similar proportions from the stage, E-2 9 when the cuticle proteins
start to be produced until the and of the use of the cuticle at
ecdyaia to the next ins tar.

There are eight proteins in this

group, Fig.4.1. This is the normal pattern found in fully
developed unfed nymphs of the fourth and fifth ins tars.
SDS electrophoresis separates proteins according to the negative
charge conferred by SDS which is proportional to their molecular
weights. As well as conferring a uniform charge on the protein,
SDS, being a detergent, breaks dawn all but coiatQrt bonds between

amino acids and peptides. The proteins separated are thus
unravelled amino acid chains. The only form of cross-linking
other than

pptcLe

b-md-s

not broken down by SDS is the

disulphide band. This can be successfully
agents.

reduced by various

I used dithiothreitol (]YPT), (Dunn and Maddy, 1976).

Control groups of cuticle samples prepared with and without DPr
were separated. No difference was found indicating that no
diaulphide bonds occur in the soluble protein of R. prolixue

Figure 4,2

The relationship of If. value to
protein molecular wciht for SDS
electrophoresis.

1 O6

-

Thyroglobulin( 335,000)
1

S p e c t r i n duplet (230,000, 205,000)

3

Ghot protinc (9(,000;

3-1actoglohulin(35,0:0) :iaemoglobin(16,000)
4

10

02

04
RI. value

0-6

08

0-9

Table 4.1 Molecular weight of main cuticle
by SDS eloctrotthoreeia

HZ.

Molecular

Protein

weight

(see FU-4-1)

0.07

2 979000

1

0.12

252 9 000

2

0.29

1459000

3

0.43

92 0 000

4
(T. phyllosoma)

0.48

78 9 000

5

0.52

68,000

6

0.57

58,000

7

0.61

51 9 000

8

0.64

46 9 000

9

0.67

41 9 00

0.74

339000

10

0.77

30,000

11

0181

26 9 000

12

0488

22 9 000

T.phyUoaoma only

13
(3ee Ch.6).
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extensible cuticle

n confirmtrto4HacIcan (1975).

SDS electrophoresis separates proteins etriotly according to
the molecular weight of the peptide chain. Shapiro et al (1967)
have shown a direct relationship of fif value to the logarithm of
molecular weight of peptides using a similar eleotrophoz'eaia system.
The relationship differs for each separation system.

I have there-

fore calibrated my separation system for molecular weight
determination. Several pure standard proteins were prepared in

the same way, as cuticle samples (4.2.1) and run on my gel system
individually and as mixtures. The Rf

values were calculated.

Fig. 42 shows the relationship between Rf value and logarithm of

molecular weight. The relationship was confirmed by running
samples of red blood corpuscle ghost proteins prepared an the
other samples were. The molecular weights of ghost proteins are
well documented (Maddy, 1976). The same relationship holds.
The molecular weights of the major cuticle constituents shown
by SDS electrophoresis have been determ1Ld (Table 4.1). An might
be expected there is no evidence of structures built of multiples
of sub-units shown by bands whose molecular weights are multiples
of a monomer because of the action of 31)6 (Lenard, 1970).
flacicnm.n (1975) found a slightly different pattern in his gels,

this is possibly due to a slightly different technique. Separation
is affected by various parameters, pH, ionic strength, current etc.
(Dunn and Maddy, 1976). Hacknan used urea extracts made 0,5% SDS.
I have compared urea and SDS extracts on my system and no difference
in pattern occurs. The differences in pattern between that found
by Hackman (1975) and Fig.4.1 must be due to the separation
techniques used. It should be noted that Hackmen'a SDS gels

Table 4.2

Comparison of the rwoteins isolated by the SDS
electrophoresis of IIaoknn (1 72) and those in
Fig.4.1 and Table 4.1

Protein
number
(Table 4.1)

Molecular
ye.. (Table 4.1)

Molecular weight
of proteins determined

Molecular
weight

by Hac1oin (1975)

quoted by
Hackman (1975)

(calculated from his

data)
5

78 9 000

879000

6

68,000

79000

7

58 9 000

639000

6 5,000

8

51 9 000

46,000

48 9000

9

46,000

42 9000

45,000

10

33000

349000

37,500

11

30 9 000

30 0 000

12

26 9 000

26 0000

13

22,000

239000

-

-

Limit of
resolution
15 9 000 a band
is found at the
migrating front

-

84000
-

-

-

-

21,000
14 9 000

-

-

-

12 9 000

12 9 000
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contain twelve bends.

Fig.4.1 shows that twelve bands occur

normally (Table 4.1). Closer analysis of HaciciAn's results show
that the bands in his gels compare quite favourably with mine
(Table 4.2). Some differences arise because his drawings do not
indicate the relative oonoentration of each band.
Mills at a]. (1967) suggested that the soluble, cuticle proteins
of Acheta domestica occur as multiples of one 7 9 000 dalton unit.
Eaokmn (1975) suggested that the peptides separated by 31)6 eleotro'
phoreaie may consist of sub-unite. The individual proteins may be
sub-unite but SDS electrophoresie will not resolve multiples of
basic sub-unite as 31)5 breaks down all such structures.

Evidence

that cuticle proteins are complexes of several, similar or different
units will not be found using SDS to solubilise proteins.

1ckmn (19729 1975) suggested that the presence in cuticle of
a number of proteins as separated by SDS electrophoresis is due to
polymorphism. This premise can be swiftly dismissed if the concept
of polymorphism is understood.
Polymorphism is a population phenomenon (Mayr, 1963;

Ford,

1965) • Biochemical polymorphism is due to variation in the
products of different alleles of any one locus of the genoiae of an
individual. The differences expressed are biochemically minor,
normally amino acid substitutions. These in no way allow production
of a range of peptides of molecular weight 12,000-84,000 daltons to
be products of polymorphism. Differences in molecular weights would
be in tens or hundreds of daltone as occurs in haemoglobin polymorphism.
More Importantly polymorphism is an expression of differences
within and between individuals in a population. The samples
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analysed by Hackman (1975) were made from extracts of one gram of
cuticle, probably 400 insects grouped (3.6.2) 9 a method which would
mask any polymorphism. The proteins tested were separated on SDS
gels which separates according to molecular weight alone. Peptides
differing by tens or hundreds of daltons would ran very close
together. Such bands do not appear. The absolute refutation of
polymorphism can be made if individuals from one population are
tested and found not to differ from the composite pattern of the
population. I ran samples from 20 different fifth ins tar insects
on SDS gels and found no difference from the basic peptide pattern.
The stock used had the same origin as Baokman's. A population
separated several generations earlier in 1967 was also tented in
an attempt to find variation in the cuticle protein components.

No difference in the patterns appeared (Fig,4.3).
On the supposition that there aught be differences but that
no polymorphism occurs samples from the two populations were mixed

and ran on gels. Complete integration of the mixed samples
occurred, Fig-4-3v suggesting no differences between the respective
proteins from the two population samples.
On the basis of this experiment, understanding of the action
of 51)8 electrophoresis and by understanding the concept, polymorphism
can be dismissed as the reason for the large number of proteins
separated by SDS electrophoresis from the extensible cuticle of

R. prolims by LLackman (1975) and myself.
The extensible cuticle from adult R. prolixus, the intersegmental membranes and lateral pleat (wigglesworth, 1933), were
also examined. They show the same general patterns in 51)8
electrophoresis as nymphal abdominal cuticle, Pig.4.4.
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}ackin (1975) showed that there was a general similarity
between the soluble cuticular proteins isolated by his methods

from R. prolixua nymphs and from the abdomen of the female tick s
Boophilus microplus, another extensible cuticle. The proteins
were of a similar molecular weight range but would probably not

be too similar because of the evolutionary distance between the
tick and the bag. In an attempt to determine the relative
importance of the proteins I have compared the soluble proteins
from R. prolixue extensible cuticle with those extracted from

iatouB pky1loeona extensible cuticle.

Both are members of the

family Reduviidae.
Fxtracts were made and samples treated exactly the same wa vy
(4.2.1). The general appearance of the extracts separated by
SDS eleotrophoresis were similar but several specific differences
occurred (Fig.4,5).

T o phyllosoma has a greatly reduced concentration of

Proteins Mo].. wt* 78 9 000.
T. phyllosoma has a greater concentration of proteins
Mole wt. 68 9 000 and 58 9 000.
Protein mole Wt- 51 9 000 in R. prolixue is absent from
To phyllosoma.
There is a much hjier concentration of protein
Mole wt. 46 9 000 in T, phyllosoma than in R. prolixus.
A protein mol, vi. 41,500 is found in T. phyllosoma
but is absent from It. prolixus samples.
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In summary, other than the concentration differences,

T. phyilosoma has one protein, aol. wt. 41,500, not found in
R. prolixus which replaces it with a protein mol. vi. 51 9 000.

To test if there are any intrinsic differences between the
oozaparable proteins from the two a pec i.e

samples were mixed to

see if similar bands would separate when eleotrophoresed. The
mixture showed complete integration of the comparable proteins,
Fig-4-5t suggesting that they are very similar.
The feeding behaviour of T. phyllosonm is very similar to

that Of Re pro1ixus; both insects can stretch their abdominal
cuticle to accoanodate a meal large enough to allow development
to the next inatar.

T. phyliosoma by my observations stretches

in a similar way to R. proiixus.

Par this reason similarity of

the protein composition may be necessary to allow this feeding
behaviour.

The differences in protein composition between the

species may be due to essential differences in the cuticle
stretchability or because the proteins concerned are not essential
to the control or mechanism of stretch,

4,22b Other extracts
I considered above the total protein fraction soluble in SDS.
As shown in 3,5.3 9 components of the cuticle can be successively
extracted by other solvents. The extracts made by these solvents,
water, salt solution and urea, have been examined by 51)8 electrophoresis so that they can be directly compared to the total
soluble protein fraction.

Firure 4.6 The effect of extractjn cuticle with water
prior to e::tractin with ura solutionSDS electrophoresis,
Rf.
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Samples were prepared by adding SDS to 04 ml, of the
extract to make it 5% 81)5 then preparing and separating the
samples as described earlier (4. 2 ,1).
Only a small proportion of the protein content of the
abdominal cuticle is soluble in water or salt solution. When
separated by electrophoresis no bends were found.
The water and salt solution extracts were concentrated.
This was achieved by suspending the samples in dialysis tabing
(visking 18/32) in a cold roam at 4 0C. When approximately three
quarters of the solvent had evaporated the remainder was dialysed
against the original solvent, with six changes, over 48 hours at
4°C. Samples were then made 5% 81)5 and examined as above (4.2.1).
The extract in salt solution was positive to the Lowry teat

(3.5.4) which indicates that protein is present but no bands can
be distinguished.
The extract made in water can be resolved into bands, Fig4.6a.
The Rf. values of these bands suggests that they are allor part of
bands Rf. 0.57, 0.74 and 0.77 from the SL6 extract, The
concentration of protein in the water extract is nich lower than
that in SDS extracts. These proteins therefore are only partly
soluble in water or only a fraction of these specific proteins are
available to be extracted. This experiment does not show that
the three proteins exist as individual units in the cuticle.
This does not eliminate the possibility, as they are in SDS
solution when separated, that two or more of them may associate
into a more complex protein structure (see 4.5).

Figure 4.7
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If cuticle is extracted with urea solution alone then the
extract analysed by SDS electrophoresis the normal SDS extract
pattern is found, Fig. 4.6c. If the cuticle is extracted with
water then extracted with urea, the urea extract when separated
by SDS electrophoresis shows the same pattern, however, the
concentration of the proteins soluble in water is reduced,
Fig. 4.6b. This Indicates that a small jportion of these
proteins only is extracted in water at pH 7.2.
Ftracta made in M/lO NaOH were neutralised and prepared as
above. No bends could be identified with any degree of certainty
as the background of stain was always very high probably due to
partial hydrolysis of the proteins extracted. The oharacterisation
of the proteins left after urea extraction is an area requiring
further study,

4.2.20 starved insects
Bonnet-Clark (1961) found that starved insects would not
feed to the same extent as normal nymphs. It was shown earlier
that a large proportion of the abdominal exdoouticlo is absorbed
when insects are starved for a suitable length of time (3.6.2) and
there is a change In the solubility of the protein fraction.
Those proteins extracted by the various solvents from cuticles
from starved insects have been examined by SDS eleotrophoresia.
The SDS extracts show the standard pattern, Fig. 4,7, though
a much larger sample load is required indicating that the protein
content is reduced during starvation (Table 3.9).

The water
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soluble fraction of the cuticle is much higher (3.60) and can be
eleotrophoresed without prior concentration. The actual proteins
extracted do not differ so presumably a higher proportion of them
are soluble or are rendered soluble by some change in the cuticle.
The absolute amount of water soluble protein at this stage
increases greatly, Fig.3.15.
The urea soluble fraction is much reduced; the staining
intensity of protein bands In naich fainter.
faint are absent (pig.4.7).

Those bands normally

As the SDS pattern is the same as for

unstarved insects I attribute the apparent changes to the reduced
concentration of protein in the extracts. It appears that no
soluble proteins are selectively absorbed when the insect has been
starved.
These changes will be related to the mechanical properties of
the cuticle later, (5,4.3).

40 ISOFIECTRIC FOCUSING OF SOLUBLE PROTEINS
Hacion (1975) shoved that the urea soluble proteins from
R. prolixus extensible cuticle had isoeleotric points (p1) from
pE 4.1--M and that the major components have a p1 between 7,1
and 8 9 6. To characterise the proteins further the water and
urea extracts have been analysed by isoeleotric focusing.
As a large proportion of the cuticle proteins are only soluble
in urea, a focusing system in 6M urea has been developed similar to
that of Awdeh et al (1968) • A thin layer polyacrylamide gel
composed of 5 aorylarnide, cross linked with 0.135 biaacrylamide
and mad. 6M urea was polymerised with ammonium persuiphate and

Figure 4.8

Isoelectric focusing of cuticular
proteins.

PH

PH

3

3

4

4

5

5

7

7

10

water
extract

urea
extract
R .Oroljxus
_ SAMPLES

.

—

urea
extract
T

10

50.
TD (4.2.1) • The pH gradient was established using 5% carrier
ampholinea in the gel medium. The pH gradient was developed in
the gel at a constant current of 5mA for 2 hours before the samples
were applied. Focusing was carried out for 18 hours at 150 V.
After focusing strips of sample free gel were out normal to the
pH gradient and the ampholytes eluted in distilled water. The
pH of the solution was measured thus the pH gradient, p&13-10, was
determind.

The same techniques of fixation and staining as

applied to SDS eleotrophoresia were used (4.2.1).
Samples analysed were a water extract previously concentrated
(see 4.2.2b) and a urea extract of R. prolixus extensible outiole.
A urea extract of T. phyllosoma extensible cuticle was also
analysed. All samples were made 6M urea before application to the
gels to facilitate transfer of the protein into the gel • The
results are shown in fig. 4.8.
The range of p1 values of the urea extract of R. prolixus Is
very similar to that found by Hackman (1975) though he found more
bands with p14 to p15. The largest concentrations of protein In
both analyses have similar p1 values • No bands were found in the
water extract so presumably a high enough protein concentration was
not reached.
The extract made in urea from P. phyllosoma showed a similar
distribution of proteins with major components in the range p17-8.
A large concentration of protein p1 3.0 is the only major
difference, accompanied by a lack of protein in the range p1 5.75.8, between the urea extracts of the two species. Perhaps this
difference corresponds to the single band difference found in
SDS gels (402.2a).
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The criterion for separation in this form of e].eotrophoreaia
is the iso-electric point of the protein. Proteins migrate to a
position in the pH gradient where they have a net charge of zero.

Bands found do not necessarily represent individual peptides as
separated by SDS eleotrophoresie because 6M urea does not
necessarily break down all protein structure. Certain bands
therefore may be part or whole complexes formed by aggregations of

the same or different peptides as found in SDS electrophoresis.
Evidence for and discussion of compleTing of cuticle proteins will
be presented later (sections 4.51, 4.6 aM 4.7)0
At p1 5.8 and 6.6 doublets of bends were found, Fig. 4.8, in

the urea extract of R, pro]lxus. Bands of such similarity were
not found in SDS electrophoresis, Fig. 4.1 and Table 4.1. Therefore bends of different molecular weight have very similar amino
acid composition. The similarity between the isoeleotric points
is not due to polymorphism but may be the result of complexes of
proteins.

4.4 THE SOLUBILITY OF CUTICLE PROTEINS

4.4.1 Introduction
Bennet-Clark (1961) suggested that a change in pH was
responsible for changes in mechanical properties of the
extensible cuticle of H. pro].ixue similar to those occurring
during feeding. Reynolds (1975b) also examined the effect of
other physiological changes on the cuticle e.g, ionic strength,
ion character and urea concentration. Though changes in some
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of these parameters can induce cuticle plasticisation 'in vitro'
Reynolds did not consider them to be the stimulus to cuticle
plaatioiaation 'in vivo' and favoured a pH change. Whatever is
the stimulus of plasticisation its effect must be on the bonding
in the protein matrix. Changes my be expressed as changes in
solubility of the proteins • The effect on cuticle solubility of
changing several of the parameters affecting protein solubility has
been investigated.

4.4.2 Temperature and 5-ITydroxytryptamine
A temperature increase sakes the extensible cuticle of
R. prolixue more plastic (Bennet-Clark, 1961).

The effect of

extracting cuticle with 0.111 phosphate buffered water, pHi, at
4 0C and at room temperature, 22 C, have been compared. The
other in vivo mechanism of plastioisation known is the stimulus
provided by injection of 5-Rydroxytryptamine (5RT) (Reynolds,

1974.).

This has also been investigated to see if it affects

cuticle solubility.
The extracts from six cuticles made in water for 24 hours at
4°C and 220C were prepared for SDS electrophoresis (4.2.1) and
similarly samples were prepared from cuticles soaked in water,
phosphate buffered, containing 10 4N 5HP at 40C and at 220C for
24 hours. A batch of cuticle@ from insects injected with 5HT
after Reynolds (1974.) to plasticise the cuticle were soaked
in water at 40C or 220C for 24 hours and the extract prepared
for electrophoresis,
It was found necessary to concentrate the extracts before

Fiire 4.9

frect or tmperttire r.ni 5IIydo:LrPtnino
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Preparing for SDS electrophoresis (4.2.2b), Fig-4.9. Samples of
the water extract at 4 0C and 220C appear similar in protein
composition as do those from previously plaetioieed cuticles and
those extracted in 5HT. Neither of the known 'in vivo'
plaatioiaere appear to change cuticle protein extractability.
It is possibis however that the changes occurring on plasticisation
'in vivo' are minor and are completely

swamped by the relatively

enormous volume of the solvents used and their buffering capacity.

4.4.3 The effect of hydrogen ion concentration
Cuticle extensibility increases with lowering of the pH of the
cuticle below pH7 (Bennet-Clark, 1961; Reynolds, 1975b). The

solubility of proteins increases as the pH of the solvent differs
from the laoeleotrio point of the protein. The isoeleotric points
of most of the soluble proteins from H, prolin,.a extensible cuticle
are between pH7 and pHB therefore lowering or increasing the pH of
any solvent from this level will increase cuticle protein solubility.
The change in cuticle protein solubility with hydrogen ion
concentration has been measured.
Abdominal cuticles from five insects were prepared (3.5.2) for
each group. The proportion of cuticle dry weight extracted over a
pH range in O.1N phosphate buffered water at 4°C was determined.

Cuticles were also extracted in O.l1'1 ammonium acetate, pHl.O, and
in Rhodniva Ringer (Maddrell, 1969) 9 pHl.O, to determine if ionic
strength or character of the solvent affected the protein solubility.
A control group was extracted in

SDS.

Table 4,3 Effect of soaking extensible cuticle In water (4 ° C

mg.

pH

4.5

6,0

7.0

Initial 2.3867 2.2206 2.5068
=an it.
e.e.

810
2,4107

10.5

0.1m
Ringer ammonium Distilled
solution acetate water p117
p117

2.3104 2.2181 2.4459 2.3769

0.1755 0.1098 0.2060 0.1759 0.1759 0.1667

0.2643 0.2219

Final
nsen wt. 1,1086 1.6714 2,4664 2.3869 1.3392 2.1534 2.2738 2.0833
se, 090636 0,0707 0.2006 0.1797 0.9470 0.1481 0.2681 0.1964

Mean
lose

1.2781 0,5492 0.0404 0.0238 0.9712 0.0647 0.1721 0.2936

%dry
weight
extracted 53,55 24.73 1.61

0.99

42.04 2,92

7.04

12.35
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The major forces affecting protein structure and solubility
are apo]ar bonds, electrostatic interactions and hydrogen bonds
within the protein and between the protein and the solvent
(hler and Cordes, 1971). Apolar bonds are formed by hydrophobic interactions between non-polar parts of the hydrocarbon and
are maintained by Van der Waals forces. The extent of electrostatic attraction or repulsion, forming or breaking ionic bonds,
will depend on the net ch rze on the protein. The extent of
hydrogen bonding will be similarly affected. Hydrogen bonds are
between charged and/or polar molecules or regions of the protein.
The ratio of protein-protein hydrogen bonding to protein-solvent
hydrogen bonding will depend on the protein concentration of the
solution. The solubility of the cuticle protein and its extraction
from the cuticle will be considered in terms of changes in these
secondary bonds.
At pill a small amount of the cuticle was extracted, Table 4.39
comparable to that found earlier, Table 3.9.

A slightly larger

amount was extracted in ammonium acetate solution and Ringer
solution, Table 4,3, suggesting that a contributory factor might
be the ionic strength or character of the solvent. The ionic
strength of 0.lM phosphate buffer is greater than that of 0.114
ammonium acetate. This will be investigated later.
A smaller proportion of the cuticle dry weight was extracted
at pH8 than at pH7 9 Table 43. The isoeleotric points of a large
proportion of the cuticle proteins are between pH7 and pH8 (section
493). At their iaoeleotric point proteins have minimum
solubility (Mahler and Cordes, 1971) and the net protein charge is
zero. Therefore electrostatic attractions are maximal so excluding
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water from the protein and masking hydrophobic interactions. With
MIn4mum hydration of the protein there will be nx1*R.1 inter-protein
hydrogen bonds.
As protein is removed from its isoeleotrio point it acquires a
net charge. This charge increases electrostatic repulsion breaking
ionic bonde and destabilising the insoluble protein. The changes
in ionic bonding and separation of charged parts of the molecule

will disrupt inter-protein hydrogen bonds and increase the
proportion of protein-solvent hydrogen bonds by exposing polar
components of the protein and in a polar solvent like water the
protein will become hydrated. Phase bonding changes will disrupt
hydrophobic interactions and expose non-polar

aml no

acid side chains.

Further conformational changes in the protein are likely as exposed
hydrophobic side chains organise surrounding water molecules further
solvating the protein. The protein thus becomes soluble, though
not all hydrophobic interactions are disrupted. The solubility
of protein increases as the p11 of the solvent is removed from the
isoeleotric point.
At pH 10.5 over 40% of the cuticle dry weight is extractable
in water. Much of the extracted protein however denatures and
precipitates at this pH, This protein is not soluble at pH 10.5
yet is extracted from the cuticle. This suggests that the changes
in interactions of the matrix proteins allowing extraction occur

much quicker than the denaturation reaction.

Alternatively part

of the matrix acts to bind the cuticle and this fraction is soluble
at pH 10.5 and the bound fraction Is released before denaturing.
Reynolds (1975b) showed that when cuticle was soaking in buffer

above pH 10 there was a very marked swelling of the cuticle and an

100
Dry wt. extracted
by water treatment.

Dry wt. extracted
by 814 urea.

60

Dry wt. extracted
by 0.1M 1Ta0H

40
Dry wt. extracted
by boiling 1.0I1 NaOH

20

Residue— presumed
chitin

LI

7.0

8.0

10.5

Ringer

Ammonium Dist.
water
acetate

ii

0
E+l0
control ----TREATMENT
I

Figure 4.10 Extraction of cuticle by standard solvents after pH experiment.
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increase in its hydration. This would ease the extraction of water

soluble proteins and supports the suggested bonding changes on pH
-I

Analysis of the supernatant and precipitate in pH 10.5 buffer
will show if the proteins differ and nay support the suggestion that
there is a discrete binding protein fraction in the cuticle.
At pH lower than pH 7.0 the amount of material extracted by
water is greater than near the cuticle protein isoeleotric points.
25% of the cuticle dry weight is extractable in water at pH 6.0 and

55% at pH 4.5, Fig. 4.10 • The extractable material at low pH is
soluble • The increased extraction of protein is due to disruption
of the secondary bonds as described above. The material extracted
in water at the extremes of the pH range used must be part of that
fraction only soluble in urea at neutral pH. Urea has a similar
effect on secondary bonds to low and high pH though the actual
mechanism is complex and depends on protein denaturation and

production of a random coil of protein in solution. High pH
precipitates cuticle proteins but low pH does not. The proteins in
solution in low pH solvent are not denatured but nay mimic the
changes in protein conformation occurring when cuticle extensibility
is stimulated.
None of the other cuticle components such as the alkali soluble

protein or ohitin are extracted by the extremes of pH used, Fig.
4.10
The extracts made have been examined by SDS electrophoresis.
The samples were adjusted to pH 7,2 9 51)5 added to a concentration
of ,and then prepared and separated as described earlier (4.2.1).
No bands were found in samples extracted at pH 7.0 and pH 8.0

Figure 4.11

Analysis of water extrcts from pH
extraction experiment.

(a) water extracts on SDS gels.
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though the extracts were not concentrated, Fig. 4.]]a. The
sample extracted at pH 6 and that soluble at pH 10.5 contain

largely those proteins nomally only water soluble (4.2.2b).
The precipitate at pH 10,5 and the extract at pH 4,5 yield a
Pattern similar to that of an 61)3 extract, Fig.4.11a.
The noal 31)6 type pattern is found in urea extracts =UW
from cuticles previously extracted at pH 7 and pH 8 9 Fig, 441b,
If cuticles are first extracted in water at pH 6 or PH 105 then

extracted in urea, the urea extract on SDS electrophoresis lacks
most of the water soluble protein bands, (-f the p11 4.5

A aubaeauent urea extractorieta1y lacks the water soluble
proteins and has a marked reduction in the concentration of the
others when the urea extract is ar1yeed.
These experiments show that cuticular proteins are more
easily extracted as the pH of the solvent is lowered from the
isoelectric points of the proteins. The solubility of at least
part of the cuticle protein fraction is being increased. Cuticle
becomes increasingly easy to stretch as the pH of the medium is
lowered below pH 7 (Bennet-Clark, 1961). Both of these changes
correspond to a change in cuticle hydration (Reynolds, 1975b).
Above pH 10 cuticle hydration also increases and the outiou].ar
proteins may be extracted but they denature and the cuticle does
not stretch more easily. Cuticle plasticisation therefore appears
to involve increased cuticle hydration and increased protein
solubility and requires maintenance of the integrity of the
cuticle matrix protein.

Figure 4.12

The ffect of ionic strength
on the solubility of extensible
cuticle in water (ammonium
acetate, pH 7.0).

M. a,mnonium bcetatS

OR
4.4.4 The effect of ionic strength
The solubility of proteins is affected by pH, ionic

ccti

and temperature. It is also affected by the ionic sttth. of

the solvent ,

The control group of the above experiment (4-4 - 3)

showed that the solubility of the cuticle at pH 7 is greater in

0.114 ammonium acetate than in O].M phosphate buffer. To determine
if this is due to ionic strength differences, the ionic strength of
01M phosphate buffer is greater than that of 0.114 ammonium acetate,
the extractability of cuticle proteins in ainonium acetate solution
has been measured.

Cuticles were cleaned (3.5.2)9 dried, weighed and soaked in a
range of solutions of ammonium acetate from 0.00IM to 4.OM 9 pH 7.0 9
at 4°C. The ionic strength of ammonium acetate solution is the same
as its inolarity as both ions are monovalent. The dry weight of
cuticle extracted was measured. The results are shown in Fig. 4.12.

The effect of ionic strength is biphasic. The minimum amount
of material was extracted at ionic strength greater than 1.0. The

maximum amount of material was extracted in a solution of ionic
strength 0.001. The effect of ionic strength on cuticle plasticity
was also found to be biphaaio, the cuticle being most plastic in

phosphate/citrate buffer with an ionic strength of 0.1 9 p11 5.5-7.09
(Reynolds, 1975b). This is further evidence that cuticle plasticity
and stretch is related to solubility of the matrix protein. The
protein solubility and cuticle plasticity are greatest in a medium
of ionic strength 0.1 and pH below 6.0 (Bonnet-Clark, 1961;

Reynolds, 1975b;

4.4.3).

Under these conditions a certain proportion of the cuticle
matrix protein is extracted, 25% of the cuticle dry weight was
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extracted in the above experiment. Reynolds (1975b) has shown
that soaking cuticle at pH 6 plasticises the cuticle, this will
be confirmed (5,4.1). It will also be shown (5.4.1) that cuticle

soaked In 0.1M ammonium acetate, pH 79 is also plasticised.

Therefore there are two 'in vitro' methods of cuticle plastioiaation.
It reins to be shown whether either of these mechanisms are
feasible 'in yjy,
Stimulation of cuticle by a pH change was proposed by Bennet-

Clark (1961) and supported by Reynolds (1975b), Reynolds (1975b)
did not measure exact changes In intracutioular pH but by staining
experiments suggested that the pH of the cuticle changes on plasticisation and that this is the 'in vivo' stimulus • The changes in
protein bonding and solubility on pH change similar to those

necessary to produce plastioisation were discussed above (4.4.3)9
Reynolds (1975b) considered other methods of producing plastioisation
and rejected them. He considered a change in cuticle ionic strength
AicuQ

but rejected this on the grounds that the cuticle

1CO

)\

maintain a

continual low pH, a condition he did not find. Cuticle plaatioisation
is only stimulated by ionic strength change at pH 6.0 in the citrate-

phosphate buffer used by Bennet-Clark (1961) and Reynolds (1975b).
The results on cuticle extraction and solubility above suggest that
plastiolsation may occur at pH 7 on ionic strength change in
ammonium acetate solution. This will be shown to occur later

(5.4.1). The pH necessary to allow plaatioisation therefore depends
on the medium used. Ion character affects protein solubility.
Ionic strength change is therefore a possible mechanism of cuticle
plasticisation in 'vivo'.
Alteration of intracuticular pH is an energetically economic

way of effecting plaaticiaation (Reynolds, 1975b) if the epidermis

9
can act as a hydrogen ion pump,

This mechanism is previously unknown.

A mechanism to change the cuticle ionic strength is more
difficult. Simply it might be suggested that the epidermis maintains
a naturally high ionic strength in the cuticle by continually
pumping water from the cuticle to make it bypertonic to the
epidermis and then plasticisation might be induced by a change in
the epidermis permeability by 5HT which affects the permeability of
the Malpighian tubules and
ontiole.

induces plastioisation of extensible

This mechanism requires that the epidermis should pump

water alone, this is, as yet, unproven in any system but has been
proposed to explain the absorption of water droplets by cockroaches
(Beament, 1961). Alternatively to induce plasticisatiori the
epidermis might pump ions from the cuticle.
Reynolds (1975b) suggested that the cuticle ion content is too
low to produce a high enough ionic strength for the cuticle normally
to remain rigid.
complex.

The phenomenon of ionic strength is however very

Little is known about the relationships of proteins, other

solutes and the solvent In solutions especially when components are
altered. The effect of water or ions on ionic strength of atiole
cannot be predicted, The effect of ionic strength changes on the
secondary bonding of proteins is also difficult to predict. A
model of cuticle plaatioisation by ionic strength changes has been
proposed but its accuracy and relevance are unknown as the effects
of solvent and/or ion changes on cuticle 'in vivo' cannot be predicted
on the evidence available. The model of cuticle plastioiaation by
increased cuticle protein solubility induced by
is the simplest and appears the more feasible.

a cuticle pH change
Further examination

of the cuticle itxix proteins iaay help to elucidate the changes of
secondary bonding of the matrix proteins which produce cuticle
plastic isation,

Figure 4.13

Separation of water extracts of

extensible cuticle on a simple buffer
system using lO acr.lamide gels. The extracts
are from the experiment in section 4.4.2;
compare to banding patterns found by SDS
electrophoresis of the same samples, Fig. 4.9,
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4.5 IZCTR0PR0RESI5 OF SOLUBLE PROTEINS BY IYr&R NTTHODS

4.5.1 Introduction
The possible mechanism of inducing plasticisation have been
discussed in the previous seotion. Understanding of the actual
reactions my be furthered by knowing mare about the various protein
species. The absolute solubility of the cuticle has so far been
measured and related to pH, ionic strength etc. The general protein
composition has been analysed by SDS electrophoresis. I have
analysed the extracts made by different solvents and under different
ooixuitions by other types of electrophoresis to oharacterise the
proteino further and to indicate those proteins involved in the
plasticisation so that they can be studied.

4.5.2 Electrophoresis in polyacrylamide gels with a simple buffer
The samples were separated on

5%

polyacry]sm(de babe gels,

cross linked with 0.135% bisacrylamide in 0.37M This buffer, pH 8.8 9
prepared as described in 4.2.1;

( 1 969).

the method was adapted from Gordon

Running buffer was 0.0511 boric acid, pH 9.2. Samples were

concentrated (4.2.2b) and made up to 20% sucrose to improve layering
when applied to the gel. Proteins were separated at a constant
current of 0.25aA per tube for two hours. 10% polyacrylainid. gel.,
0.27% cross linked with bieaorylamide,were also run. All other
preparative methods were the sans as described for SDS gels

(4.2.1).

These gels, Fig.4.139 show that a single band is resolved when
concentrated water extracts are separated. This occurs in both 5%

Figure 4.14

Electrophoretograrns of water extracts
(pit experimnt) on simple buffer gels,
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and 1VI, polyacrylaciide gels though obviously with different Rf,

values • A portion of each water extract was made up to 5;' SDS
and separated by SDS oleo trophoresig. A similar bathing pattern
to that found previously for water extracts resulted, Fig-4. 9.
This suggests that the bands in SDS gels with Hf. values 0.57,
0,74 and 0.77 are ooinponenta of a single extractable protein.
A single band was also found when the water soluble fractions from
the experiment in section 4.4.3 on extraction over a pH range were
adjusted to pH 8.8 and separated on the simple buffer system,

Fig. 4.14.

4,5.3

Electrophoresis in polyacry].amide gels containing 8N urea
The gel system for separating urea soluble samples was similar

to the others.

5$ polyaorylamide gels were prepared (4.2.1).

Buffer in the gels and running buffer was 0.083M Tria l pH 8.9.

The gels contained 8M urea (Gordon, 1969). No pre-run was used
and the samples were separated with a current of lmA per tube for

three hours.
The banding patterns of urea extracts made in the experiment in
section 4.4.3 (pH experiment) are shown in Fig.4.15. The baths are
in two nmin groups. Within the two groups it is very difficult to
distinguish separate baths as they are densely stained and very close
together though each group contains 3 or 4 separate bands.
Obviously the numbers of the two groups have very similar properties

as separation of proteins in this type of electrophoresis depends on
a combination of factors, molecular weight, net charge and
confonnation in particular.
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Urea is reputed to breakdown protein secondary and tertiary
structure but its action is often incomplete and is probably
oomplex. Similarity between groups of cuticle proteins was
found by isoeleotric focussing (4.3) and little more inforntion
Is obtained about the urea soluble proteins.
The samples previously extracted with water at pH 7 and pH 8
show an additional band with a lover Itt. value, Fig. 4.15. This
band probably corresponds to the band determined by simple buffer
electrophoresis of the water extracts as it is not extracted in
water at pH 7 or pH 8. This band my

be the entire complex of the

water soluble protein or part of it if urea disrupts the complex.
The different rate of migration of this band shows that the complex
or part of it to differ from the other cuticle proteins. Different
properties like size, shape and charge may explain why it can be
extracted from cuticle when the other proteins are not.
Using different else trophoresis techniques has shown that one
outioular protein is a oomplex of three peptidee • No other evidence
of association of proteins as determined by 51)5 electrophoresis was
found though they might exist but be disrupted by urea. Further
obaracterisation of the urea soluble proteins will require their
isolation and purification and a better understanding of the effects
of urea. Such a detailed examination is outside the scope of this
thesis. The water soluble protein is more amenable to investigation
as it is easily obtained and purified. I have further examined this
protein as on its extraction the cuticle

becomes plasticised (5.4.1).
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4.6 ElECTRON MgR(COP! CF SOLUBLE PROTEINS

4.6.1 Introduction
Several electron microscopy techniques are useful tools for

examining protein structure. Using such techniques it my be
possible to distinguish shape and structure of Individual proteins
and complexes.
(jfL -

tie

(kS O

)'-

CChOY.

ttic,

raenke1 and Rudall (1947) c1aimed\tt water soluble cuticle
proteins existed in the fully extended

0 configuration but

there

Is no other evidence to support this. Lvidenoe from X-ray diffraction
(Neville, 1975) and infra-red spectroscopy (Stephens and Vincent,
1976) contradict this interpretation. Neville (1975) suggests that
outioular proteins have a globular oonfornation. I have examined
water soluble proteins using electron microscopy to determine if any
structure can be discerned,

4.6.2 Method

To obtain the maximum amount of soluble protein several cuticles
were extracted with 8M urea, The extract was then dialysed ainat
O.lM ammonium acetate, P 117, at 40 C to remove all urea. This causes
all urea-soluble protein to precipitate. The supernatant was then
removed and used as the sample.
The conventional way of examining proteins is by negative staining.
Preparations were ma4e on carbon films by two methods:

\la ter soluble protein prepared at 4 0C.,

Figure 1.16
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equal volumes of protein solution and 1% uxanyl acetate
or 2$ phosphotungtic acid were mixed. A drop of this mixture was
picked up on the carbon film and blotted until damp, the grid was
then allowed to dry.
a drop of l uranyl acetate was picked up on a carbon film
and blotted until only a surface film was left. The protein
solution was then sprayed on to the stain and the grid loft to dry,
Anium acetate is particularly suitable for these preparations
as it is very volatile.
The preparations were azm4r*d in a Philips iM 300 electron
microscope.

4.6.3 Protein structure
The protein structure is shown in Fig-4.16. The protein has a
ring structure made of six globular sub-units. Some rings are
joined together in two's and three's giving a honeycomb appearaze.

The protein solution when separated on water based gels
(4.5.2) was shown to contain one complex protein. On SDS gels the
protein separated into three peptidea, Fig,4,9.

This means that

either the ring contains three different subunits, proportions
unknown, or that each subunit contains one or more peptides.
It is however beyond the resolution of this technique to
determine any differences between the subunits of the rings. One

or more of the subunits might have specific binding properties
responsible for producing the ring structure and joining rings
together. The existence of single, double and treble rings as well
as individual subunits and broken rings suggests that the proteins in

Fiuro 4.17
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solution have a dismantled but ordered structure.

In a further attempt to show the

structure of the water soluble

proteins, proteins sprayed on to carbon film were tungsten shadowed
before examination. The shadowing technique, from a fixed position
at a low angle, was similar to that described in section 3.7.2c.

The proteins appear globular and much larger due to the metal
coating, Fig-4-17a. No further structure can be discerned and the
ring structure is obscured by the metal ooating.
A11 protein preparations were made and stored at 4 ° C. During
preparation of grids for this work the protein solution was
accidently allowed to warm to room temperature. This temperature
change resulted in precipitation of the protein. When cooled to
4° C the protein redissolved, the precipitation is therefore not
denaturation. The phenomenon of solubility at low temperature
and precipitation at higher temperatures indicates that the protein
has a negative temperature coefficient uf solubility. This is a
characteristic of some structural and specialised proteins
particularly tubulin and actina.

These proteins when allowed to

aggregate fore fibrils.
The aggregation of this cuticular protein was examined by
preparing grids with soluble or partly precipitated protein. The
solutions were brought to the required temperature then fixed with
%ev glutexaldehyde at the same temperature for 20 minutes before the
grids were prepared.
This protein does not form fibrous structures, Fig.4.17b, under
the.e conditions but appears to clump. This does not mean that the
structure is not ordered 'in vivo' as it may require a stimulant
missing from this preparation such as a metal ion Ligand or a
nucleotide as tubulin requires (Olmsted and Borisy, 1975).
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4.7 THW PRECIPITATION REACTION OF WATER SOLUBIJ PROTEIN
4.7.1 Repeatability of the reaction

The precipitation/solution reaction of the protein has been
superficially mmined,
If the preparation is alternately cooled to 4 0C then warmed
to 220C (room temperature) the reaction occurs for at least ten
cycles irrespective of how long the protein is maintained at either
temperature. This repeatability allows purification of the protein
if it is precipitated, centrifuged, the supernatant discarded and
then redissolved in fresh, cold 0.111 ammonium acetate several
tines. The cycling reaction can be repeated on purified protein.
This does not mean that temperature is the sole stimulus to
precipitation as any lind may be bound during precipitation and
not lost when the solvent is changed. The solvent may assume the
role of ligand, either ainmonium, acetate or hydrogen ions tak{rg

the role. Temperature Is not likely to be the sole stimulus;

the

tubulin reaction is temperature controllable but also requires
uganda and specific environmental conditions (Olmated and Borisy,

1975).
A protein fraction showing a similar reaction can be isolated
frctn T. phylioeom extensible cuticle.

All the proteins known which ahoy this temperature reaction are
structural in nature. Tubulin is an intracellular protein as are
aotins and myosins.

Actins are found in cell membranes. This

cuticular protein is the only truly extracellular one to show the
reaction, Changes in structure can be made by aregation or
solution of these structural proteins in vivo • it is possible that
the reduction of hydrophobic bonds which occur when these proteins
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dissolve may be similar to the secondary bonding changes occurring
during the plasticisation reaction which is also reversible.

4.7.2 The offset of pH, temperature and ionic strength
Aggregation of the protein occurs between 40 C and room
temperature, approximately 22 °C. The precise range has been
determined.
A sample of protein solution was 'warmed in a temperature
controlled water bath at a rate of 0. 0 C min' from 4°C to 250C
then cooled at the same rate.

The procedure was repeated four

times to determine the exact changes that occur in the protein

solution.
The first change, on warming, occurred at 14-15°C when the
solution became cloudy. At 1800 the solution was colloidal.
At 19950C large lumps of protein were precipitating.

The pH

change of the solution and pure solvent, 0,111 ammonium acetate,
over the temperature range used was measured and found to be very
anall.
The precipitation of protein was repeated with 0.111 phosphate
buffer, pH 7, at 400 added to precipitated solution. The protein
did not completely dissolve in this buffer at 4° C. No precipitation

occurred of the small fraction dissolved over the temperature
range 15-200C. If kept at 4 °C for several hours the protein
completely dissolved but did not precipitate

when warmed though the

solution became slightly cloudy.

The reaction was followed in 0.1N phosphate buffer at pH 5.5
and pH 8.7. It was no more complete, only tart of the precipitate
dissolved on cooling. This suggests that pH in not necessarily a
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controlling factor of the reaction.
In citrate buffer, E 5.6, the reaction was similar to that in
phosphate buffer.
It appears that neither temperature nor hydrogen ion concentration
are the sole controlling factor of the reaction though the buffering
capacity of the solvents might mask their control.
The ionic strength of the solvents used differs • The effects of
ionic strength, at constant pH, have therefore been measured.
In distilled water, pH 7.0 9 aver the range 4-250C little or no
protein dissolved. A sample of protein was prepared in 0.114
ammonium acetate and proven to show the precipitation reaction.
The solution was split into two equal parts, warmed, the protein
precipitated and the supernatant removed. One sample was then
dissolved in 0.11! ammonium acetate.

0.01M ammonium acetate, pH 7,

was then added to the other and the sample cooled to 4 0C. The
protein did not completely dissolve even after prolonged agitation.
Both samples were precipitated, the supernatants removed and fresh
O.1M ammonium acetate added. The complete solubility of both
samples was again demonstrated, therefore the protein solubility is
eater in buffer of ionic strength 0.1 than in buffer of ionic
strength 0.01.
Both samples were again precipitated and the previous procedure
repeated with 0.114 ammonium acetate and 1.014 ammonium acetate. In
114 buffer the protein only partly dissolved though when the solvent
was replaced with 0.1M buffer the dissolution was complete.
Solubility is therefore lees in buffer of ionic strength 1.0 than
in buffer of ionic strength 0.1.
This experiment demonstrates that in amionium acetate solution
there is an optimum ionic strength for the dissolution of this protein.

Figure 4.18
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4.7.3 Examination of the protein by electrophoresis
A solution of the protein was purified as described in section
4.7.1. The sample was separated by simple buffer electrophoresis

(4.5,2).

One bend only was found comparable to that det1nRd in

water extracts, Fig.4.13.
A total urea extract of extensible cuticle and samples taken
at all stages of purification of the protein were analysed by SDS
electrophoresis (4.2.1)9 F19,4.18. The banding pattern of purified
protein carrespond.s to that previously found for water extracted
protein, Fig.4.11. The supernatant contains a lower concentration
of the same peptides. All other proteins were removed by
precipitation during removal of the urea by dialysis.

4.7.4

Control and importance of the reaction
The protein which shows this precipitation/solution reaction is

the water soluble fraction of extensible cuticle. This fraction is
water soluble, to a varying extent, over the pH range tested (4.7.2)
though not always water extractable (4.4.3).

The protein can be

obtained, most easily, if the entire matrix protein is extracted
with urea then the extract dialysed to remove the urea soluble
proteins by precipitation. The supernatant contains all the soluble
protein.
I suggested above (4.4.3) that cuticle plasticisation might
depend on the solubility of this 'water soluble fraction' which might
act to bind the cuticle matrix protein, reduction of this binding
occurring on plasticisation.

If this fraction Is removed or

olubillaed the cuticle is plasticised (see 5.4.1). The above
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experiments on the water soluble protein 'in vitro' suggest how
this plaatioieation of cuticle might be controlled.

There is an optimum ionic strength for the solubility of the
protein and a pH threshold both depending on the ion character of
the medium used. The types of secondary bonds occurring between
proteins and how they are altered by changes in the solvent pH were
discussed earlier (4.4.3).

How changes in the ionic strength of the

medium might affect the protein secondary bonding is not clear
(4.4.4) but changes are effective (4.7.2 and 5.4.1). Change in the
cuticle ionic strength may be the stimulus to cuticle plasticisation
but until the actual changes can be demonstrated and the model of

stimulation (4.4.4) proven a change in intraoutiou].ar pH (Reynolds,
1975b) must be considered the most likely stimulus as the mechanism

can be more fully explained.
The model of bonding changes proposed (4.40) requires that the

cuticle proteins are normally insoluble by being maxh1ly involved
in secondary bonds between proteins to the exclusion of water,
maximum

secondary bond cross-linHng. This will be the energetically

most stable protein configuration determined by the intraoutionlar
pH, probably near the isoeleotric point of the proteins involved, and
the cuticle ion content. The secondary bonding may be organised and
regular as the cuticle has a regular structure. As the cuticle is
in a state of tiin1im hydration and the proteins are insoluble the
secondary bonding will be largely hydrophobic interactions between

the matrix protein and the water soluble fraction. The reduction
of intraoutiou]ar PH on plasticisation will make hydration and

solution of the 'water soluble protein' energetically more favourable.
The changed cuticle environment disrupts apolar bonds and increases
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electrostatic repulsion in the cuticle proteins as they have a
net charge when the pH differs from the isoeleotrio point. The
pH change my produce an increase in cuticle hydration by the
osmotic pressure of the cuticle drawing water from the epidermis
especially if 5HT incres the epidermis permeability. The
cuticle water content rises on plasticisation (Reynolds, 1975b).

The increased water content will be used to hydrate any exposed
non-polar parts of the proteins and to further reduce protein
hydrophobic interactions as the resulting cuticle swelling will
increase inter-protein distances in the cuticle. These changes
will all contribute to increased protein solubility, decreased interactions and increased cuticle plasticity.

Loss of plasticity my occur e.g. after eo&ysial plaeticlaation
by restoration of epidermis impermeability resulting in reduced

cuticle hydration and by restoration of a more neutral intracutiole
pH.
The solubility of the water soluble protein can be altered 'in
vitro' by a temperature change (4.7.2). This reaction may be an

artefact or it may reflect the changes in cuticle secondary bonding
occurring on cuticle plasticisation because the changes are
reversible and similar to those described above.

If the changes

are not an artefact, in solution the proteins represent the
plasticised cuticle and the precipitate represents the unpiasticised
cuticle.
In solution the protein is involved in a maximum amount of
polar interactions with the polar solvent. Precipitation is due

to an increase in the proportion and relative importance of apolar
bonds to polar bonds. The strength of apolar bonds increases with
temperature in the range 0-60 0 c (Mahler and Cordes, 1971).
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Hydrophobic bonds will therefore form as the temperature of the
solution is increased until the change in the entropy of the
solution is sufficient to change the bonding characteristics of
the protein.
A similar reaction is the assembly of microtubules from
tubulin above 4°C. The temperature of this reaction is related
to the increase in entropy needed to break down the hydration shells
of the protein and form apolar bonds. The temperature at which
these changes occur reflects the energy barrier to the change in
seoondal)' bonding of the proteins and depends on the particular
protein and its solvent characteristics. 1!icrotubules are polymers
of tubulin in a regular and organised structure. Formetion of this
structure depends on the presence or absence of metal ion ligazids
and nuoleotides in the solvent. The cuticle assembling protein
did not appear to have a regular structure other than its ring
structure (4.6.3).

The ability of the protein to form a regular

structure might be investigated in future.
A reduction in temperature of the cuticle is not a feasible
'in vivo' method of stimulating the plasticisation reaction in
haemoplmgous bugs, especially during feeding. pH has not been
shown to affect the 'in vitro' reaction though ionic strength of the
solvent does. This is probably due to the ionic character of the

solvents used. The reactions of the protein extract described
above appear to model the changes in protein solubility occurring
on cuticle plaeticisation. Further investigations of the effect
of pH and solvent ion type are necessary 'in vitro' to produce a
mor. rigorous model of the secondary bonding changes occurring on
cuticle plastloisation.
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Chapter
THE *CH&NICAL

5

OPRTIES OF EX'NSIBIE CUTICLE

5.1 INTRUCTION
The mechanical properties of the extensible cuticle of
R. prolixus larvae were first measured by Bermet-Clark (19 6 1) whilst
investigating the mechanics of feeding of the bug. He showed that

the abdominal endoouticle becomes plasticised during feeding and that
this reaction is controlled by the epidermis (Bermet-Clark, 1962)0
The rate of stretch of the cuticle during feeding is much greater

than that of unplaatioised cuticle.
Reynolds (1975a) showed that the extensible cuticle exhibits
pronounced viscoelastic behaviour and that plasticized cuticle has a
modulus of elasticity ten times lover than that of unplastioieed
cuticle. This property he attributes to changes in the protein
matrix.
The plasticisation reaction found during feeding can be

mimicked by injecting the insect with 5 H drox yptamin or by
soaking cuticle, in vitro, in pH

5 buffer. Extraction of cuticle

under these conditions and outic1nmoomponent solubility have been
examined (Chapter 4). I have therefore examined the effect on the
outiolai mechanical properties of these conditions to determine the

actual changes occurring with plasticisation and if they fit the
proposed mechanism of plasticisatian.
The abdominal cuticle of P. pbylloaome also expands during
feeding.

It has been shown to be similar in composition to

R. prolixus extensible cuticle (4.2.2a).
have also been measured.

Its mechanical properties
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It was shown earlier (Chapter 3) that the composition and
solubility of the extensible cuticle are changed when insects are
starved. Bennet-Clark (1961) reported that starved insects cannot
take a Lull meal because the cuticle does not appear to he able to
expand fully. The mechanical properties of the partly absorbed
cuticle have been determined and correlated with the cuticle
composition changes.

5.2 THE WCHANAL PROPERTIES MEASURED
Conventionally the mechanical properties of materials are
described in terms of the stress applied and the resulting strain.
The stress (<-) is the load imposed per unit cross-sectional
area* The ultimate tensile strength
the material can sustain. Units used

UT) is the maximum lead
are Roo72.

(6

The strain is the amount of deformation created by the
imposed stress. In these experiments it is the ratio of the
change in length to the original length of the test material.
Strain, being a ratio, has no units.
For truly elastic materials stress is directly proportional
to strain, the constant (E), the elastic or Youngs modulus, is a
measure of the elasticity or stretchability of the material. As
extensible cuticle is viecoelastic the modulus of elasticity
depends on the rate of strain and on the time strain is measured
after the lead has been applied (Bigga, 1976). The elastic
modulus is also temperabare dependent. A vieooelastio material
shows, in the short term, elastic behaviour and all stretch is
fully recoverable. Subsequently the material 'flow.' • This is
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measurable as a continual increase in the strain of the material,
creep, 1b measure the elastic modulus the strain 30 seconds after
application of the load was used and the material stretched at
constant temperature (Reynolds, 1975a),
The extensible cuticle of R. prollxus exhibits creep (Reynolds,

1975a).

The rate of creep is a measure of the viscosity of the

material and is dependent on the amount and type of bonding in the
material • R. pro]ixus extensible cuticle shows creep for at least
8 hours (Reynolds, 1I75a) with no sign of failure. This indicates
that there are no or few primary bonds cross linking the matrix
macromolecules, The rate of creep is an indication of the extent
of secondary bonding. The rate of creep therefore is a measure of
the plasticity of the material. When plasticised the creep rate of
the cuticle is greater (Reynolds, 1975a/b).
The rate of creep his therefore been used to compare the
plasticity of samples tested and

to d.tenine any changes in the

secondary bonding of the matrix similar to those occurring when the
cuticle is plasticised at feeding. I have also measured the
ultimate tensile strength and modulus of elasticity of the cuticle;
both also reflect the amount of bonding in the material. All
measurements have been made under identical conditions for each
experiment therefore values are directly comparable.

5.3

'ThTIIOD
The previous measurements of the mechanical properties of
prt1ixua extensible cuticle have been made on loops of material

out from one complete abdominal segment (Bernet-Clark, 1961;

Figure 5.1
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Reynolds, 1 975a/b).
adopted this

I have used stripe of tergal cuticle • I

technique because it is possible to obtain a strip

of cuticle uniform in structure, 3 mm x 1 mm , from the tergite

of the fourth or fifth abdominal segment. Strips can also be
out 1 mm wide from an anterior-posterior orientation allowing a
check to be made on the isotropic behaviour of the cuticle inferred
from its isotropic strioture, (3.3.2b). Cuticle loops are of the
same width and are longer. The cuticle in the loop is interspersed

with areas of cuticle of differing structure, saw of them solerotised
e.g. lateral margins of the abdonn, muscle insertion sites and
apiraclea. Use

of loops is also complicated by the contribution

made to strain by unfolding of the ventral folds, 3 • 2 • 2.
Use of strips allows use of material of uniform structure but
involves other problems not found with loops • The principal one
is at the clamping of the material and possible failure of the
material in the clamps due to local stresses from the clamping action.
The advice of the Department of Civil Engineering, University of

Edinburgh, was obtained. They suggested that the problem would be
negligible if samples tested were of dumb-bell shape or waisted
similar to the shapes specified by the British Standards Institute
for plastics testing where the width of the material in the clamp
is at least twice the width of the material subjected to the teat.
They also suggested the use of the creep test which has been
recommended as the basic British Standard tent for plastics and
plastic composites (Dimnook and Spedding, 1970). Shaped teat
specimens ensure a more regular break of cuticle in the narrowed
part of the strip and largely eliminates failure in or

near the

clamps. To cut strips of the correct size and shape a punch was
made from flexible razor blade mounted in cork, Fig.5.1. Dtaeoted

microscope for measjjjjig strain

Well-7/ O actual size.

\
sample under oil

SECTION

/

VJA
Cl

water j

--1-

t_wLi

A—A'
...ayppQrLplatform for cIamp
p 'float' on

01
k and pinion —load for
microscope stag

ensile strength measurement

A

(32. 0.

strain 9!:L9.

1

load for creep tests
amplifier

tgLt

mete I

Figure 5.2

Section of mechanical properties testing machine.

78.
cuticles (3.5.2) had strips punched out against a cork mat.
Normally the fourth abdominal tergite was used and strips were
out from the central part of the tergite where there is no
solerotised cuticle other than sensory bristles. Clamping was
facilitated by roughening the gripping Laces of the clamps so
that no slippage occurred &zring testing. The rough surface
gripped well against the cuticle bristle surface when the clamp
was screwed up,
The samples were tested horizontally in a temperature

controlled well containing liquid paraffin to prevent sample
dessioation, to help to maintain a constant temperature and to
aid lubrication of all surfaces, Fig. 5.2.

The sample clamps were hold In a Waverley spring clip whilst

the cuticle test strip was aligned and secured in the clamp jaws.
A second clip was then used to grip the clamps from above and the
first one removed. The whole assembly was placed over the

locating pins in the well and the spring clip removed.
The load was measured using an lectro.sP)yaiologicaJ. Instruments
(EPI) strain gauge. The output was amplified by an EPI wire strain
gauge amplifier and displayed as millivolts on an Advance digital
voltaeter (D1M3

The gauge was calibrated for loads up to 120 g.

Stress was Imposed by screwing up a rack and pinion fixed to one
sample clamp, the other clamp was attached to the strain gauge.
Stress could be increased in steps of 0.2 g. Strain was measured
optically by recording the change in distance between two arbitrary
points on the sample, normally sensoxy bristles.
For creep tests strain was measured in the same way. Load
was nmintainsd by suspending a fixed weight from the and of the

sample clamp and over a free-moving pulley. The load was checked
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against the reading on the Advance D?c3.
The samples were kept at 250C during all experinenta. The
tenerature of the liquid paraffin was maintained by *iznpixig water
from a controlled temperature water bath through the water jacket
of the teat well,
Transverse sections of the same or adjacent segments of the
cuticle being tested were out and the cuticle thickness measured by
light microscopy prior to testing of the cuticle. The width of the
test strip was measured by the microscope used for strain measurement
in the test well. These measurements allow the oroas-sectional area
of the test strip to

be calculated.

Testing of cuticle samples is expensive in time and insects o
Small sample sizes were used, normally six insects per group.
Comparison of the results between groups has

been made using the

simple, non-parametric, a priori Wilcoxon two sample test (Sokal
and Rohif, 1969) • Levels of significant difference tend to be
underestimates in non-parametric tests with email groups.

5.4 RESUILL'S

5.4.1 R. pro].ixua extensible cuticle
The cuticle structure has been shown to be isotropic (3.3.2b).
All previous mechanical tests

(Bennet-Clark, 19 61; Reynolds, 1975a/b)

have been made on cuticle loops stretched laterally and assuming that
the cuticle is mechanically isotropic • I have compared tergal
cuticle stripe of anterior-posterior and lateral orientation. The
ultimate tensile strengths and moduli of elasticity were compared,

Table 5.1

(&)OS

Mechanical properties of extensible cuticle - R pro]ixue

UT - ultimate tensile strength

Lateral stripe
Mean aUT (N

2)

Vol

Anterior/posterior stripe

1.3].x10 7

1.34107

8

8

Difference by
Wilooxon teat

N.S. (not significant)

(b) E - elastic modulus

Lateral stripe
Mean E
n
Difference by
Wi1oon teat

Anterior/posterior strips

l.11x108

1.1410

4

4
N.S.

Table 5.2

cal properties of extensible cuticle
IL nrnl4Tiin

(a) G UT

Mean

c UT(Nin 2 )

Control

Plaatioi s.d

2. 10x107

1.2340 7

4

5

n
Difference by
Wilooxon test

Significant at 2% level

(b) E

Control
Mean E (N

2)

n

Difference by
Wilooxon teat

P].zstioisad

9080x107

9.50x106

4

6
Significant at 1% level

Figure 5.3
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Table 5.1. There is no significant difference between the mechanical
properties of cuticle cut and tested in the two orientations. The
cuticle is therefore mechanically isotropic and the mechanical
properties of stripe determined in the following experiments are
representative of R. prolixus extensible cuticle.
Plasticisation can be induced in cuticle by 5RT or by soaking
cuticle in pH 5 buffer. I have compared these methods of plaaticisation
to determine if the extent and mechanism of indirect stimulation is the
same as that of directly stimulated cuticle in a pH 5 medium. The
results are shown in Tables 5.2 9 5,3 and Fig.5.3.

When cuticle from insects injected with sufficient 511T to produce
me.ximum plastiojeation (Reynolds, 1974a) was tested there was a
significant reduction in the ultimate tensile strength of the cuticle.
A greater drop occurred in the modulus of elasticity. Reynolds (1975 9
showed a tenfold reduction in its value. This was confirmed by this
test. The modulus of elasticity was reduced from 9.8 x 10 7 Mj-2 to

9.5 x

10

Nm for cuticle tested forty minutes after injection of

5ETe Experimental cuticle was treated in exactly the same manner as
control cuticle strips.
The rate of creep of control and plasticised cuticle strips was
measured, Fig. 5.3. This was measured for plasticised cuticle with
a fixed load of 5 c

. For control strips a 20 g load was used.

These different loads were necessary to produce a measurable rate of
creep but not one too high which produced too rapid failure of the
plasticised stripe.
The ability of 5HT to stimulate the epidermis to increase cuticle
extensibility was confirmed. The plasticisation resulted in a
reduction in the cuticle strength and elastic modulus. The modulus
was strain-dependen., confirming that the cuticle is Visco elastic.

)

Table 5,3

Mechanical properties of cuticle soaked in pH5 buffer

G UT
pH5

Mean GUT (N

n
Wiloon teat

2)

Control

5 mine,

30 mine.

4 We

2.10x107

8.38x106

2.03x106

2 ,74x10 6

4

5

6

4

- Control is different from all at 2.5 level

5 mm. soak is different from others at l level
- 30 mm. and 4 day soak are N.S. different

E

pH5

Mean E (Nm 2 )
n
Wilooxon test

Control

5 mine.

30 mine.

4 days

0.98x108

2.46x106

2.90x106

1.52x106

4

5

5

3

- Control is different from all at 5 level
- All pH5 groups are N ,S • different
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The behaviour of cuticle during failure was followed.

On

Imposition of the load there was an immediate increase in sample
length, a strain resulting from the elastic component of the
material. The strain increased at an ever decreasing rate viscous behaviour. The surface stellate folds of the epiouticle
became flattened as the strain increased. The endocuticle became
thinner.

In plasticised cuticle above a strain of 1.0 there was a

failure of the epioutiole, & sudden split. The rate of strain
then increased before the andocutiole failed. This is similar to
the 'in vivo' failure of plasticised cuticle on the rare occasions
on which it happens (Bennet-Clark, 1963b). Failure in unplastioised
cuticle occurred at an approximate strain of 0.1. The epiouticle
and endocutiole appeared to fail simultaneously though this may only
be due to the speed of failure.
The behaviour of cuticle plastioised with 511T has been compared
to that of cuticle plasticised 'in vitro' with pH 5 buffer. The
temporal effect of pH 5 buffer has also been tested.
Reynolds (1975b), when testing the effect of a pH 5 medium on
cuticle, soaked the material for 30 minutes before testing it.
Measurements of the elastic modulus after a 30 minute soak showed
that it was much lower than that of cuticle plasticised with 5klT.
Soaking cuticle in pH 5 buffer for 5 minutes or 4 days had the same
effect on the elastic modulus, Table 5,3.

Thus the effect of a

PH 5 soak was rapid and produced a much greater increase in cuticle
plasticity than 5HT stimulation did,

Soaking for 5 minutes lowered the ultimate tensile strength but
it was not significantly lower than that after 5HT treatment.

After 30 minutes or 4 days in a pH 5 medium it was muoh lower,
Table 5.3.

Soaking cuticle in pH 4,5 buffer was shown to extract
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over 50 of the cuticle dry weight (4.4.3).

Extraction of a

considerable fraction of the cuticle protein would certainly have
occurred after 4 days at pH 5.

Therefore lowering of the ultimate

tcn2ile strength of the cuticle appears to be related to loss of
matrix protein.
5HT and pH 5 medium stimulate cuticle extensibility but to a
different extent. Reynolds (1975b) showed that soaking cuticle
at pH 5 resulted in it swelling almost 4 00%, This is accompanied
by an extraction of the protein matrix (4.40), The reduction of
the elastic modulus occurs before either of these changes can be
maximal, The effect of a pH 5 medium does not require either
extraction of a large amount of protein or a great swelling of the
cuticle • Increased cuticle hydration aid/or extraction, when
allowed to become nrfmal, reduce the ultimate tensile strength
of the cuticle. The change after 5 minutes at pH 5 is similar to
that produced by 5HT.
Reynolds (1975b) reported an increased water content in cuticle
plasticised by 5HT but this was small, there was also a drop in
cuticle pH. The plasticisation reactions stimulated by 5HT and
PH 5 can be explained by the p].aaticisation model suggested in

Chapter 4,

The bonding changes result in a reduction of the

elastic modulus of the cuticle due to the reduction in protein
interactions, Exposure of the cuticle to a medium of pH 5 results
in its plasticisation and a large increase in cuticle hydration.
The hydration changes must be limited 'in vivo' by the epidermis to

a level sufficient to increase protein solubility and reduce the
elastic modulus and to prevent increase to the level reached after
prolonged soaking at pH 5 when the cuticle is vastly swollen and the
cuticle tensile strength greatly altered. Reynolds (1975b) suggested

Table 5.4

Nechanioal properties of cuticle soaked at pH 7

(a)6U1
Control
Mean G UT (Nm 2 )

n

pill

30 min, soak
pH5
(from Table 5.3)

2.10x107

2,28x107

2,03x106

4

7

6

Wilcoxon tests - Control and pHi group are N.S. different
- pR5 values are lover, significant 1% level

(b) E
Control
Mean E (Nm 2 )
n

pH7

0.98x106 1,62x108
4

8

30 mm, soak
pK5
(from Table 5.3)
2, 9OcjO6
5

Wilooxon tests - Control and pH7 group i are N.S. different
- pH5 values are lower, significant 1% level

Table 5.5 Mechanical properties of cuticle extracted in 81: urea
-

Up

Control
Mean<5-UT (2)

2,10xl07

nt

4

Urea extracted
353Ø6
6

p115 (4 days)
2.74106
4

Control is significantly different from
others at
level (Wilooxon test),
Urea and p115 extracted groups are N.S.
different.

E

Control
Mean i

O.98x.W8

U

4

Urea extracted
2,02x107

p115 (4 days)
l.52x106
3

Wiloozon tests - Control group is significantly different from both
others at 5% level

- Urea group is significantly different from p115 group
at 5% level

83.
that the change in cuticle water content is a consequence of the
intracutioular pH change.
The effect of soaking cuticle for 30 minutes at pH 7, O.1M
phosphate buffer, was measured, Table 5.4.

There was no difference

from the control sample values for tensile strength or elastic
modulus. Reynolds

(1975b) found no swelling of the cuticle after

immersion in water at pH 7.

Little cuticle protein was extracted

at pH 7 (44.3), The change in protein solubility necessary to
allow plasticisation does not occur under these conditions. The
evidence from this experiment therefore supports the idea of a pH
change as the stimulus to increased cuticle protein solubility and
cuticle plaaticisation.
Extraction of soluble proteins can be made with 8)1 urea without
producing or involving a low enough pH to stimulate plasticisation.
The effect of removing the protein matrix by this method has been
investigated.
Several dissected cuticles were soaked in 8P urea with three
changes of solvent for three days at 4 ° C. The mechanical properties
of this extracted material were then measured, Table 5.5. The
reduction in tensile strength was similar to that produced with 4
days soaking in pH 5 buffer. The matrix proteins therefore
contribute greatly to the cuticle strength. The modulus of
elasticity was significantly reduced from that of the control
sample but was also significantly higher than that of cuticle
extracted in pH 5 buffer. This might be caused by interactions
between the glycoproteins of the ur.-extraoted cuticle due to
m4nfz.1

point.

hydration as they are at a pH near their iso electric
The glyooproteina of the pH 5 extracted cuticle would have

a net charge and therefore be hydrated and not interacting.

Tensile
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strength would not be affected as in both cases it is a measure
of the strength of the glycoprotein alone.
From this experiment the strength of the glycoprotein appears
low. Most probably the strength of the chitin miorofibrila is not
being measured. Failure will occur in any remaining protein links
between the microfibrile, this may explain the low value. In
addition the value may be artificially low as Krenchel (1964) showed
that the tensile strength of a material with helicoidally arranged
reinforcement was only 3/8 of the ultimate tensile strength of the
same material with unidirectional reinforoemnent.
Cuticle plasticisation appears to be related to increased
solubility of the cuticle water soluble protein (4.7.4). This was
investigated and proven above when the solubility of the protein was
increased in a low pH medium. On this evidence Reynolds (1975b)
proposed that plasticisation was induced by an intracutioular pH
change. Reynolds also found that at pH 6 in phosphate-citrate
buffer a reduction in the ionic strength of the medium could also
induce cuticle plasticisation. He dismissed ionic strength change
as a poesible 'in vivo' mechanism of producing cuticle plasticisation
as the cuticle would have to be kept at a constant low pH and because

of difficulties in producing changes in cuticle ionic strength
(4.4.4, 4.7.4). It was shown earlier (4.4.4) that the solubility
of the cuticle protein could be changed 'in vitro' by a change in
ionic strength at pH 7.0. The optimum pH of solubility change may
therefore depend on the ionic character of the medium.
I have measured the meobanioal properties of cuticle extracted
for four days at 4 0C in ammonium acetate solution, pH 7909 over a
range of ionic strength.

Table 5.6

Mechanical Z2perties of cuticle extracted
ionic strength buffere (ø.mrnonw ct&te pH 1

(a)GUT
Ionic strength of
Buffer for extraction

Control

0101

0.1

110

1.31x107 9.37x106 9l3.06 8,44x10 6 1.95407

IeanG1JP (Nm 2 )

8

n

Wilcozon tests

0

-

6

6

6

6

level of difference

Control

0

0.01

0111

110

nee,

n.e.

1.0%

n.e.

1.0%

0

012$

-

0001

1.0%

-

011

1.0%

1.0

n.e.

-

-

-

-

-

-

1.0%
-

(b)E

Mean E (Nm72)
n

Wilooxon teats

-

0

1.11x108

2.65x107

1.26x107

8.8x].06

1.94x108

4

5

4

5

5

level of differere

0

0

2%

-

0 001

2%

-

011

2%

0

110

Control

Control

111

Ionic strengths of buffers
0101
0.1

n.e.

-

0.01

001

110

2%

1%

1%

n.e.

2%

-

-

-

1%

-

-

-
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Cuticle soaked in molar solution was not significantly different
in ultimate tensile strength or elastic modulus from control stripe
tested immediately after dissection, Table 5.6. Cuticle soaked in
0.1M and 0.01M solution had significantly lower tensile strengths and
elastic modu].i. Both were not significantly different from those
of cuticle plasticised with 5BT, Tables 5.4,

The lowest values

were from those of cuticle soaked in 0,111 ammonium acetate. Cuticle
soaked in distilled water, pH 7.0, had lower values for tensile
strength and elastic modulus than the control sample but they were
higher than those of cuticle soaked in dilute ammonium acetate
solution. The pH of all solvents was tested before and after
soaking of the cuticle and proven to be pH 7.0.
P].asticisation can therefore be induced by 5HT 9 soaking cuticle
in a medium of the apO1ifttpH or soaking cuticle in a medium of the

correct ionic strength. Reynolds (1974a) showed that 5ITstimulated plasticisation involved similar changes to those found
when cuticles soaked in a medium below pH 6 for 5 minutes. The
changes produced by soaking cuticle in a medium of ionic strength
0.1 are similar but t .uire extraction of the water soluble protein.
The experiments involving ionic strength changes therefore do not
provide an alternative mechanism of cuticle plasticisation. The
results from the experiment in ionic strength are additional
evidence that cuticle plaetioiaation involves an increase in cuticle
protein solubility reducing intracuticular secondary bonds. The
experimen 'esults also suggest that the threshold pH producing
plasticisation varies 'in vitro' with the medium used, and that
further investigation of the threshold pH should be nade using media
reflecting, more accurately, the ion content of extensible cuticle.

Table 5.7

of the extensible cuticle of

(s)6UT
T. phyllosoma
&u,i

GUf (Nn-2 )

1,23x107

1.31x107

5

8

n
Wilcon teat

pxo1i—
XU

No significant difference

(b) E

zlean E

(Nri 2 )

n
Wilooxøn test

T. pliyfloeona

. prolixus

1.37x].O 8

1.11x].O 8

2
No significant difference

4

Table 5.8 Effect of 51ET on mechanical aoperties of T.ph.yll000ina
cuticle

(a)c5iJT
Control
MeanG UT (Nxn 2 )

n
Wilooxon teat

Plasticized

1.23x107

9.40x106

5

3

Significantly different at 5% level

(b)
Control

Nean E
n
Wi].00xon test

l.37x10 8

2

Plasticised
6.35x106
3

Significantly different at 10% level
- limit of teat but there is no overlap in values
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The extensibility of the abdominal integument of R. proUxua
larvae appears, as originally suggested by Bennet-Clark (1961) 9 to
be under the active control of the epidermis.

Changes in the

cuticle mechanical properties are induced by the epidermis altering
the intracutioular pH and the state of cuticle hydration. These
changes were previously shown to increase cuticle protein
solubility 'in vitro' (Chapter 4). The experiments on cuticle

mechanical properties show that cuticle p].astioisation is the result
of an increase in the solubility of cuticle proteins due to decreased
secondary bonding between these proteins.

5.4.2 T. phy1loaoit. extensible cuticle
The ultimate tensile strength and modulus of elasticity of
T. phyl1osome extensible cuticle have been measured as a further
comparison of the two types of cuticle used in this research.
Both values are similar to those for R. prollxua extensible cuticle,
Table 5.7.
Cuticle plasticisation was fouM to be stimtlitted in T. phyllosoma
by 5HT. Serotonin produced a similar reduction in tensile strength
to that found for R. prolixus extensible cuticle. A slightly
greater drop in the elastic modulus resulted, Table 5 • S . Thirty
times (30 nM) the concentration used by Reynolds (197*) for
R, prolixua was used to ensure maximum plasticisation of the cuticle
of this larger insect.
T. phyllosom is therefore similar to R. prolixus in feeding
behaviour, extensible cuticle proteins and extensible cuticle
mechanics.

Table

of starvation

5.9

cuticle

(a) GUT

1+30(Control)
loan 0--UT (N1n 2
n
Wilooxon test

)

E+130( Starved)

l.31x107

2,31x107

8

14

not miifioant1y different

(b) E
E+30(ContTol)
Mean E (Nm 2 )
N
Wilooxon test

E+130(Starved)

l.11x108

4.58x107

4

6

Significantly different at 1% level
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5.40 The extensible cuticle of starved R. prolixus nymphs
Bennet-Clark (1961) found that there was least variation
between insects in cuticle mechanical properties when they were
aged F*14— 430. Variation in cuticle thickness and

extensibility increases with age. Nymphs can survive to an age
of +180 in the fifth ins tar without feeding. I found (3.6.2)
that after E46O, when food reserves have run out, the insect
starts to use endocutiole as a nutrient source and the protein
fraction is progressively absorbed.

Nymphs older than E+lOO 411

not feed fully (Bennet-Clark, 1961). The mechanical properties of
the extensible cuticle of nymphs aged F*130 have been measured to
determine the effect of partial loss of matrix proteins and why
the insect cannot feed fully.
The ultimate tensile strength of the extensible cuticle of
starved bugs was slightly but not significantly higher than that
of bugs aged F,i.30, lable 5.9a.

The modulus of elasticity was

significantly lower being one half of the value for E+30 insects,
Table 5.9b. The cuticle was more plastic. This may have been
due to less matrix protein and thus less secondary bonding in the
cuticle or because the elastic epiouticle plays a greater role in
cuticle stretch when the endoouticule has been partly absorbed.
The relative increase in ohitin content does not seem to affect
the cuticle mechanics significantly.
The inability of the insect to take a full meal may be due to
the cuticle not being able to stretch fully when protein has been
absorbed, to be properly plasticized or because the stimulus to
plasticization is lost with starvation.

Table 5.10 Effect of 5HT on extensible cuticle of starved
nymphal R, prolixus

CUT
E+130(Starved control)
FeanUT (_2)
U

Wilcoxon teat

E+130
511T plasticised

2,31x107

1184107

14

7
No significant difference

E

Mean E (Nm 2 )
n
Wilooxon teat

Starved control

513T plaatioisad

4 58x107

1. 25x107

6

6

Significantly different at 11% level

The elastic modulus of
5UT treated cuticles from starved insects is not significantly
different from that of SET treated E+30 insects (Table 5.2)

Table 5911 'Tffect of a 30 mm
outiole from starv

Dk in p115 buff
urolixua nv

6 UT

Mean GUT (Mm 2 )
n
'Tilcoxon teat

Starved

Starved pH5

2,3]x107

4.04106

14

6

Significantly different at 0.2% level

E

Mean E (Nm 2 )
n
iilooxon teat

Starved

Starved pff5

4.58x107

2.31x106

6

6

Significantly different at 1% level
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Starved insects were injected with 5HT and tested 40 minutes
later, A similar reduction in strength to that found for normal
insect cuticle ooirred, Table 5.10. A significant reduction In
the elastic modulus was also found. The elastic modulus, Table
5.10, was larger than that of plastioised 5+30 insect cuticle but
was not significantly different on the Wilcoxon two sample teat.
The cuticle of starved insects can be plasticised, however failure
of the plaatioised cuticle occurred at strains of about 0.6 in
creep teats. Failure was always at a strain greater than 1 90 for
plasticised cuticles from E+30 insects.
The response to 'in vitro' stimulation by pH 5 buffer was
similar to that found for E+30 insects. Both the tensile strength
and elastic modulus were reduced after a 30 minute soak, Table 5.11.
The extensible cuticle of starved nymphs can be plasticised
'in vivo' or 'in vitro' to the earns extent as extensible cuticle
from fully developed nymphs. It cannot stretch to the same extent.
This appears to be the only consequence of protein absorption.

5.5 A POSSIBLE STRETCH MECHANISM
Probably matrix proteins bridge glyooprotein units in endocuticle. Stretch will result in recruitment of proteins into
longer bridges in the plane of stretch and lose from the cuticle
thickness. The cuticle becomes thinner as it stretches (see
6.3.2)9 The maximum stretch possible will depend on the limit
of reoruithent. When protein is absorbed from starved insects or

extracted from cuticle 'in vitro' the maximum possible strain will
be reduced and the cuticle will fail when no more links can be
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added to the bridges. The maximum size starved insects can
expand to will be determined by the amount of erdocutiole matrix
protein left. Normally there will be

sufficient matrix protein

to allow expansion until the epicutiole is tally etretohed,beoomea
overstrained and fails. Thus the epioutiole is normally the
limiting factor to maximum abdomen size (see 6.3.1). In starved
insects the endocutiole will be maximally stretched before the
epioutio],e and will fail before maximum normal strain has been
reached. Urea extracted and pH 5 extracted cuticle will behave
similarly. This explains the behaviour of normal, plasticised
and urea extracted cuticle reported above (5.4.1).

Failure of the

urea extracted cuticle occurs when no matrix protein can be
recruited to form bridges between the glycoprotein unite.
in normal cuticle is due to such recruitment •

Creep

The faster rate in

plasticized cuticle resulting from faster recruitment when the
protein is more soluble. Reynolds (1975a) showed that with a
small load unplaatioised cuticle would creep for at least 8 hours,
this Is due to slow recruitnt, as after 8 hours the total strain
was approximately 0.15.
Starved insects do not feed until they burst; they take a much
smaller meal than they would normally. The normal meal would result
in cuticle failure. The insect therefore must have some means of
reooiisir.ig when the maximum possible meal has been taken in the
starved condition. This requires further investigation.
In summary these experiments suggest a model of cuticle
component interaction allowing different creep rates and show that
the extent of cuticle strain is related to the cuticle protein
content.

1.54
Chapter 6
CH&NGES IN THE EENSIBIE

6.1

CUTICLE FOLLiING PEiDING

INTRUCTIoN
Some Hemipteran insects have evolved so that they, as larvae,

can take a sufficiently large meal when feeding to reach a nutritional
state allowing development to the next inatar without subsequent
feeding. R, prolixue may achieve this state if the unal is only
35% of the maximum meal possible (Beckel and Friend, 1964) but
priatoma infes tans needs two meals in the fifth inn tar though one is
sufficient in previous instarn (Coodohild, 1955). My observations
show that one meal is sufficient, if large enough, for all nymphal
ins tars of T, phy1loaon.
Vigglesworth (1933) and Beokel and Friend (1964) stated that the
stretch accompanying a large meal and/or the subsequent release of

stretch on diuresis are sufficient to trigger the production of
hormones stimulating the sequence of events leading to the next
inatar. I have examined the changes that occur in the extensible
cuticle following feeding because of the stimulus of feeding to
insect development and because of the vague report by Zwicky and
Wiggles-worth (1956) that more cuticle in deposited after feeding
resulting in the cuticle appearing "firmer and more rigid".

'4
unfed

Figure 6.1

newly
fed

fed+
11 days

Changes in abdomen size and shape of
fed 5th, instar
rolixus. Photographs
are actual size, note the smooth
abdomen of the newly fed insect,
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6.2 D21EDIATE CHANGES ON FEEDING
The meal, blood, is 78% w./w. water so stretch of the abdc,ni1 'l
cuticle is necessary as the meal is taken. The
the anterior midgut which also stretches,

meal is stored in

Stretch occurs when the

cuticle is plasticised (Chapter 5) and subjected to a continual stress
as the meal is taken. Stretch occurs as a result of creep of the
ostensible cuticle, The abdominal cuticle must therefore fulfil the
general role of an exoskeleton and over a very short time-span change
its mechanical properties to accommodate a meal six to twelve times
the unfed body weight (Buxton, 1930) which makes the abdomen baa cine
almost spherical.
Retention of the large volume of water in the meal will confer
no particular advantage on the insect as the fed insect is an
awkward size and shape, Maddrell (1964) has shown that after feeding
is completed the volume of the insect is reduced by excretion of
large quantities of watery faeces. This is stimulated by 5RT.
Perhaps the stimulation of cuticle plasticisation in related to
stimulation of the Malpigh1an tubules to produce this defaeoation as
5HT can stitunlate cuticle plasticisation 'in vivo' (Reynolds, 1974a;
5,4,1). Within a few hours of taking a meal large enough to allow
development to the next instar the nymph has lost its spherical
shape and reverted towards the flattened shape of the unfed insect,
Pig. 6.1. During poet-feed diuresis more than 40% of the meal
weight is excreted (Me.ddrell, 1964) and the insect becomes smaller
and more mobile. The abdominal cuticle contracts from its state
of near me.ximum stretch found at the end of the meal.
The weight changes of the insect after feeding and diuresis have
been reoorded, Fig, 6 92. In this case the fed weight of the insect

1igure 6.2

Weight of 5th. instar
from feeding to

, prolixus

ecdysis,

C

I
c).
Age f,cm food (days).

I

Figure 6,3

11 ~

-

n

Scan "lectron microraphs of

surface
of the abdominal cuticle of unfed and fed
the

5th, instar R. prolixus.
The epicuticle of ihe insect at P41 is
partly refolded because of the reduction in
volume of the abdomen following diuresis. The
shiny surface found after feeding is shown in
Fig. 6.1.

(b) P41

ic
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was, on average, 7.4 times the unfed weight. Two days after
feeding the insect was only 4 times the unfed weight, 475 of
the meal weight had been lost, Fig.6.2.
The insect retains about half the water from the meal so
the stored proteins remain in solution in the anterior midgut.
The neaj also acts as a water reservoir, the insects only source
of water, and must last until the next meal replacing the continual
water loan by respiration, surface evaporation and defaeoation.
The weight loss continues slowly but steadily over the developmental
period of the next inetar, Fig. 6.2.

6.3 CHANS IN CUTICLE STRUCTURE ON FEEIDING

6.391 Surface architecture
The cuticle surface was examined using the techniques described
Previously (3.2.1). Scan electron microscopy showed that the
stretch on feeding caused the stellate folds of the abdominal
epiouticle to be pulled out and the interaegenta1 membranes to be
unfolded producing a flat sheet of cuticle only interrupted by
rigid inclusions like sensory bristles and muscle attachment sites,
Fig. 6.3.

Bnet-Clark (1963b) showed that feeding occurs until

the surface appears shiny to the naked eye. This in the state
when all the folds are flattened, He also showed that the
epicutiole determines the maximum size of cuticle stretch.
Further stretching results in rupture of the epiouticle. The
epiouticle does not stretch appreciably, only the endocutiole
stretches an the epiouticle unfolds. Esmination of the innermost

.
_

1

w
VMN-

igure 6.4

Scan electron micrograph of the

undersurface of the presumptive exuvial
cuticle of 4th.instar R. 'rolixus age E-4,
showing i.hat the endocuticle is less
convoluted than the epicuticle surface
(see iig, 6.3).

Table 6.1

Thickness of dorsal a

Cuticle

Mean thickneac

a.e,

no

IUM

Pro-feed

42.9

0.8

4

Lediate1y poet feed

18 90

1.0

5

F+2

32.9

2.0

6

58.9

1.].

6
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surface of the endocutiole by scanning electron micros copy,
before and after it is stretched, showed that it in not thrown
into the sane depth of folds as the epicutiole, Figs • 3.4 and
6.4.
If for saw reason the cuticle is over-stretched a split
appears in the spiouticle always running anterior-posteriorly
(Bennet-Clark, 1963b). This is due to the forces acting on the
epicutiole which are greater in this dimension and not to any
anisotropy in the epioutiole (Castle, 1937), This can be
demonstrated by inflating a rubber pipette teat until it bursts.
The bulb is a very accurate model of the R. prolixus nymphal
abdomen being the correct shape, thickened at the end and trade
of an isotropic material • Such a structure always splits along
the longer axis,

If a sheet of the sane material Is stretched

ieotropioally it forms a hole which slowly enlarges and no
preferred failure occurs. The epioutiole may therefore be
considered as an isotropic material with a very high modulus of
elasticity. The extensible cuticle only stretches, under normal
conditions, until the epiouticle is unfolded (see 594.1 and 5.5).

6,3,2 Cuticle structure examined by light microscopy and
transmission electron microscopy
The thickness of the abdominal cuticle has been measured
before and after feeding, Table 6.1. Cuticle was dissected from
insects at the required stage of development and frozen in Amen

oc?embedding medium before being sectioned whilst still frozen.
Cuticle from unfed insects was 43 um thick, Table 6.1.
ms (o.
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Immediately after feeding cuticle from insects from the same

population was 18 urn thick. After diuresis the extensible
cuticle shrink. and become. thicker. At F+2 it was 33 urn
thick on average. There In little more reduction in Insect
weight after primary diuresis through the rest of the instar
(Fig.6.2) therefore little more shrinkage of the abdomen will
occur. The changes in cuticle thickness are demonstrated in
Fig. 6.5.
Examination of the cuticle by transmission electron microscopy,
details in section 5.3.1, showed that cuticle 43 urn thick before
feeding had 42 lamellae in the endoouticle each almost 1 urn thick,
Pig. 6 9 5.

It is important to determine what happens to these

lamellae as the cuticle is stretched if the mechanism of stretch
is to be understood.

They could remain the same thickness with

the number of ]amellae decreased, or the number might be constant
and the lamellar thickness decreased.

If the first hypothesis is trio the number 411 decrease to
18/ 4 3

2/5 of the original i.e. 2/5 x 42 - 17 lamellae. If

the second hypothesis occurs the ]arnellae should each become
2/5 x 1 urn - 0.4 urn thick. Fig. 6.8 a shows that when the

cuticle is stretched the number of lamellae stays constant and that
the thickness of each is reduced. Obviously the numbers are not
exactly equal as different Insects must be used. As the insect
loses weight and volume by diuresis the area of the abdominal

cuticle decreases and the thickness of the cuticle and lamellae
increases, Fig. 6.5 c/d/e.

Changes in the lamellar pitch on cuticle stretch and
relaxation fits the model of the stretch mechanism suggested in

Figure 6.6

Dry wt. of the abdominal
cuticle of 5th,

instar R. 'rolixus

from feeding to ecdysis.

V
4,

V
C

Age from feed(days).
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section 54.

The distance between chitin miorofibrile in the

cuticle thickness dimension must decrease as protein is removed
to form bridges in the plane parallel to the cuticle surface.
The inter-microfibril distance will increase in the plane of
stretch. As the miorofibrillar structure cannot be discerned
in the protein matrix of R. prolixus extensible cuticle by my
methods (3.5.2b), the changes in the miorofibrillar packing

suggested are hypothetical but could be investigated by better
electron microscopy techniques.

6.4 CHANGES IN T] EXTENSThLE CUTICLE AFTER DIURESIS

6.4.1 Changes in cuticle dry weight and the developmental
timetable to eodysi.
After diuresis has finished, normally one to two days after
feeding, the epidermis starts to secrete an additionel e1oouticular
layer. This deposition lasts approximately eight days after which
the epidermis undergoes mitoaia. During this period of deposition

(not reported by Wigglesworth, 19339 and only vaguely mentioned by
Zwicky and Wglesworth, 1956) the dry weight of the abdominal
cuticle increases by 75%, Fig. 66. From F+8_ F+18 the weight
remains relatively constant. When the weight is constant the
mitosis in the epidermis occurs, F+10—F-4-14.

The exact timing of apolysis is obscure. W1gglesworth (1953)
stated that it must be prior to the epidermal mitoses but gave no
reason why. He also reported that the cells were still, in part,
adhering to the cuticle after mitosis, My observations during

Figure 6,7
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An electron micrograph

of the abdominal cuticle of
5th. instar R. prolixus,
age F+21.
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occur from the pore canals
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Figure 6.7
(c)

A light micrograph of the exuvium

from the abdominal cuticle of 5th, instar
R. prolixus showing that only the epicuticle,
the ecdysial membrane and scierotised
structures are not digested.

(d)
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An electron micrograph
of the nymphal exuvium showing
the fibrous structure of the
ecdysial membrane and that wax
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R. prolixus, Possibly
Of
several wax canals arise from
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dissections and in sections examined are that separation of the
epidermis from the cuticle, the apolysia of Jnkin and Hinton
(1966)9 occurs around day F+14, after mitosis.
After apolyais a protective eodyeial membrane in formed,
Fig. 6.7, from the innermost layers of the endocutiole. When

the eodysial membrane is formed deposition of the phaz'ate epicuticle starts.

n the new spicuticle is complete deposition

of the chitinous cuticle occurs concurrent with digestion and
absorption of the nymphal endocutic].e • This digestion and
absorption takes 4.6 days during which 93% of the extensible

cuticle dry weight is absorbed, Fig, 6.6, until only the exuvium
In left (6.4.2).

6.42 Changes in the structure of the extensible cuticle between

diuresis and eodyaia
Fxqmitjon of the cuticle by transmission electron microscopy
shows that digestion occurs from the porecanals laterally and out. Fig • 6.7 a/b shows a funnel-like widening of the pore
canals as digestion takes place, This progressive digestion
suggests that the process is a dismantling of the cuticle rather
than destruction of the material.

This may be due to the structure

of the material and that the enzymes in the eadysial fluid can only
digest the outiole in discrete units. Alternatively it may be an
attempt to maintain the integrity of the cuticle during development
of the pharate instar. This would help to protect the pharate
insect until its cuticle was thick enough to provide adequate
protection.

O.5un
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Figure 6.8

Electron micrographs of abdominal cuticle
from +8, 5th. instar R. prohixus show the
larger lamellar pitch of the post—feed endocuticle.

Polarised light micrographs of abdominal
cuticle from 5th. instar K. prohixus
chow the different lamellar structure.
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The mechanism of cuticle digestion and absorption is poorly
understood. It is known that eodysial fluid contains proteases
and ohitinasea (Paasoneau and Williams, 1953) • It is not known
either to what extent the cuticle components are digested or in
what state the digestate is absorbed by the epidermis, if at all.
It is also not known by what path absorption takes place and how
the insect separates the digested cuticle from the assembling
cuticle, assuming direct incorporation does not occur, in the
deposition sons of the presumptive cuticle.

Perhaps some pore

canals are used specifically for absorption and others for
secretion.

Perhaps some of the dismantled cuticle is not

absorbed into the epidermis but directly incorporated into the
developing cuticle. These questions are beyond the scope of
the present work zit are accessible to experimental analysis.
The digestion of cuticle between apolysia and ecdyeie results
in the absorption of all untanned cuticle, endocuticle as defined
earlier (3.3.2b). Figs. 6.7 o/d show that at eodyais all
endocuticle has been digested and absorbed and that the exwvium
oonaiate, in the abdomen, of the epiouticle, the eodysial membrane
and the few solerotised structures.
Examination of the cuticle deposited after feeding, the poetfeed endoouticle, by transmission electron microscopy and polarised
light microscopy, F1g.6.8 9 shows that the additional cuticle layers
have a different structure from that of the original erziocuticle.
The most obvious difference is the larger lamellar pitch of the
poet-feed endocuticle. After deposition of the post-feed endocuticle the overall cuticle thickness in greater than that prior
to feeding. At 7+5 it is 59 um ,j Table 6.1.
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Electron micrographs of tibial exocutic].e

Prom 5th. instar R. prolixus showing discrete,
beaded microfibrjls.
-
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The fine structure of the post-feed endooutiole is difficult
to see (3.3.2b). It is no easier to see after feeding when the
lamellar pitch in reduced. The miorofibrillar structure of the
post-feed andocutiole can be more easily seen, Fig.6.9, using the
same techniques indicating a fundamental difference in the proteinchitin arrangement. Neville (1975) stated that the miorofibril
structure of ezociticle is easier to determine than that of endocuticle as the former is more crystalline. This can be demonstrated
by comparing abdominal pre-feed endocutiole with scierotised tibial
exomatiole from R, prolixue nymphs, Figs. 6.8a and 6.10.
The cuticle secreted after the meal can be defined as endocutiole by its functional characteristics (Neville, 1975; 3.3.2b).
It is digested and absorbed at the end of the instar, exoøutiole is
not. The lamellar pitch is larger than that of pre-feed endocuticle, exocutiole no11y has a smaller lamellar pitch. The
post-feed endooutiole shows another major endocutiole characteristic,
daily growth layers as described by Neville (1963), Fig. 6.11.
These layers differ from those described by Neville and those from
R. prolixua adults (Caveney, 1971) which are Made of layers of preferred orientation cuticle deposited during daytime alternating with
layers of helically rotating cuticle which are deposited at night.
These insects were kept in a strict 12 hours light:12 hours dark
cycle (2.2.1) but no preferred orientation layers were produced.
It is not known whether post-feed endocuticle is produced only at
night or whether R. prolixus larvae can only produce heliocidal
abdominal cutiole. The normal alternating growth layers are

produced by adults, Fig. 6.12. 9 maintained under the some culture
conditions. The control of deposition of these layers requires

picutjc1e
exocuticle
pre—feed 0fldOctjc1
Post—feed
end ocutiele

-

10 uri

at era].
leat

(a) Oro —ectio0 at junction of
pleat of segment 5. Age of insect— F+2,

—1 pm

ight layer

ay layer

of the sternjte of
segment 5.

Figure 6.12

Cross—sections of the abdominal
cuticle of adult R. Prolixus o The Polarjsed

light micrographs show daily growth layers
Of preferred orietation endocuticle
alternating with helicoidal endocutjcle.

99.
further investigation though the lack of preferred orientation
endocuticle might be due to a lack of diurnal temperature

fluctuations. In my experiments the insects were maintained at
270C (2.2.1) and temperature changes have been shown to be
necessary for production of alternating preferred/heijooldal
orientation endocuticle in Lucilia cuprina by Tyndale-Bieooe and
iitching (1974). however adult R. prolixus do produce normal
growth layers without temperature fiuotaatione, Fig. 6.12.

6.5 ANALYSIS OF CUTICLE COMPOSITION FROM FEEDING TO ECDYSIS

6 .5,1 Chitin content
The difference in structural appearance of the post-feed endocuticle from that of the pro-feed endocuticle may be due to chemical
differences.

The techniques used to investigate the composition of

tie pro-feed cuticle (3.5) have been used to investigate the
composition of the cuticle from the time of feeding to eody.ia.
Fig. 6.13 shows that over the period investigated a similar
proportion of the dry weight is extractable in water at all stages.
After cuticle digestion starts, F+18, it might be expected that more
of the cuticle would be water soluble, as occurs when cuticle is

being absorbed by starved insects (3.6),but this in not so.

There

is no significant difference either in the proportion of dry weight
that can be extracted in

ax

urea, it is still 65-70%. The lack of

increase in water extractable material and lack of decrease in urea
extractable material during digestion suggests that a discrete,
gradual digestion occurs at the innermost edge of the cuticle (see

Figure 6.13

Solubility of the abdominal
cuticle of fed 5th, instar R._prolixus

Ir, pH 7, .ozlt.
ur..,pH7, so*.
MaCH, 24hrs.
(cMln).

I
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Age from feed(days)

20
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6.4,2) and not a genemi retrieval of xteria1 from the cuticle as
appears to I*ppen during starvation (3.6).
The ons obvious difference between pre-feed cuticle and postfeed cuticle is the proportion left after treatment with M NaOH,
the chitin content (3.50),

The chitin content of the extensible

cuticle of E+10 nymphs was 11.6% (Table 3.3).

At eaximum

developnent, 7+12 • the ohitin content i a 16. 6%. Assuming that the
chitin content of the pre-feed endocutiole is not increased after
feeding (it does not seem to be as the chitin content of the
cuticle at F+21 9 after absorption of the poet-feed erdooutiole, is
11%). The chitin content of the post-feed endooutiole can be

calculated,

Mean dry weight of cuticle at F+12

- 4.25 mg -1

Mean dry weight of cuticle at E+10

- 2.39 mg -2

Mean dry weight of post-feed endocutiole

- 1.86 mg 1-2-3

Mean dry weight of chitin-at 7+12

- 0.697 mg (16.6%) - 4

Mean dry weight of chitin at E+10

• 0.277 mg (1 1 . 6%) - 5

Mean dry weight of ohitin in poetfeed endocutiole

- 0.42 mg 4-5-6

ohitin content of poet-feed
endocuticle

- 6

X

100 - 22.65

This proportion, almost twice that of pm-feed endocutlole,
approaches the levels found in struotural cuticles of other lz2eeota
(Richards, 1951).

Figure 6.14

SDS electrophorr.sjs of the SDS soluble
proteins of the e::tonsible cuticle of
fed 5th. intar R. -orolixus from foe'ing
to ecdvsis.
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6.5.2 Protein content
The protein content of cuticle from feed to eodysie was
analysed by separating urea and SDS extracts of cuticle by SDS

polyacrylamide gel eleotrophoresie (4.2.1).
There is one specific difference in the eleotrophoretio pattern
from that of cuticle from unfed larvae. Two days after feeding when
the poet-feed endocutiole deposition oonunencea a new protein band
appears, Pig, 6.14, This protein has an Rf. value of 0.88 9
corresponding to a molecular weight of 22 9000 daltona (Fig-4.2).
Third instar T. phyllosom also produce an additional protein in

cuticle after feeding.
Attempts were zde to isolate the post-feed erilocutiole to
determine if the new protein is produced at the expense of one cr
more of the original proteins but all attempts to achieve separation
without extracting any of the protein fraction failed. If the
abdominal cuticle proteins are extracted after the post-feed er4ocuticle has been absorbed, F+21 9 (checked by examining sections of
the cuticle in the light microscope) it is possible to show that
the additional protein In present in pro-feed endocutiole, Pig. 6.14.
Confirmation of this was found from extracts of cuticle where the

post-feed endocuticle had been rubbed off with emery paper. This
method is open to the criticism of contamination if all the endocuticle was not removed.
I have attempted to confirm impregnation of the new protein into
pro-feed endocutiole by producing a fluorescent antibody to this
particular protein and identifying its site in the cuticle. So far
this approach has failed, primarily because the protein is only
soluble in unphyeiological solvents like 814 urea. In such solutions

102.
most reooisable antigenio structure is destroyed and production of
antibody will be difficult. It in also difficult to produce
sufficient pure protein as it is present in the cuticle in such
minute quantities. This approach is being continued. Antibodies
made in rabbits can easily be nmde fluorescent by labelling with
fluorescein isothiocyanate labelled anti-rabbit antibodies. The
difficulties iie only in producing the pure antigen, This approach
my prove if intussu sception of protein does occur and my be
extended to mp the structural locations of specific cuticle
components,
After apolysis the concentration of the high molecular weight
proteins in the cuticle is inoreased, Fig. 6.14. The function of
these proteins was discussed in section 4.2.2a. The increased
concentration of these proteins at this stage of development suggests
that they are involved in the absorption of the nymphal cuticle,
construction of the pharate cuticle or are released during the
cuticle digestion. They are probably not structural proteins.

6.6 PO6T-FD EnocuTicia

6.6.1 Origin of poet-feed endocutiole
As shown above (6.4.1) the poet-feed endooutic].e is a transitory
cuticle which only exists in its completed form for 8-10 days. It
therefore acts as a storage depot of nutrients but is this its
principal function? This will depend on the origin and fate of the
rateriale composing the poet-feed endooutiole. The possible sources
of the mterials are the fat body and the recent meal.
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If the poet-feed endocuticle is built of material s from the
fat body there must be some reason for its forution and the
transfer of storage site. This might be necessary to allow some
particular processing of the meal In the fat body vital for
development of the next instar.
Beokel and Friend (1964) fed R. Ivolixas nymphs fully on a
meal oonining no nutrients. The insects exhibited the normal
developmental pattern as described in section 6.2 except that
after epidermal stimulation no cuticle was deposited and all
development ceased even though the fat body still held considerable
reserves and was giving then up slowly. This suggests that the
post-feed endocutiole is constructed of naterials from the meal.

6.6.2 Control of post-feed endocuticle deposition
Deposition of poet-feed endocutiole must be stimulated by some
part of the feeding process. Stretch and release of stretch when
nymphe are fed a nutrient free meal does not stimulate cuticle

deposition (Beokel and Friend, 1964) though this may be due to lack
of nutrient.

Several experiments have been performed in an attempt

to determine the stimulus to poet-feed endocutiole deposition.
Plasticization of the cuticle is one of the first reactions at
feeding. Plastioisation was stimulated by injection of 5HT into the
haemolymph of unfed fifth instar R, prolixas larvae to see if
plastioisation alone stimulates cuticle deposition. This
experiment has extra relevance as immediately prior to deposition
of post-ecdyaial eridocutiole the extensible outiole is plasticised
(Reynolds, 1974b). Frozen sections of cuticle from two insects
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were examined each day by polarised light microscopy. Unfortunately
all insects injected died after two days. A control group at
uninjeoted insects and a group of insects Injected with Ringer's
volution alone did not die suggesting that 5HT might have caused the
deaths. All dead insects appeared dehydrated as they were
shrivelled. Probably 5HT stimulated the Malpighian tubules to
produce watery faeces as occurs after feeding. Loss of large
quantities of water when there is no excess ima t severely deplete
the water reserves resulting in death. Whether plaaticisation
stimulates cuticle deposition or not is not shown by this
experiment as the experimental group died before post-feed endo'..
outiol• noza1]..y appears.
Bennet-Clark (1966) shoved that development of the nymph to
the next ins tar could be delayed by maintaining the stretch

occurring at feeding or reimposing it. He suggested that the delay
was due mainly to continual stretch preventing the meal from moving
to the posterior mid-gut where it in digested. Maintenance of
stretch therefore provides a situation where the meal is not
digested and absorbed.
Fourth ins tar nymphs were fed to repletion. Five were
immediately squashed between two glass slides under a constant
pressure of 20 g -2 p five had stretch maintained by painting the
anus with cellulose paint (Bennet-Clark, 1966) and a control group of
five were kept and allowed to develop normally,
The control group formed post-feed endocutiole after two days,
the treated bugs produced no cuticle for at least the first six days
following feeding.

It was also found that feeding bugs a small meal

then blocking the anus does result in normal development, passage of
blood to the posterior midgut (Bennet-Clark, 1966) and post-feed

Table 6,2 Mechanical xroDertiea of abdominal cuticle at F+10

GUT
P+lO
Mean G UT (Nm 2 )

Control(unfed)

1.76x10 7

1.3].xlOT

U

8

U

Wilooxon teat

Significantly different at 5ç(, level

B
P110
Mean B (Nm 2 )
U

Wilooxon teat

1

Control (un.f ad)
1 .l].x108

10

4

Significantly different at 5% level
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endocuticle formation. Therefore the post-.feed endocuticle is
foied from products of the meal and not from previously stored
materials ath deposition Is part of the normal sequence of events

in the development of the next instar. The precise stimulus to
deposition is not known though maximum stretch and release of such

stretch do not seem to be sufficient,

6.7 10EANICAL PROPERTIES OF
PNSIBLE CUTICLE AFTER
DEPOSITION CV POST-FEET) ENDOCUTICLE

6.7,1 Tensile strength and elastic modulus
The mechanical properties of pre-feed extensible cuticle have
been measured (Reynolds, 1975a; 5.4.1). The mechanical

properties of the abdominal cuticle after deposition of the postfeed endocuticle have been measured using the techniques described
in section 5.3 to determine the effect of the poet-feed endocutiole

with its increased chitin content and unique protein.
The results are shown in Table 6.2. The cuticle after
deposition of post-feed •ndooutio].e is stronger and less plastic.
This suggests that production of a cuticle with a larger chitin
content is production of a stronger cuticle. An increased

proportion of a filler material in a composite increases the
strength of the composite to a critical level depending on the
composite (Harris, 1972),

Further increase of filler results in

additional strength bat lower toughness.

Piuro 6.15

Creep rates of placticiseci and
un1'stjcised abdominal cuticle of
R.prolixus at ages S+lO and i'+9.

C
C

id
s.d
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6.7.2 Creep of poet-feed cuticle
The creep behaviour of poet-feed cuticle was also measured
and found to be similar to that of unplastioised T+10 extensible
cuticle. The cuticle also shows a faster rate of creep when
plasticised by 5HT, Fig.6.15.

The initial strain is higher than

that found for extensible cuticle from unfed ins sets, this my be
due to some stress-softening of the neterial at feeding.

6.7.3 Relevance of different mechanical properties
After feeding and even after diuresis the abdominal cuticle of
R. prolixus nymphs is thinner than before feeding. To increase the
absolute strength of the material additional layers of endocutiole
are formed until the cuticle becomes thicker than prior to feeding.
This increase in thickness is accompanied by an increase in the

strength and toughness of the cuticle which probably benefits the
insect by allowing a cuticle of greater strength to be made without

it being as thick as would be necessary if made entirely of the same
structure and meterials as pre-feed endocuticle.
As might be expected from the solubility of the cuticle (Fig.
6 .13) it can still be plasticised.

Bennet-Clark (1971) showed that the size of the adult abdomen
is directly related to the size of the nymphal abdomen after feeding,
particularly at day F+18.

If the nymphal abdcximn is deliberately

kept large by squashing, the adult has a large abdn. The cuticle

after feeding therefore provides a template allowing the epidermis
to mould and produce a mu cuticle directly related to the size of
the previous ins tar after diuresis and thms related to the size and
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quality of the meal taken. By producing a stronger type of
cuticle and therefore a thinner cuticle a larger template is
produced for development of the succeeding ixE tar,

6,8 FUNCTIONS OF POST-FEED CUTICLE
After diuresis the insect abdomen shrinks to a size which will
be determined by the quality of the meal, the material retained

after excess water is lost. Ore this has occurred deposition of
poet-feed €ridocutiole from materials in the meal commences and lasts
for approximately six days. The new cuticle layers are of a
different composition from pre-feed erdocutiole iJe4ng the whole
cuticle stronger and tougher. The post-feed endocuticle therefore

produces a stronger cuticle for relatively less weight as the insect
weight has trebled (Fig. 6.2) but the cuticle weight has only
increased by 75% (Fig, 6.6). The volume of the abdomen is therefore
greatly increased making a larger template for development of the
ne%t instar (6.7.3).
After feeding the elastic epioutiole is palled into a flat sheet.
It remains strained from the pre-feed state for the rest of the izatar
and as it is elastic (5.4.1) it places the abdomen under a constant
compressive stress as it is a continuum enclosing the whole abdomen.
It therefore attempts to produce continual shrinkage of the abdomen
to the pre-feed size. This can be demonstrated if strips of poet
feed cuticle are out and placed in Rhodnius Ringer or under mineral
oil. They immediately curl up, epiouticle innermost, and resum
the folded stellate surface of unatretched cuticle • This is most
obvious for the first 3-4 days after feeding. When the poet-feed
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endocuticle is formed the effect is not so great though curling
still takes place. The epicuticle therefore exerts a small but
oontin1 elastic resting force when strained from the pre-feed
state.
The aechanjoal teats nade on poet-feed cuticle were all tensile
tests, these may not be the most appropriate if the endocutiole is
under constant compression after feeding. The tests showed that
the poet-feed endooutiole was stronger in tension than pro-feed
endocutioli, the reaction in compression can only be predicted.
The behaviour of composite materials in compression ]*e received
little attention (Currey, 1976). It is difficult to draw inferences
about compressive properties from the tensile properties as there is
often little relationship between them. Structures like timber axe
much stronger in tension than oompreeaion whilst materials like cast
iron are the opposite. The only safe comment that can be made is
that increasing the proportion of filler in a composite material,
though still at a l ow level, increases its compressive strength
(Rosen, 1964). Thus poet-feed endocuticle which is stronger in
tension than pro-feed eidoouticlo should also be stronger in
compression because it has a much higher proportion of ohitin.
I suggest, therefore, that a function of post-feed endooutiole
is to increase the strength of the endoeutiole in compression to
resist the elastic contraction produced by the epicuticle • The
deposition of poet-feed endocuticle occurs when the required
abdomen size is reached after diuresis • The cuticle will then be
loaded as the resistance of the distended gut is reduced by
digestion of the mea.1p defaecation and contraction of the epidermis
at apolymis. After apolyaia the abdomen size is maintained by the
ethooutials alone resisting the elastic contraction of the epioutiole.
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At the very and of the instar when cuticle is being digested
and absorbed, the size of the phaxate insect has already been
determined as no digestion occurs until the pharate epioutiole
is formed.
The poet-feed endocutiole acts as a nutrient store. The
undigested part of the meal is also a store, possibly an energetically
more advantageous one. To produce poet-feed endocutiole the meal
must be digested, absorbed and reassembled into cuticle later to be
digested and reprocessed during cuticle absorption. This is probably
an expensive sequence of biochemical events and thus probably not the
main function of the extra cuticle.
The cuticle is a poor nitrogen store. The meal is largely
protein which has a nitrogen content of 15-17%. Chitin has a nitrogen
content of 6.5o. The poet-feed endocuticle consists of 22% chitin.
To produce post-feed endocutiole from the meal therefore requires
the removal of nitrogen and either its storage or excretion if
glucosami residues are to be produced. This possible production
of excess nitrogen during formation of poet-feed endocuticle may
explain the observation of Zwicky and Wigglesworth (1956) 9 which I
have confirmed, that at this stage of development the epidermal cclii
become filed with crystals of uric acid which eventually disappear
during cuticle absorption.
I suggest that the min function of the poet-feed endocutiole is
to fix the size of the nymphal abdomen after feeding and diuresis at
a size determined by the residue of the meal taken. This is achieved
by producing a stronger, tougher cuticle to counteract the compression
of the abdomen by the strained, elastic spiouticle. Being stronger
lees cuticle is needed therefore a larger internal volume is created
in the abdomen. This size fixing produces a template which determine.
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the size of the abdn of the next irstar.

In addition the

material used is reutilised after formation of the pherate
epicuticle, it therefore acts as a nutrient store too.
The increased lamellar pitch of poet-feed endocutiole has
not been explained. This is probably due to

the increased ohitin

content and the novel protein though this cannot be directly proven
as pre-feed sndooutiole with 11.6% chitin can have a lamellar pitch
varying from 0.4 - 1.0 um.
The post-feed wAocuticle appears to kve a multiple role in
the development of the succeeding ins tar of the insect*
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Chapter

7

GiitAL DISCUSSION
The abdominal cuticle of Rhodniva prolixus larvae is extensible,
The stretch it can sustain and the mechanism of stretch depend on its
structure and composition. Largely for theee reasons the cuticle and
its properties have been examined to provide a description of an
atypical cuticle contrasting with the more common research material s
eclerotised cuticle • It must be remembered that In terms of insect
nusber and biomass 'soft' cuticles are more abundant than solerotised
cuticles, therefore the importance of Investigating 'soft' cuticles is
obvious. It is open to dispute which Is the more primitive cuticle.
Thus it is not known whether the larval abdominal cuticle of
iatominae is specialised for the stretch reaction or is a primitive
type of cuticle. This might be determined by analysis of cuticles
from most insect orders to determine the most primitive in tome of
composition and structure.
The larval abdominal cuticle of R, jyolizas has a similar
structure to that of 'soft' larval, pupal and adult intersegmental
membrane cuticle of endopterygotea (D.laohainbre, 1975) and is
dissimilar to the larval cuticles of other exopterygotea. The
abdominal endooutic].e is Isotropic in structure. This is probably
related to the isotropic mechanical properties of the extensible
cuticle. The other most striking structural aspect of extensible
cuticle is the stellate pattern of the epiouticle which unfolds when
the cuticle is stretched. The unfolding of the epicuticle disguises
the stretch of the endoontiole. The epicutiole does not stretch.
The shape of the epioutiole appears to be determined by the
architecture of the epidermis during formation of the epioutiole
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(wiggleaworth, 1973). Probably the spicutiole does not stretch
as a decrease in its thickness might lessen its protection of the
underlying cutiole. The folds therefore allow the cuticle to
stretch and their elastic nature restores insect size and .)mps
after diuresis, The

structural and moban4 oal

of At pitct

op tie srequire
vi..ercu

further investigation,

has been presented that the cuticle acts as an

emergency food supply. When nymphs are starved cuticle protein
is rsabsorbod. After apolysis and prior to eodysie the entire
endocutiole is digested and absorbed. In this instance the cuticle
is not an emrgency food supply but in the Interests of an Insect
'ich "doesn't know where its next mDal is coming frcm" this
retention of most cuticle material is advantageous especially as
cuticle of the pherate inatar is secreted after absorption of the
ez4oauticle,

cAkId
The coaposition)is unique in several aspects • The

cii tin content of ineeot cuticle varies fron 25-6 (Richards, 1951)
but the diitin content of axteneible cuticle is only 10u.12%, As the
chitin content of the at cturJ. poet-feed enciocuticle is ruch nigher
njmpha L

(22) this sugeets that th ,\adouir1 cuticle is designed for its
stretch rather than structua1 properties, Extensible cuticle of

adult female ticks, designed primarily for cidez*b1e stretch, has
an lyon lower chitin content (Back.n, 1975),
The filler components of composite materiale are poorly understood so the function and structure of chitin cannot be Z%LUy
evaluated in a viscoelastic material like extexaibls cuticle. The
chitin miorofibrils have been separated 'in vitro' • their dimen s ions
measured and a close relationship shown between them and the most
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firmly bound protein. The chitin microfibril dimensions and

appearance are similar to those reported by Neville et al (197 6 )
for a range of arthropods but the special distribution of microfibrils in extensible cuticle is not bioia. This may be
detein1id by better electron microscopy techniques. The function

of the chitin may be extrapolated from functions of fibres in
composite materials and examination of the changes in nilorofibril

orientation perhaps by X-ray diffraction techniques when cuticle
is stretched.
An attempt has been made to explain the mechanical properties
of the cuticle in terms of changes in the interactions of the
components of the cuticle. The largest proportion of cuticle is
protein, most of which is soluble and so can be extracted and
analysed. Such analysis of protein from solerotised cuticles can
only be made if the proteins are extracted before eclerotiaation,
presumptive egg case proteins of Periplaneta americans have been
examined using similar techniques to those employed in chapter four
(Pan st al l 1971).

1* soluble proteins of R. prolixus extensible

cuticle can and have been extracted at successive stages through

the fifth ins tar to determine developmental changes of the cuticle.
The proteins have been oharacterised by various biochemical
techniques. The molecular weights, isoeleotric points and other
e1eotro*uretio properties were determined. The optimum conditions
of protein solubility of the various protein fractions were
measured,

Measurement of the outim6treebanioal properties showed that
the conditions 'in vitro' affecting protein solubility also affect
cuticle extensibility. These experiments suggest that an intra'I

114.
cuticular pH change is the moat likely stimulus to cuticle
plasticisation. A model of changes in cuticular protein solubility
due to decreased secondary bonding of the matrix proteins producing
increased cuticle plasticisation was proposed on the basis of these
results.
The behaviour of nol, plasticised, starved and extracted
cuticle when stretched was recorded. A model of changes in cuticle
matrix protein orientation was suggested to explain the large
strain the extensible cuticle can sustain (5.5).
proteins bridge the helico;&114

The cuticle matrix

glyooprotein fibrils. When

cuticle is stressed the glycoprotein fibrils in the plane of stretch
are pulled further apart and to allow stretch proteins are recruited
from the plane of endocuticle thickness to the plane of stretch which
increases in size whilst the cuticle thickness decreases, The rate
of recruitment depends on the stress on the cuticle and the number of
bonds holding the protein in position. Normally the rate of change
of protein orientation is low because of a large nwd)er of secondary
bonding interactions in the cuticle matrix,

on cuticle plastiolsation

the secondary interactions are greatly reduced allowing proteins to
be recruited to the plans of stretch nswh faster. The limit of
stretch is determined by the amount of matrix protein present.
When all possible protein bridges are reorientated the cuticle fails.
The models of plasticisation and stretch are complementary, they
are also largely hypothetical but provide a useful starting point for
investigation of the biophysics of cuticle stretch. Investigation of
cuticle now requires use of more elaborate and sophisticated techniques
to examine the hypotheses and models of the physiologists and

anatomists. As well as the physical changes in 'soft' cuticle many
..
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problems exist which are accessible to the newer biochemical

techniques e.g. if cuticle protein polymorphism exists, the
natural state of jroteins in cuticle (complexes or not) and the
type and extent of protein interactions • T''no1ogioal
techniques may be also useful to distinguish similarities and

differences between cuticle components and determine the position
of specific cuticle

components,

The extensible cuticle of Triatoma PbLyllosoma pallidipennja

appears to be very similar to that of R. prolixus. Further
contrast and comparison might indicate the relevant importance of
the outiole protein structure to the stretch reaction as there are
differences in the cuticle protein composition of the two species.

The stretch reaction of R. prolixus extensible cuticle appears
to differ from that of the extensible intersenental msmbrane in
the abdomen of the female locust which has an apparent rubber
-tpe. DF
atructure\response on mechanical teats (Vincent and Wood, 1972).
Additional evidence supporting a different mechanism is the
difference in solubilit of the matrix proteins, chitin content
and ohitin orientation between the two cuticles (Trcheen and Vincent,

1976 ).
Throughout this work I have been concerned with the biological
importance of the cuticle and its reactions.

I have attempted to

illustrate this by suggesting possible functions of poet-feed
endoouticle,

These rely to some extent on speculation of the

properties of the cuticle in oonijxression. Consideration of
compression in cuticle is noticeable in the literature by its
absence since Pryor (1962) suggested that tanned proteins served
to increase the compressive strength of cuticle and Jensen and

Weis-Fogh (1962) showed that for smell load.s the elastic modulus
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in tension was the sans as the modulus in compression in locust
h(ritl

tibia. As chitin is crystalline and weak in compression

cuticle might be nmde of a low filler fraction and in heliooidal

orientation to increase the compressive and shear strength of
unaclerotised cuticles uniformly without sacrificing tensile
strength.
I have attempted throughout this work to find now angles
and new or adapted technique to

e'1

the extensible cuticle

of Rhodnius prolixus larvae • Develonsnt of techniques has
constid the largest part of my time resulting in lack of depth
of study of some aspects of cuticle investigated but I believe
this is justified as the topics and techniques were often novel.
I have been speculative in my interpretation of results and in
suggestions usda, a venial sin when promoting a different approach
to investigating cuticle but, I hope, vindicated by the additional
problems suggested by this work.
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(a)

Electron micro.c;raph of
the abdominal cuticle of unfed
5th. instar R. proli:us, Scale- lO.im
;T.
1
E)pjcuticle

2

2 ore-ecdysis ondocuticle
3

ost-ecdysis endocuticle

4 post-feed endocuticle
5 epidermis

3

Figure 6.5 (b)-(e)

Polarised-light micrographs of
cross-sections of abdominal tergite 5 of 5th.
instar R. Drolixus, - lOpm

M

3

(b)
unfed insect

(c)

2

(d)

(e)

newly fed insect. :Tote that the cuticle is much
thinner due to its stretch to accommodate the meal.
The endocutjcle lamellae are not discernible.
P42 insect, The pro-feed cuticle has thickened as
the abdomen has shrunk. A new layer of cuticle is
being deposited.
Ff3 insect. The post-feed endocuticle with a larger

lamellar pitch than that of pro-feed endocuticle is
obvious,

