
This work is protected by copyright and other intellectual property rights and 
duplication or sale of all or part is not permitted, except that material may be 
duplicated by you for research, private study, criticism/review or educational 

purposes. Electronic or print copies are for your own personal, non-
commercial use and shall not be passed to any other individual. No quotation 
may be published without proper acknowledgement. For any other use, or to 

quote extensively from the work, permission must be obtained from the 
copyright holder/s. 



Studies on the Analysis of Ecdysteroids and 

on the Seasonal Variation of the Moulting Hormones 

of the Barnacle, Balanus balanoides.

by

Colin Richard Biel by

A thesis submitted to the University o f Keele 

for the Degree of Doctor of Philosophy.

Department of Chemistry 
University of Keele



ABSTRACT

The separation properties of a number of ecdysteroids were 

examined. The ecdysteroids themselves were separated by thin layer 

and reverse phase thin layer chromatography. Trimethylsilyl ethers 

of the ecdysteroids were prepared by reaction with trimethylsilyl- 

imidazole under varying conditions of time and temperature. The 

analysis of the trimethylsilyl ethers was examined under thin layer 

chromatography and gas chromatography with an electron capture 

detector. Using the data from the chromatographic analysis of the 

ecdysteroid derivatives, Makisterone A was selected as the most 

suitable internal standard to use in the extraction scheme.

An analytical scheme adequate to detect the very low levels 

of ecdysteroids in an average population of barnacles was devised.

The method permitted the use of relatively small samples (500 g. or 

less) of barnacle Balanus balanoides L. The method incorporated 

the use of solvent partitions, sephadex gel column chromatography, 

thin layer chromatography and gas chromatography. Using this scheme 

it was found that the levels of the predominant ecdysteroid, 20—hydroxy— 

ecdysone, vary seasonally with peaks occurring in the spring and late 

autumn. This variation corresponded tc the variation in moulting 

frequency, and is fully discussed in connection with the sea temperature, 

availability of food and the breeding cycle of this species of barnacle.

In field experiments at Portsmouth, live barnacles were injected 

either with sea water, pure ecdysone, pure hydroxyecdysone and a crude 

ecdysteroid fraction isolated from barnacles. Ecdysteroids did 

produce an increase in moulting frequency, but the effect was not 

easy to analyse.
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INTRODUCTION 

Antifouling Research

The problem of fouling of submerged surfaces arises from the 

settlement of larvae and spores of marine organisms that develop into 

sedentary adults. These fouling communities include species of 

algae, hydroids, tube worms, molluscs, sea squirts, polyzoans and 

barnacles. Apart from acceleration of corrosion and damage to 

coatings, their most deleterious effect is the increase in the 

frictional resistance in ships' hulls. This effect, which can 

result in the loss of several knots from designed top speeds, has 

been calculated to increase fuel consumption by up to 40% (Anon,

1952). Houghton (1970) estimated that this increase in fuel 

consumption plus the charges for docking and re-coating and the 

subsequent loss of earnings cost in the region of £50 million in 

the U.K. and $500-700 million in the United States. A more recent 

estimate by Gitlitz (1981) calculated that a very large cargo carrier 

running at 15 knots during a 300 day operational year consumes over 

$4 million of fuel. To maintain its speed when moderately fouled 

the fuel consumption is increased by 30% at a cost of over $1 million'. 

Fouling, though, is not restricted to ships, industrial coastal 

installations, particularly sea water intakes, can have serious fouling 

problems.

The objective of antifouling research is to develop means to 

control and prevent the settlement and growth of marine organisms on 

surfaces exposed to the marine environment. Methods such as electro­

lytic release of chlorine, ultrasonic vibrations, air bubble release 

and radioactive coatings have had limited success but none have proved
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as satisfactory as the use of toxic laden coatings or paints. Many 

such paints, although very effective, have a limited life or have in 

turn been deemed unacceptable due to their deleterious effect upon 

man and the environment. A wide range of candidates proposed as 

antifouling agents have been reviewed by De la Court and De Vries 

(1973), Aras (1980) and Gitlitz (1981) and it would appear that 

future paints will probably incorporate organometallic polymers, 

particularly organotin, to ensure that coatings will have a wide 

spectrum of activity and a longer life than current systems. Another 

new development reverts back to the removal of antifoulants by 

mechanical means by scrubbing the surface with the use of a robot. 

This robot is a small craft that magnetically clings to ships' hulls 

but can traverse the surface under its own power viewing the area 

using cameras situated at the front and rear of the machine. Any 

area located that is fouled is then 'scrubbed' clean with a rotating 

brush located on an extendable arm at the front of the machine (Anon, 

1982). This method is economically viable as the ship need not be 

dry docked for scrubbing.

Of all the fouling species barnacles are the most ubiquitous 

and approximately forty species have been recorded from fouling 

communities on ships. Southward and Crisp (1963) have catalogued 

those species that are from European waters. Barnacles are one of 

the major fouling species as they are among the first hard shelled 

organisms to settle on any submerged surface denuded of antifouling 

coating and, although the cypris is the initial fouling stage, it is 

the calcareous shell of the adult barnacle that increases the drag 

on a ship's hull or blocks water intakes.
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Studies on barnacles and other major fouling species were 

initially concerned with the conditions of the submerged surfaces 

that affected the selection and settlement of the organisms and the 

effects of climatic, geographical and seasonal factors. However, 

recent research has been more, concerned with the study of the bio­

chemistry and physiology of fouling species specifically their 

metabolism, development and modes of attachment throughout their 

life cycles. It was proposed that these studies might result in 

the development or discovery of a controlling factor capable of 

disrupting their life cycles.

In the Department of Chemistry at Keele University a study was 

conducted by Bebbington (1975) that resulted in the discovery of the 

presence of two moulting hormones, or ecdysteroids, in the barnacle 

Balanus balanoides (Linnaeus). This result and the study of Tighe- 

-Ford (1974) on the hormone action in barnacles suggested the possibility 

of a hormonal control factor in the prevention of barnacle fouling.

This present project was devised to determine any seasonal variation 

in ecdysteroid production and relate the results to the known variation 

in moulting and the breeding cycle of one particular barnacle, Balanus

balanoides.
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The Barnacle, Balanus balanoides (Linnaeus)

The barnacle, Balanus balanoides is a common intertidal 

species of the class Cirripedia, a diverse and abundant group of 

sedentary crustaceans that are found in virtually all marine 

environments. This particular barnacle is found all round the coast 

of the United Kingdom, except for a few small areas, and on both sides 

of the Atlantic Ocean. At low tide, a conspicuous white band or 

'balanid zone' is often visible on rocks and cliffs where B. balanoides 

is found, sometimes in competition with the immigrant australasian 

barnacle, Elminius modestus (Darwin), or Chthamalus stellatus (Poli). 

This northern hemisphere species, _B. balanoides, has been studied 

extensively primarily due to its economic importance as a member of 

the marine fouling communities and is the subject of a detailed 

monograph by Stubbings (1975).

(i) Classification

The Crustacea is a sub phylum of the phylum Arthropoda and all 

members are characterised as such by possessing a chitinous exoskeleton 

which is flexible at intervals along the limbs to form joints, a 

specific limb arrangement, a peri-visceral blood space or haemocoel 

and a ventral nervous system. The Cirripedes, a class of the 

Crustacea, are classified by their aquatic mode of respiration, the 

arrangement of antennae and mandibles and in possession of a nauplius 

larval stage. The Cirripedia is sub-divided into four orders one of 

which, the Thoracica, contains the genus Balanus and the species

15. balanoides the common intertital acorn barnacle (McLaughlin, 1980).
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(ii) Development and Growth

This barnacle is hermaphroditic, fully functional male and 

female reproductive organs being present in all individuals, and 

cross fertilisation is obligatory. Barnes and Crip (1956) stated 

that there is no evidence of self-fertilisation in isolated individuals 

of this species. In Great Britain 15. balanoides has a single breeding 

season restricted to late autumn and early winter. The acting male 

copulates with a neighbouring female by inserting its extended penis 

into the mantle space and depositing a mass of sperm, fertilisation 

occurs once the sperm have penetrated the elastic sac and reached 

the ova. Most individual mature adult barnacles at one locality 

are fertilised within a few days of one another. The actual time 

of fertilisation is dependent upon the position of the barnacles on 

the shore, the degree of exposure and latitude of that shore and can 

vary from August to November (Pyefinch, 1948). In North Wales 

fertilisation occurs in early November according to Crisp (1959).

The eggs are incubated throughout the winter in two compact 

masses in the mantle, below and at the sides of the body or prosoma 

(Barnes, 1957), for a period lasting three to four months depending 

upon the latitude, site, and shore position of the barnacle relative 

to mean tide level. The eggs and already hatched larvae are released 

from the mantle cavity in response to the activity of the contained 

larvae (Stubbings, 1975) from March onwards. The larvae are 

stimulated by a 'hatching substance' liberated from the adult after 

it has fed on plankton from the spring bloom (Crisp, 1956). This 

ensures that an adequate food supply is available for the newly 

released barnacle larvae and the hatch is generally synchronous with 

the diatom spring bloom (Barnes, 1957).



The barnacle embryo hatches into a dispersal larval form, the 

free swimming, planktonic stage I nauplius larva which, by a succession 

of moults or ecdyses, passes through a series of six naupliar stages, 

each being larger and more complex than the preceding one, before 

metamorphosing into the cypris larva. It is the free swimming cyprid 

that actively seeks out a suitable site for permanent settlement, 

becomes attached and undergoes the final metamorphoses into the 

sedentary, juvenile barnacle (see figure 1). The larvae of several 

species of barnacles, including 15. balanoides, have been reared in 

the laboratory with varying degrees of success according to Tighe-Ford 

(1970) and Cheung (1973).

The cyprid, or settlement stage larva, adheres onto the sub­

stratum by exuding a quantity of 'cyprid cement' from the paired cement 

glands to embed the attachment organs, the terminal parts of the two 

antennules, to form permanent attachment (Walker, 1981). After meta­

morphosis to the juvenile, attachment is still initially by cyprid 

cement and it is some forty days or more, before the developing adult 

cement apparatus first releases its adhesive cement. Biochemical 

analysis has shown that the major component of this adhesive, in excess 

of 70% w/w of the adult cement, is protein (Walker, 1981).

Four days after the attachment of the cyprid the six shell 

plates and four opercular plates of the adult barnacle develop (Stubbings, 

1975) and can be clearly seen in figure 2. These structures, which give 

the adult its characteristic appearance, are retained throughout the life 

of the barnacle, the calcareous shell growing continuously by deposition 

of material. Internally growth occurs by the periodic moulting and 

ecdysis of the exoskeleton. The moulting process involves the 

secretion of a new cuticle beneath the old, which are then separated
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by apolysis (Jenkins, 1966) and the old cuticle is finally shed at 

ecdysis by hydraulic pressure generated by the pumping action of the 

barnacle (Cheung, 1973). The new cuticle expands and hardens later. 

The cast consists of the ecdysed cuticle from the mantle lining, the 

gut, the prosoma, penis and thoracic appendages. It is the exo­

skeleton of the thoracic appendages or cirri that give the distinct 

fan-like structures of the exuviae that can be seen in aquaria 

containing barnacles, one such cast is shown in figure 3.

The moulting frequency of the barnacle, _B. balanoides, has 

been shown by Crisp and Patel (1960) to be influenced by temperature, 

feeding and the season but not by lunar cycles or the tidal level.

As with typical crustaceans there is also a close relationship in 

this barnacle between the moulting and breeding cycle (Crisp and 

Patel, 1958 and Patel and Crisp, 1961). Crisp and Patel (1960) 

studied the seasonal variations in the frequency of moulting of 

li. balanoides for three years by monitoring groups of barnacles kept 

in the laboratory and described an annual moulting rhythm in this 

species. Their results show that there was a sharp decrease in 

moulting frequency after fertilisation in late autumn followed by a 

period of little or no moulting, anecdysis, for at least two months 

during the winter (this period has been retitled as 'reproductive 

anecdysis' by Barnes, 1962). The moulting frequency increased 

throughout spring to a maximum by May of 8-12 moults/100 barnacles/ 

day, followed by a slight decrease during the summer and then a rise 

to the second peak in October-November. This seasonal variation in 

moulting frequency and the relationship with the breeding cycle and 

the levels of free ecdysteroids found in the barnacle is dealt with 

in depth in the discussion.
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(iii) Ecdysteroids in Barnacles

Ecdysteroids, or moulting hormones, were first isolated from 

the barnacle B. balanoides by a large scale extraction procedure by 

Bebbington (1975) who modified the technique used by Horn £t: a K  (1968) 

for the extraction of moulting hormones from Crustacea. From 1500 kg 

wet weight of adult barnacles Bebbington isolated and characterised 

two ecdysteroids, ecdysone and 20-hydroxyecdysone, at levels of 6 ng 

kg  ̂ and 1 yg kg * respectively.

One of the aims of this project was to develop a simple but 

efficient extraction procedure to analyse the levels of ecdysteroids 

in small barnacle samples, of between 500 g and 1 kg wet weight, 

collected at regular intervals, to determine any seasonal variation 

in ecdysteroid production and to determine the presence of any 

conjugated ecdysteroids. If successful in determining any seasonal 

variation it was hoped that this could be related to the annual 

moulting cycle and possibly find some use in the field of antifouling

research.
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Arthropod Exoskeleton

A definitive feature of all members of the phylum Arthropoda, 

which includes the sub-phyla Insecta (insects), Arachnida (spiders, 

scorpions and mites), Merostomata (horseshoe crabs) and Crustacea 

(crayfish* lobsters, shrimps, crabs and barnacles), is the presence 

of an external covering or exoskeleton composed of a chitinous cuticle. 

By development of an organised cuticle, the arthropods have acquired 

a relatively rigid exoskeleton which provides a framework for the soft 

tissues within and an attachment surface for muscles allowing for the 

development of complex movements and specialised limbs. The cuticle 

also provides a degree of protection both as armour and in the 

prevention of dessication, specifically in terrestial arthropods.

The cuticle is a non-living layer secreted by the underlying 

epithelium* and in general is composed of three layers; the inner 

endocuticle or flexible layer; the rigid exocuticle which can be 

hardened to varying degrees; and the outer epicuticle, a thin waxy 

layer. The cuticle is primarily a complex of a mucopolysaccharide, 

chitin* and proteins. It is found in its simple flexible, but non- 

-elastio* form in insect larvae but more often the cuticle is hardened 

by the process of scelerotisation where the protein molecules are 

cross-linked to give a tough, inflexible and darkened cuticle. To 

maintain flexibility at joints the cuticle is neither hardened or 

reinforced at these points.

In contrast to most other arthropods, the exoskeleton of 

crustaceans is usually hardened by the deposition of calcium carbonate. 

All gradients of thickness can occur from the flexible non-calcified 

parts of the body, or prosoma, of cirripede barnacles to the thick 

calcified armour plate of some of the decapods, crabs and lobsters.
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In crustaceans, as with all arthropods, some of the internal organs 

may be lined with the exoskeleton and this occurs in the fore and 

hind gut, the stomadeum and protodaeum.

The Moulting Process

Growth cannot occur continuously throughout life in arthropods 

because of the confinement of the rigid exoskeleton and any change in 

form or increase in size can only occur after the old cuticle is shed 

or ecdysed and before the underlying new cuticle is hardened. This 

is the moulting process in which two essential features are involved; 

the dissolution of the inner layers of the exoskeleton with the 

reabsorption of some of the components, and the growth of a new exo­

skeleton in the region between the living cells of the epidermis and 

the remaining cells of the old cuticle. At ecdysis this old exo­

skeleton is shed.

The term 'moulting' refers to all the processes of preparation 

up to, and including, the withdrawal from the,old integument at 

ecdysis, and have been described most fully in the Crustacea for 

brachyuran decapods, the crabs. Passano (1960) presented a 

modification of Drach's (1939) scheme that classifies the moult cycle 

into five stages, A to E with subdivisions at each stage, and relates 

changes in the layers of the integument with the progression of the 

moult cycle. These stages have been adopted in studies of moulting 

in Crustacea and can be generalised as follows: Stage E, or ecdysis, 

is the short period when the old cuticle is shed; Stages A and B, 

the early and late postecdysis, metecdysis or postmoult during which 

the newly exposed exoskeleton is hardened; Stage C, interecdysis or 

intermoult which is generally referred to as the period of normality 

and; Stage D, the proecdysis or premoult during which the epidermal



13 .

cells separate from the cuticle, apolysis, and the new exoskeleton 

is laid down beneath the old one. Davis et al., (1973) also used 

the criteria of Drach (1939) to stage the moulting cycle of the 

barnacle, Balanus amphitrite by analysing the rigidity of the cirri 

and noting, from staining, the integumental changes in the two layers 

found in the dissected rami that were assumed to be homologous with 

the endocuticle and exocuticle in other arthropods. The results 

confirmed that cirripedes follow the general moulting pattern found 

in other crustaceae.

Moulting Frequency

Although many of the primitive apterygote insects (e.g. silver 

fish) moult frequently as adults, in the pterygotes (grasshoppers, 

ants, butterflies, etc.) moulting is generally associated with meta- 

morphic development through a series of instars from the larvae to 

the imago and ceases on attaining the adult stage. Similarly in 

crustaceans some species cease moulting after the puberty moult such 

as the spider crab, Maia squinado (Carlisle 1957) and others undergo 

a fixed number of moults then remain in the intermoult stage as does 

the lined shore crab, Pachygrapsus crassipes (Marshall and Williams, 

1975). The shore crab, Carcinus maenas continues moulting fur three 

years after its puberty moult whereas the edible crab, C. pagurus, 

and the lobster, Homarus vulgaris, continue growing and moulting 

until their death (Highnam and Hill, 1969). Cirripede barnacles, 

after metamorphosing through naupliar and cyprid larval stages, 

likewise moult continuously throughout their adult life although 

some variation in moulting frequency may occur seasonally (Crisp and 

Patel, 1960). In barnacles the moulting process is different from
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that found in decapods as the calcified shell grows continuously 

throughout the adult's life and is not shed during ecdysis.

Endocrinology of Insect Development

The first results of experiments that inferred that moulting 

in insects is under hormonal control were published by Kopec (1922) 

who, by ligating caterpillars of the gypsy moth, Lymantria dispar, 

halfway along their length, noted that the anterior half pupated but 

the posterior half remained unchanged in the larval form. Also 

extirpation of the brains of these caterpillars resulted in the 

failure of continued metamorphosis to the pupal stage, but if the 

nerve cord was cut just behind the head pupation and further develop­

ment was not affected. Kopec concluded that the brain was a hormone 

source. Similar results were obtained by Fraenkel (1935) using the 

blowfly Calliphora erythrocephala. The concept of hormones governing 

growth and moulting arose from the work by Wigglesworth on the blood 

sucking bug Rhodnius (for a full review see Wigglesworth, 1970).

Although researchers had studied moulting and the effects arising 

from ligation, extirpation and implantation, Fraenkel (1935) was the 

first to induce moulting by injection of a substance with proposed 

moulting activity. Tanning of the cuticles of ligated Calliphora 

abdomens was induced by the injection of haemolymph from pupariating 

fly larvae. This test, in fact, was developed as the first bioassay 

to monitor the activity of proposed moulting hormones or ecdysteroids.

From these and many other studies the current view on the 

endocrine control of insect development has arisen and can be 

summarised in general terms as follows. The neurosecretory cells 

of the brain are stimulated to produce a hormone (thoracotrophic
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hormone) that via the neurosecretory cell axons is carried to the 

corpora cardiaca from where it is released into the blood. This 

stimulates the thoracic glands (or their equivalent) to produce a 

moulting hormone (an ecdysteroid) which causes the epithelial cells 

to begin the processes which lead to ecdysis. At each moult, except 

the last, another hormone (a juvenile hormone or JH) is secreted by 

the corpora allata to ensure the development of another larval instar. 

The corpora allata are inactive in the last moult and in the presence 

of the moulting hormone alone an adult is produced (see figure 4).

In species where moulting ceases once the adult form is achieved, the 

prothoracic glands degenerate (Hoffmann et: aT., 1980).

Endocrinology of Crustacean Development 

In crustaceans most of the research concerning the moulting 

processes has been conducted using adult decapods, crabs and lobsters, 

and little is known concerning the endocrinology of other orders and 

of larval stages. The initial interest in moulting in Crustacea 

arose when several authors recorded that eyestalk removal often had 

a moult-inducing effect and it was proposed that a region of the eye- 

stalk was the source of a moult-inhibiting hormone (see Passano, 1960). 

From results of selective destruction, or implantation, of tissues in 

the eyestalk it was deduced that the eyestalk neurosecretory system, 

composed of the X-organ and the neurohaemal organs, the sinus glands, 

produces a moult inhibiting hormone (MIH). This MIH, however, did 

not act directly upon the tissues to delay moulting. Results of 

removal or reimplantation of a pair of endocrine glands, the Y-organs 

found in the head of decapods, indicated that these were the site of 

production of a moulting hormone that acted at the tissue level.



Figure 4. Control of moulting in Crustaceans and Insects

(after Highnam and Hill, 1969; Cheung, 1973 

and Gilbert et al., 1980).
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Thus the present view is that a MIH is produced and released from the 

X-organ-sinus gland complex that regulates the synthesis and release 

of a moulting hormone from the Y-organ. This inhibition maintains 

the level of ecdysteroid in the haemolymph at a low titre which keeps 

the crustacean in an intermoult state* Conversely a decrease in 

production and secretion of a MIH, by environmental stimuli or eye- 

stalk ablation, allows the Y-organ to produce and secrete a moulting 

hormone into the haemolymph to such a level that the onset of moulting 

is initiated (see figure A).

It is clear that the endocrine systems controlling moulting in 

insects and crustaceans are comparable, the thoracic glands and Y-organs 

being analogous as sites of ecdysteroid production. However, in insects 

the thoracotrophic hormone stimulates the production of ecdysteroids in 

the thoracic gland in preparation for the moult, whereas in decapod 

crustaceans the neurosecretory hormone from the X-organ complex inhibits 

the activity of the ecdysteroid producing Y-organ during the intermoult 

period (Highnam and Hill, 1969 and Spindler et al., 1980).

Control of Moulting in Cirripedes

In cirripedes the X-organ complex and the Y-organ that are 

present in decapods have not been found but the presence of neurosecretory 

cells has been demonstrated. Barnes and Gonor (1958, a and b) first 

demonstrated the presence of possible neurosecretory cells in cirripedes 

using a paraldehyde-fuchsin (PAF) stain and found two types of cells 

containing stained granules in the suboesophageal and supraoesophageal 

ganglia of the central nervous system (CNS) of several species of 

barnacles. These results were confirmed by McGregor (1967) and 

Cheung (1973) using general histochemical stains for neurosecretory 

cells, PAF and chrome-haemotoxylin-phloxine B (CHP) .
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Figure 5. Proposed mechanism for the moulting process in cirripedes 

(after Cheung, 1973)
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Evidence of neurosecretory activity was also obtained by 

Sandeen and Costlow (1961) who demonstrated that extracts of CNS of 

various barnacles dispersed the pigment in melanophores of eyestalkless 

fiddler crabs, Uca pugilator. This work was expanded by Costlow (1963) 

who found that using aqueous extracts of the CNS taken from the barnacle, 

Balanus eburneus, at different times after ecdysis resulted in differ­

ential expansion of melanophores in fiddler crabs during intermoult.

This cyclic pattern of chromatophototropin activity suggested a cyclic 

production of the factor(s) involved.

Cheung (1973) studied the cyclic changes of the neurosecretory 

cells in the CNS of B. eburneus and correlated the moulting process 

with cyclic neurosecretions. Results from histochemical and 

implantation techniques have suggested that a moult accelerating 

factor (MAF) from the supraoesophageal ganglia and a moult inhibiting 

substance (MIS) from the suboesophageal ganglia interact to affect the 

production of an ecdysteroid from an, as yet undiscovered, ecdysial 

gland (see figure 5). The presence of an MIS has been confirmed by 

Davis and Costlow (1974) in the barnacle, 15. imp ro vis us, but they 

found no evidence for a moult accelerating factor.

Isolation and Characterisation of Moulting Hormones

The levels of moulting hormones present in arthropods in 

general is very low and particularly low in crustaceans and the initial 

extraction procedures required very large amounts of biological material. 

Butenandt and Karlson (1954) devised a scheme for isolating and 

concentrating the active substance from insects and obtained 25 mg of 

a crystalline compound, which they named ecdysone (a-ecdysone), from 

500 kg of silkworm. Bombyx, pupae. They also extracted a second,
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more polar and more active substance in smaller quantities which they 

named g-ecdysone. The quantities extracted were too small for 

accurate chemical analysis and ten years later, from a further 1000 kg 

dry weight of Bombyx pupae, 250 mg of ecdysone was obtained. The 

compound was found to have a molecular weight of 464 with an empirical 

formula of C„-,H,,0, and x-ray crystallography showed that the funda- 

mental structure was that of a steroid (Karlson et al., 1963). The 

elucidated structure of ecdysone (28, 36» 14a, 22R, 25-pentahydroxy- 

-56_cholest-7-en-6-one) is shown in figure 6. The more polar 

6~ecdysone was found to have an additional hydroxyl group on carbon 

20 and was named 20-hydroxyecdysone (see figure 6).

Moulting hormones extracted from insects were found to be 

active in crustaceans by Carlisle (1965). Extracts from locusts, 

and other non-decapod crustaceae, were used to induce renewed 

moulting in Y—organ ablated juvenile shore crabs, Carcinus maenas.

The activity of the extracts varied and it was suggested that a 

family of active substances existed with similar structures.

In crustaceans the levels of moulting hormones are much lower 

so that the losses that occurred in insect analysis could not be 

tolerated and a suitable procedure for crustaceans was developed by 

Hampshire and Horn, (1966). From 1000 kg of frozen waste of the 

australian rock lobster, Jasus lalandei, 2.3 mg of an active substance 

was obtained and designated crustecdysone. Comparison of this 

substance with g-ecdysone confirmed that they were both 20-hydroxy­

ecdysone (Hampshire and Horn, 1966 and Horn et al., 1968).

Over sixty compounds with moulting hormone activity have now 

been characterised (Horn, 1971 and Horn and Hetru, 1981) and have 

been given the generic name ecdysteroids; those which have been



Figure 6 ■ The structure of ecdysone and 20-hydroxyecdy
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isolated from plants have been designated phytoecdysteroids and those 

from animals, zooecdysteroids (Goodwin ê t al., 1978).

To date, seven free ecdysteroids have been isolated and 

characterised from crustaceae; inokosterone or callinecdysone A 

(Faux et al., 1969) makisterone A or callinecdysone B (Faux et al.,

1969); 2-deoxy-20-hydroxyecdysone (Galbraith e_t _al., 1968); pona- 

sterone A (McCarthy, 1979; Lachaise al., 1981 and Lafont et al., 

1982); 20,26-dihydroxyecdysone (McCarthy and Skinner, 1979 and

Lachaise e£ al., 1981); a-ecdysone and 20-hydroxyecdysone, previously 

known as g-ecdysone, crustecdysone and ecdysterone, (Lachaise et al. ,

1981 and for a list of previous extractions see Table 1). The structure 

of these seven ecdysteroids are shown in figure 7. Table 1 lists the 

various crustacean species that have been analysed and the resultant 

titre levels of the ecdysteroid(s) present. In studies that analysed 

the titres with respect to the physiological moulting process, the 

titre range is also listed, the lowest and highest values generally 

represent the levels during the C-stages of the intermoult cycle and 

the D-stages of the premoult respectively.

The predominant ecdysteroid found in crustaceans is 20-hydroxy­

ecdysone and, to date, two zooecdysteroids have been found that are 

unique to crustaceans, inokosterone (Faux et al. 1969) and ponasterone

A (McCarthy, 1979 and Lachaise e_t a^., 1981).

Conjugated Ecdysteroids

Highly polar derivatives of ecdysteroids have been found in 

insects; these are poorly immunoreactive and relatively inactive in 

bioassays. Hydrolysis of these 'ecdysteroid conjugates using crude 

enzyme preparations (see Experimental) has yielded a variety of
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commonly occurring ecdysteroids. Based on experiments in insects 

with hydrolytic enzymes the conjugated chemical moieties have been 

reported as a-glucoside, sulphate esters, glucuronides and phosphates 

(see Koolman, 1980). In insects conjugated ecdysteroids are found 

predominantly in newly laid and developing eggs. The function of 

these conjugates has been suggested to be as transport or storage 

compounds or inactivation products (Wilson and Morgan, 1978 and Gande 

and Morgan, 1979).

In crustaceans, McCarthy and Skinner (1979a, b) have discovered 

conjugates of 20-hydroxyecdysone in the embryos of the blue crab, 

Callinectes sapidus, and conjugates of ecdysone, 20-hydroxyecdysone 

and 20,26-dihydroecdysone in intermoult stage land crabs, Gecarcir\us 

lateralis. In developing ovaries of the shore crab, Carcinus maenas, 

Lachaise et al., (1981) have found conjugates of ecdysone, 20-hydroxy- 

ecdysone and ponasterone A but all at very low levels compared to the 

titres of the corresponding free ecdysteroid. This is in contrast 

with insects where the ovaries and newly laid eggs contain up to 90% 

of their ecdysteroids in the conjugated form (see Dinan and Rees, 1981 

and Scalia and Morgan, 1982).

As yet no-one has reported finding conjugated ecdysteroids in

cirripede crustaceans.











29.

Methods of Detection used in the Analysis of Ecdysteroids in Crustaceans

(i) Bioassays

The first method used to assess the presence of an active substance 

that induced moulting, a moulting hormone or ecdysteroid, from a biological 

extract was a bioassay using ligated abdomens of the blowfly, Calliphora 

erythrocephala. The "Calliphora bioassay" was devised by Fraenkel 

(1935) and has been used successfully in the past in the analysis of 

ecdysteroids and was recently re-evaluated by Fraenkel and Zdarek (1970). 

This assay was first used to demonstrate the presence of moulting hormone 

in extracts from crustaceae by Karlson (1956) and was also employed by 

Hampshire and Horn (1966), Horn et al. (1968), and Galbraith et al.

(1968) to determine the activity of the first identified ecdysteroid, 

20-hydroxyecdysone, extracted from Jasus lalandei, the Australian rock 

lobster. Adelung (1969) used the Calliphora bioassay to determine the 

total ecdysteroid content of the shore crab, Carcinus maenas, throughout 

a moult cycle and Carlisle and Connick (1973) determined the presence of 

two ecdysteroids, ecdysone and 20—hydroxyecdysone, in the crayfish, 

Orconectes propinquus, using this assay in conjunction with thin layer 

chromatography.

Kaplanis et al. (1966) successfully developed a new and more 

sensitive bioassay for ecdysone using the housefly, Musca domestica, 

and this 'Musca bioassay' was used by Willig and Keller (1973) to 

analyse the moulting hormone content of the crayfish, Orconect_es limosus, 

throughout its moult cycle. The insect bioassay has been used most 

recently in the analysis of ecdysteroids in C. maenas by Spindler 

et al. (1974).

These bioassays, however, are now seldom used as there is the 

possibility of misleading results arising from ecdysteroid metabolism
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in the ligated abdomens, because they lack specificity for a 

particular compound, and because of the increased sensitivity of 

modern analytical techniques. Nevertheless the larvae of a merostome 

Limulus polyphemus, the horseshoe crab, have been studied as candidates 

for a new bioassay for ecdysteroids (Jegla and Costlow, 1979). Using 

first stage larvae at the point of cuticle formation they have found 

the assay to be sensitive to both ecdysone and 20-hydroxyecdysone at 

20 pg, which is far more sensitive than the two insect bioassays.

An advantage of this bioassay, apart from its sensitivity, is the 

tolerance of the Limulus larvae to relatively impure samples, Jegla 

and Costlow's results indicate that the larvae accept injections of 

ethanolic solutions without apparent ill effect. As yet this bioassay 

has not been used in a detailed study of extraction of ecdysteroid from 

a biological source.

(ii) Radioimmunoassays

The initial research into ecdysteroids involved the large scale 

extraction of a compound whose activity as a moulting hormone was 

determined with a bioassay, and whose structure was characterised by 

chemical and spectroscopic techniques; ultraviolet, infrared, nuclear 

magnetic resonance and mass spectrometry. Once these ecdysteroids had 

been isolated and characterised from insects, crustaceans and plants, 

the next step was to quantify accurately the levels present and conduct 

in vivo studies to relate the presence of a circulating moulting 

hormone to the physiological moulting cycle. For this to be achieved 

more sensitive methods of detection were required.

The sensitivity of the Calliphora bioassay is in the order of 

5-50 ng ecdysteroid per ligated abdomen (Thompson et al., 1970) and
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in the Musca test 5-6 ng (Kaplanis et al., 1966). A radioimmunoassay 

(RIA) specific for ecdysteroids was developed by Borst and O'Connor 

(1972 and 1974) that could detect accurately down to 200 pg, the 

sensitivity of the method resulting in its widespread use in ecdysteroid 

analysis. The advantages of this technique are that it requires little 

expertise, no sophisticated equipment as does gas chromatography (GC) 

and high performance liquid chromatography (HPLC) (see later). Only 

a relatively simple extraction and purification procedure is required 

and due to the low level of detection, measurements on small samples 

and even individual animals are possible. However, RIA is a very 

non-specific technique that will detect both biologically active and 

inactive ecdysteroids. Richards (1980) has shown how conflicting 

results have arisen in eight studies of ecdysteroid titres during 

larval and pupal development in Drosophila melanogaster. Hirn and 

Delaage (1980), who estimate that the absolute sensitivity of the best 

ecdysone RIA is 1.6 pg, conclude that if RIA is to be used, "it is 

preferable to use a moderately specific antibody in combination with 

a chromatographic step that easily separates the ecdysteroids according 

to their polarity".

In the determination of ecdysteroids in crustaceae RIA has been 

used as the sole detection method by the following authors; Lachaise 

et al. (1976) and Andrieux e£ £ l . (1976) in the analysis of Y-organs 

and haemolymph of C. maenas; by Blanchet et_ al_. (1976) during the 

intermoult of male Orchestia gamarella; by Chang et al. (1976) during 

the course of the moult cycle in the crab, Pachygrapsus crassip.es; by 

Hoarau and Hirn (1978) during the intermoult cycle of males and females 

of the terrestial isopod, Hellaria brevicornis; by Stevenson et al.

(1979) during the course of the moult cycle of the crayfish, Orconectes
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sanborni; by Chang and Bruce (1980) during the moult cycle of 

juvenile lobsters, Homarus americanus; and by Chaix et al. (1981) 

during the moult cycle of the spider crab, Anthonyx lunulatus.

Other research groups have employed RIA in combination with one 

or more chromatographic technique, GC, HPLC or thin layer chromatography 

(TLC), to precisely determine not only the specific ecdysteroid(s) 

present but also the titre of each. A combination of techniques was 

used to determine the presence of; ecdysone and 20—hydroxyecdysone 

in P. crassipes by Chang et al. (1976) and Chang and O'Connor (1977 

and 1978); ecdysone (Lachaise and Hoffmann, 1977), 20-hydroxyecdysone 

and ponasterone A in maenas by Lachaise et al. (1981); ecdysone,

20—hydroxyecdysone, 20,26—dihydroxyecdysone and ponasterone A in the 

land crab Gecarcinus lateralis by McCarthy and Skinner (1977 and 1979a) 

and McCarthy (1979); ecdysone, 20-hydroxyecdysone and ponasterone A 

in the blue crab, Callinectes sapidus by McCarthy and Skinner (1979b) 

and McCarthy (1979); 20-hydroxyecdysone and a less polar ecdysteroid 

in the amphipod Orchestia gammarellus by Blanchet jrt _al. (1979); 

ecdysone and 20-hydroxyecdysone in 0. limosus by Keller and Schmid

(1979) and Spindler et al. (1980) and ecdysone and 20-hydroxyecdysone 

in the brine shrimp, Artemia salina, by Spindler et al. (1980).

(iii) High Performance Liquid Chromatography

High performance liquid chromatography (HPLC), which has been 

used in ecdysteroid analysis in combination with RIA, is a relatively 

recent technique which is particularly useful for high molecular weight 

and polar substances such as ecdysteroids. Formation of a derivative 

of the ecdysteroid, as for gas chromatography, is not a requisite and 

the effluent can be collected for subsequent analysis by other means.
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The method suffers from lacking a universal and sensitive method of 

detection. For ultraviolet absorbing compounds the most useful 

detector is an ultraviolet cell. Fortunately all the ecdysteroids 

possess an unsaturated ketone group which absorbs strongly at 

approximately 240 nm and so they are ideal for this means of detection 

and can be detected accurately down to 10 ng. The early use of HPLC 

analysis for ecdysteroids was reviewed by Morgan and Poole (1976a) 

and more recently by Lafont ej: al. (1980 and 1982) and Wilson £t al. 

(1982). HPLC has been used in the analysis of ecdysteroids in 

crustaceae by Gagosian and Bourbonniere (1974 and 1976), Keller and 

Schmid (1979), Blanchet e_t (1979), McCarthy and Skinner (1977,

1979a, b) and Lachaise e_t al̂ . (1981). A comparison of the use of 

HPLC and gas chromatography in the analysis of ecdysteroids in locusts 

and barnacles was made by Wilson et al. (1981).

(iv) Gas Chromatography

One of the most sensitive, selective and specific means now 

available for measurement of ecdysteroids is by gas chromatography 

with an electron capture detector (GC-ECD). The main disadvantage 

of this technique, apart from the sophisticated equipment, is that the 

heat sensitive, non-volatile ecdysteroids must first be converted to 

stable volatile derivatives. This has been achieved using a variety 

of reagents (see Morgan and Poole 1976a) but the one most commonly 

used is trimethylsilyl imadazole (TMSI) which protects some, or all, 

of the hydroxyl groups to produce trimethylsilyl (TMS) ethers. The 

derivative formed depends upon the reaction time and temperature 

(discussed later in the thesis). Another disadvantage is the 

difficulty in obtaining conversion to a single derivative.
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Initially a flame ionisation detector (FID) was used. Katz 

and Lensky (1970) reported the first derivatisation of ecdysone using 

bis(trimethylsilyl)acetamide (BSA) and subsequently analysed the 

unidentified derivative by GC-FID. Morgan and Woodbridge (1971), 

using the same silylating reagent, first identified the resulting 

derivatives. A series of ecdysones were then derivatised by Ikekawa 

et al. (1972) using trimethylsilyl imadazole (TMSI) and heptafluoro- 

butyrate (HFB), the silylated derivatives were analysed by GC-FID and 

clearly defined by mass spectrometry. Analysis of ecdysteroids by 

silylation, and subsequent determination by GC-FID, was used in the 

determination of ecdysteroid levels present in crustaceans by Gagosian 

et al. (1974) and Gagosian and Bourbonniere (1976).

As the limit of sensitivity of the FID is only 50 ng large scale 

extractions were necessary to obtain sufficient quantities of ecdysteroids 

from insects and crustaceans for analysis and quantification by GC-FID. 

Therefore, for analysis with the more sensitive electron capture detector 

(ECD), a suitable derivative was required for conversion of the ecdy­

steroids. Ikekawa et al. (1972) reported that HFB derivatives had 

ideal GC properties and could be detected with either a FID or an ECD, 

but these derivatives could not be prepared directly and their formation 

was achieved by silylation followed by an exchange reaction between TMS 

and HFB moieties. Independently, Poole et al. (1975) and Borst and 

O'Connor (1974) found that the ECD was sensitive to TMS ethers of 

ecdysteroids down to 20—50 pg. The GC—ECD has since been used in the 

analysis of ecdysteroids from insects (Morgan and Poole, 1976b; Wilson 

and Morgan, 1978; Wilson, 1979; Gande and Morgan, 1979 and Gande e_t al., 

1979) and from crustaceans (Poole e_t ¿il., 1975; Bebbington, 1975 and 

Wilson et al., 1981).
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The use of gas chromatography and spectroscopic methods in the 

analysis of ecdysteroids has been reviewed most recently by Morgan and 

Wilson (1980) and the use of fluorometry has been discussed by Koolman

(1980).

The prime aim of this project was to devise a simple and 

efficient analytical scheme to determine the seasonal variation, if 

any, of ecdysteroid production in the barnacle Balanus balanoides.

During the course of this study a variety of ecdysteroids were 

obtained, predominantly as gifts. These ecdysteroids were chromato- 

graphically analysed by TLC and GC-ECD after derivatisation to their 

TMS ethers under a range of conditions . From the results the 

feasibility of these ecdysteroids as possible internal standards in 

the analysis of ecdysone and 20-hydroxyecdysone was determined. In 

conjunction with this study the underivatised ecdysteroids were also 

analysed on RPTLC (see Discussion) and HPLC (Wilson ejt a K  1982) .

The structure of these ecdysteroids are shown in figures 8-10.
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DISCUSSION

Reverse Phase Thin Layer Chromatography

Reverse phase thin layer chromatography (RP-TLC) is an 

alternative to the use of thin layer chromatography (TLC) for the 

isolation and separation of ecdysteroids,as polar compounds such 

as these may become irreversibly adsorbed onto the normal phase 

silica plates and give poor recovery results. RP-TLC plates have 

a non-polar stationary phase and use polar eluents, so that, in 

comparison with TLC, the mobile phase is more polar than the 

stationary phase.

A number of RP-TLC plates are commercially available (see 

Sander ejt a_l. , 1981) but they can also be prepared in the laboratory 

by physically or chemically coating a normal phase TLC silica plate 

with a non-polar phase. Wilson et al. (1981) compared chemically 

bonded commercial and 'homemade' RP-TLC for the separation of some 

commonly occurring ecdysteroids in a variety of developing solvents. 

The 'homemade' RP-TLC plates were prepared by coating a silica TLC 

plate with trichlorooctadecylsilane and capping with trimethyl- 

-chlorosilane.

We determined the efficiency of a C ^  bonded RP-TLC plate 

(OPTI-UP) and two other plates that were prepared by physically 

coating normal phase TLC plates with liquid paraffin ("Nujol").

The non—polar phase was merely chromatographed onto the TLC plates 

by development in dichloromethane containing liquid paraffin, a 

much simpler and less time-consuming method than coating chemically.



The two types of 'homemade' RP-TLC plates were prepared from high 

performance (HP—K) Whatman TLC plates and 0.6 mm preparative plates 

generally used for the purification of TMS ethers of ecdysteroids. 

The values of some representative ecdysteroid developed on the 

three types of RP-TLC plates are given in table 2.

The time for development of these plates was found to be 

strongly dependent upon the particle size of the silica and the 

quantity of organic modifier in the solvent, but independent of the 

degree of coating. Thus the preparative 0.6 mm RP-TLC plates, made 

with relatively coarse grained silica, developed much faster. Using 

a developing solvent of 50% aqueous methanol the preparative 0.6 mm 

RP-TLC plates developed at 0.16 cm min ^, the Whatman HP-K RP-TLC 

plates at 0.026 cm min  ̂ and the 0PTI-UP plates at 0.082 cm min 

With 20% and 80% aqueous methanol the development times for the 

Whatman RP-TLC plates were 0.017 and 0.13 cm min  ̂ respectively. 

Identical rates were obtained for all degrees of coating from 

2^-10% v/v Nujol in dichloromethane.

Wilson jet al. (1981) recorded recoveries of 80% of 100 ng 

of ecdysone from RP-TLC plates compared with 50% from normal phase 

adsorption silica TLC plates. The recoveries obtained from our 

'Nujol' coated plates are comparable with these results and are 

shown in table 3. During the determination of the recoveries of 

ecdysone it became apparent that unless the Whatman HP-K plates 

were pre-washed, by chromatographing in dichloromethane before 

conversion to RP-TLC plates, they were of little use in quantitative 

analysis. This was due to the co-elution of compounds that inter­

fered with the detection of ecdysone by the electron capture 

detector. These contaminants prevented quantification of recoveries





Table 3

Recovery (%) of Ecdysone from RP-TLC plates.

Average Recovery (%)

Amount Laboratory made
applied OPTI-UP C 2 from Whatman Laboratory made

(ng) HPTLC plates. 0.6 mm RP-TLC plates

500 - - *
95

250 83 - *106

200 85

*CM00 -

100 99 74 88

50 91 69 68

25 *
85 - -

10 69 — _

* These results were obtained from single determinations. 

The other results were obtained from triplicate ex.perii 11tB.



of ecdysone at less than 200 ng per plate. After being washed, the 

plates could be used satisfactorily. The problem is exemplified in 

figure 11, which shows gas chromatograms of ecdysone recovered from 

Whatman RP-TLC plates that were converted without and after pre­

washing. This problem did not arise with the bonded OPTI-UP 

RP-TLC plates or the 0.6 mm preparative RP-TLC plates (where the 

silica was extensively washed before use - see experimental).

The recovery results indicate that these physically coated 

plates, which are simpler to prepare, give comparable results to 

those obtained for chemically coated RP-TLC plates.

These results also indicate another chromatographic technique 

that can be used to identify ecdysteroids. If a fluorescent 

indicator is incorporated into the plates the ecdysteroids, whose 

7-en-6-one group strongly absorbs UV light at 240 nm, can be 

readily detected by ultra-violet illumination down to 100 ng. 

Conversely if the material is not to be recovered detection using a 

vanillin-sulphuric acid spray followed by heating at 110 C or 

heating in an atmosphere of ammonium carbonate followed by 

visualising under ultra violet light at 366 nm are methods that 

have been suggested (Wilson et al., 1981); (the latter technique 

apparently detects down to 50 ng).

The preparative 0.6 mm RP—TLC plates were also employed 

to determine their efficiency in separating ecdysteroids from 

pigmented impurities in the extraction and purification of these 

moulting hormones from barnacles (see later), but did not prove

successful.
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The Preparation of Silyl Ethers of Ecdysone and 20-hydroxyecdysone

In the analysis of ecdysteroids from crustaceans, where the 

sample volume is small and therefore the levels of moulting hormone

46.

are likely to be very low, the final detection stage must be very 

sensitive and the only suitable technique available, other than 

the non-specific RIA, is gas chromatography with an electron capture 

detector. As this technique can only be used in the separation of 

volatile, thermally stable organic compounds the polar, polyhydroxyl 

ecdysteroids must first be converted to less polar, stable volatile 

derivatives before analysis. A variety of reagents are available 

for this conversion but in this study trimethylsilyl imadazole 

(TMSI) was used»which reacts with the ecdysteroids to protect some, 

or all, of the hydroxyl groups to produce trimethylsilyl (TMS) ethers 

(see figure 12), the derivative formed depending upon the duration 

and temperature of the reaction. The ecdysteroids posses a strongly 

electron capturing electrophore (Poole and Morgan, 1975) which confers 

a high sensitivity to the TMS ethers for detection by GC-ECD.

The reactivity of commercially available TMSI has been found 

to vary from batch to batch (Poole, 1975) and often did not produce 

satisfactory silylation of ecdysteroids and so we prepared our own 

reagent as described elsewhere. This material was consistent in 

its reactivity and separate 1 ml vials sealed for a long time, 

could be opened and transferred to a Reacti-vial, sealed with a 

rubber serum cap, and portions could be drawn from it to give 

reproducible reaction times. Nevertheless it was found advisable 

to assay separate vials from one preparation by silylation of 

standard ecdysteroids at least every three months and it was
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found necessary to prepare fresh reagent annually.

As the rate of reactivity was known to show some variation, 

the silylation of two standards, ecdysone and 20-hydroxyecdysone, 

was analysed to determine the conditions required to form single 

derivatives. Ecdysone possesses five hydroxyl (-0H) groups on 

carbons 2,3,14,22 and 25 and an additional -OH group on carbon 

20 occurs in 20-hydroxyecdysone. Poole (1975) reacted these two 

ecdysteroids with TMSI under a variety of conditions and analysed 

the resulting derivatives by mass spectrometry. He concluded that 

by reacting ecdysone with TMSI for 15 min at room temperature the 

four hydroxyl groups on C—2, C—3, C—22 and C—25 were rapidly 

silylated, to give the tetrakis TMS ether, and only by continuing 

the reaction for 40 h at 120°C could the 14a-0H group be fully 

derivatised. With 20-hydroxyecdysone the hydroxyl group on 0 2 0  was 

only fully derivatised by silylation for 4 h at 100 C and, as with 

ecdysone a reaction of 40 h at 120 C was required to obtain 

silylation of the 14a-0H to give the fully derivatised hexakis TMS 

ether of 20-hydroxyecdysone. Using our laboratory prepared TMSI 

it was found that the hydroxyl groups on C-2, 03, 0 2 2  and 0 2 5  were 

fully silylated after 30 min at room temperature, a reaction for 

5 h at 120°C was required to derivatise the 0 2 0  hydroxyl group 

and 60 h at 140°C was necessary to fully silylate the 14a hydroxyl.

The rate of reactivity of hydroxyl groups with TMSI was 

found to depend upon their chemical environment and the order in 

which they became completely reacted, as reported by Poole (1975) 

and Morgan and Poole (1976c), is 2 ,3 ,2 2,25>20>>14.

From these results it is apparent that the tetrakis TMS 

ethers of both ecdysone and 20-hydroxyecdysone, where the



C-2, C-3, C-22 and 0 2 5  hydroxyl groups are silylated, can be 

readily formed by silylation for 30 min at room temperature. Even 

when left overnight at room temperature no further derivatisation 

occurs. If, however, a sample is silylated longer at a higher 

temperature, 5 h at 120°C, then ecdysone still remains as the 

tetrakis TMS ether but 20-hydroxyecdysone is now fully converted 

to the pentakis TMS ether. Any further reaction time results in 

the gradual formation of the fully derivatised TMS ethers of both 

ecdysteroids but to obtain complete silylation to the pentakis 

and hexakis TMS ethers of ecdysone and 20-hydroxyecdysone 

respectively a mixture must be heated to 140°C for 60 h. The 

results of silylating 20-hydroxyecdysone under varying conditions 

are shown in figure 13, where the extent of the reaction is 

monitored by GC. Initially the tetrakis TMS ether is formed which 

is slowly converted to the pentakis and finally the hexakis TMS 

ether.

The results of silylating a mixture of these two ecdysteroids 

for 30 min at room temperature and 5 h at 120 C is shown in figure 

14. From these gas chromatograms it is clear that both sets of 

silylating conditions can be used to separate ecdysone and 

20-hydroxyecdysone. The first method has the advantage of speed 

of analysis whereas the longer reaction time, with heating, 

results in the formation of the pentakis, rather than the tetrakis, 

TMS ether of 20—hydroxyecdysone which is better resolved from the 

tetrakis TMS ether of ecdysone.

During the study of the rate of silylation with time it 

was found that using one sample and withdrawing aliquots at 

timed intervals was not satisfactory because of the unavoidable
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A = tetrakis ether (a) formed after 30 minutes. B — mixture of the 
tetrakis (a) and pentakis (b) ethers formed after 4h at 120 °C.
C = the pentakis (b) ether after 5h at 120 °C. D = a mixture of 
the pentakis (b) and hexakis (c) ethers after 16h at 140 °C. 
Chromatographic conditions as described in text.



Figure 13 continued
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C p c U t u K l n  i 1 V * v J  ~ O  * * 1
Chromatographic conditions; 285 C oven temperature with
detector at 300 °cj gas flow 50-60 ml min 
1.5% 0V0101 column.

-1 on an 0.9 m

ML

min
 

min
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exposure to moisture at each opening of the Reacti-vial. To 

overcome this a series of vials were prepared each containing 

identical concentrations of pyridine, TMSI and ecdysteroids and 

all were placed in an oven together but removed one at a time at 

fixed intervals. It was also found advisable to use an accurately 

controlled oven particularly when obtaining a single derivative 

from the 5 h silylation as fluctuating temperatures are liable to 

result in the formation of more than one product.

In all the silylation reactions the ratio of pyridine to 

TMSI was maintained at 2:1. Although it has been suggested that 

it is possible to use TMSI without any pyridine (Lafont et al.,

1980) we found this procedure unsatisfactory. Wherever a greater 

proportion of TMSI was used for silylation, or when used alone, 

specifically in reactions that required heating, there was a 

tendency for the imadazole to crystallize from the reaction on 

cooling and to occlude the silylated ecdysteroids. This problem 

never arose if the ratio of pyridine:TMSI was maintained at 2:1 

or more. The use of high concentration of TMSI also causes 

problems when the silylated ecdysteroids are purified by TLC. When 

the mixture is streaked or spotted onto the thin layer plate, the 

silica may be lifted from the glass and result in a poorly developed 

chromatogram.

The Preparation of Silyl Ethers of Ecdysteroids

When the conditions for silylation that gave single 

derivatives with ecdysone and 2 0-hydroxyecdysone had been 

determined, other ecdysteroids were obtained and their derivatives 

analysed by GC, after silylation under the same conditions. Each
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ecdysteroid was silylated for 30 min at room temperature, 5 h at 

120°C and 60 h at 140°C and the retention time of the derivatives 

determined by GC-ECD and compared with the values obtained for 

ecdysone which in this instance was used as a standard. These 

results are presented in table 4 and the structure of the free 

ecdysteroids discussed can be seen in figures 6-10.

From our present knowledge of the rate of silylation of 

hydroxyl groups on specific carbons (see earlier) we can make 

suggestions as to the nature of the derivatives formed from 

ecdysteroids that posses hydroxyl groups on C-2, C-3, C-14, C-20, 

C-22 and C-25. Those ecdysteroids that contain only hydroxyl 

groups on these carbons and their proposed derivatives are shown 

in table 5. This table also includes inokosterone and pterosterone 

which have an hydroxyl group on C-26 and C-24 respectively, both 

of which are in unhindered positions and are very likely to be 

readily silylated and have therefore been included in this list. 

These proposed derivatives are based on data obtained for ecdysone 

and 20-hydroxyecdysone but have yet to be confirmed by mass 

spectrometry. This confirmation was not possible to conduct with 

the very small samples at our disposal.

The remaining ecdysteroids either posses an additional 

chemical moiety or a hydroxyl group in such a position that it 

would be unwise to predict its rate of silylation without 

confirmation of the structure of the derivatives by mass 

spectrometry. In cyasterone a lactone ring occurs on the side 

chain on C-24 (Takemoto e_t _al. , 1969) which increases the molecular 

weight and the polarity of the silyl ether in comparison with other 

ecdysteroids. This causes the derivative to have a longer retention
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time, and poor peak shape at the temperature used for other ecdysteroid 

derivatives.

A group of plant ecdysteroids were also studied that have an 

additional chemical group, a cinnamate ester, attached to C-2 in 

place of a hydroxyl group. These ecdysteroids, which have been 

isolated from the bark of Dacrydium intermedium by Russell e_t al. 

(1972), are 20-hydroxyecdysone-2-cinnamate, polypodine B 2-cinnamate 

and ponasterone C 2-cinnamate. As with cyasterone, these compounds 

had poor GC characteristics and the broad peak shape and multiple 

product formation may have arisen from hydrolysis of the ecdysteroid 

into the parent compound and cinnamic acid on silylation. It has 

been noted elsewhere that this had in fact occurred when developing 

these ecdysteroids on silica TLC plates.

Four ecdysteroids studied possess a hydroxyl group in the 

6 position on carbon 5. These were dacrysterone (56—hydroxymakist— 

erone A), a phytoecdysteroid isolated by Russell and Fraser (1973), 

kaladasterone (26, 36, 56, 14a, 20, 22-hexahydroxycholest-7-en-6-one) 

and muristerone (lla-hydroxykaladasterone) both isolated by Canonica 

et al. (1975) and polypodine B (26, 36, 56, 14a, 20, 22, 25-

heptahydroxycholest-7-en-6-one) a phytoecdysteroid first extracted 

from a fern by Jizba et aT. (1967a, b). Fortunately we were able to 

obtain sufficient quantities of polypodine B to determine the mass 

spectrum of the derivative formed after 5 h silylation at 120 C.

This is shown in figure 15 and indicates that six of the seven 

hydroxyl groups have been silylated to form the hexakis TMS ether.

As we know that the 14a hydroxyl group is not silylated under these 

conditions we can deduce that the 56-OH has been derivatised. As 

yet though we do not know whether this hydroxyl group is silylated
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readily at room temperature and so we can only conclude what the 5 h 

and 60 h derivatives actually are. We can extrapolate this result 

and speculate that after 5 h silylation at 120°C the following 

derivatives of ecdysteroids with a 56-OH group are formed; the 

hexakis TMS ether of dacrysterone and the pentakis IMS ether of 

kaladasterone, and after 60 h at 140°C, when the 14a-0H has been 

fully silylated, the heptakis and hexakis TMS ethers of dacrysterone 

and kaladasterone are formed respectively.

In ajugasterone C (lla-hydroxyponasterone A) and muristerone 

a novel hydroxyl group is found on the C ring in an a position on 

carbon 11 (Imai ej: al. , 1969 and Canonica e_t _al. , 1975). As only 

small quantities of these two ecdysteroids were available no mass 

spectra of the derivaties were obtained and it is therefore not 

possible to propose the rate of silylation for this group. Also 

with muristerone multiple peaks were obtained when the derivatives 

were gas chromatographed which indicated that either the compound 

was impure or that some of the hydroxyl groups were only partially 

silylated under the sets of conditions employed.

The last phytoecdysteroid to be analysed was calonysterone 

(26, 3g, 6, 20, 22, 25 -hexahydroxycholesta-5,8(9),14-Crien-7-one) 

which is an unusually modified ecdysteroid as it is more unsaturated, 

has the ketone group on C—7, not on C—6 on which there is an hydroxyl 

group and the 14a hydroxyl is absent. Silylation yielded two products, 

one after derivatisation for 30 min at room temperature and the 

other after 5 h at 120°C. No further derivatisation occurred by 

increasing the silylation time or temperature and it was concluded 

that after 5 h the ecdysteroid was fully derivatised as the hexakis 

TMS ether. The derivative formed by silylation at room temperature 

was assumed to be the pentakis TMS ether where all but the hydroxyl
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group on 0 2 0  had been derivatised. As the hydroxyl group on 0 6  

is in such an unhindered position we propose that this group is 

readily silylated as are those hydroxyl groups on 02, 03, 0 2 2  

and 025. Unfortunately a comparison of the response of these 

derivatives to the ECD, with ecdysone and other ecdysteroids, could 

not be made as the sample was too small to allow for any solutions of 

accurate concentrations to be prepared. Had this been possible we 

could have assessed the effect of the 5,8(9), 14-trien-7-one as an 

electrophore in comparison with the 5B-7-en-6-one found in most 

ecdysteroids. The silyl ethers of calonysterone however gave sharp 

peaks when gas chromatographed and were readily detected.

The final ecdysteroid analysed was one that had been prepared 

synthetically by Harrison et al_. (1966), 22-isoecdysone, and has been 

shown to have between one quarter and one eighth of the moulting 

hormone activity of ecdysone in bioassays. This ecdysteroid differs 

from ecdysone only in its orientation of the hydroxyl group on C-22 

which is in the iso position. If this difference has no effect on 

the rate of silylation we would expect two derivatives to be formed 

as with ecdysone. In fact three derivatives were made. After a 

30 min silylation at room temperature a single derivative was made 

which had a retention time of 7.5 min when gas chromatographed. If 

the mixture was silylated in excess of 30 min but still at room 

temperature a second peak gradually developed with a shorter 

retention time. This peak with the shorter retention time was 

obtained as a single derivative by silylation for 5 h at 120 C.

From these results it was speculated that the hydroxyl group on 

C-22 did not silylate as readily as C-22 hydroxyl on ecdysone.

Hence the first derivative was the tris TMS ether where the C-2,
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C-3 and 0 2 5  hydroxyl groups were silylated and the derivative 

formed after 5 h at 120°C was the tetrakis TMS ether where the 022 

group had also been fully derivatised.

The data provided by this study, even without the mass spectra 

that could establish the exact structures of the silyl ethers, is 

useful in providing a wider range of standard substances to help 

with identification of unknown ecdysteroids and understanding the 

range of properties they may possess.

Thin Layer Chromatography of Silyl Ethers of Pure Ecdysteroids

The formation of derivatives by silylation to give the 

trimethylsilyl (TMS) ethers, reduces the polarity of the ecdysteroids 

and these derivatives can be separated by TLC without the complications 

of poor recovery associated with the TLC of the polar parent compounds 

on silica.

The TLC procedure was used primarily to purify the reaction 

mixture after silylation to remove excess silylating reagent and 

imidazole, before injection onto the gas chromatograph, to prevent 

contamination of the electron capture detector. When pure ecdysteroids, 

however, were silylated they were generally at such a high concentration 

that dilution with toluene was adequate to prevent detector contamination. 

Only where the levels present are very low, as in a biological sample, 

is this TLC clean up procedure necessary. In this instance the sample 

is streaked along the origin of a specially prepared 0.6 mm thick 

silica TLC plate and developed in toluene:ethyl acetate (7:3). After 

development, a band of silica containing the derivatives is scraped 

from the plate and any silyl ethers are eluted with diethyl ether.

To determine the appropriate band to remove from the plate the 

kj values for standard ecdysteroids must first be found.
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By applying at least 500 ng of derivatised pure ecdysteroid 

onto a TLC plate the R^ of the compound, after development, can be 

determined by visualising under ultra violet illumination. Using 

this procedure the values of derivatives, formed under varying 

conditions, for a number of ecdysteroids were obtained and are listed 

in table 6.

To determine the recoveries of tetrakis TMS ether of ecdysone

and pentakis TMS ether of 20-hydroxyecdysone the method used by Wilson

(1979) was employed. A sample of ecdysteroid was divided into two

and both portions were then silylated, for 5 h at 120°C to give the

appropriate derivative, but only one sample was used for TLC. After

recovery of this half from the silica both samples were diluted to

the same volume with toluene and analysed by gas chromatography.

Their resultant peak areas were compared and recoveries of 80-90%

down to 10 ng were recorded which confirm the results obtained by
_ 8

Wilson (1979) who cites 85% recoveryof 1 x 10 g or 10 ng.

An initial problem arose from impurities that were extracted 

from the plates, along with the silyl ethers by the elution of 

diethyl ether, that contaminated the electron capture detector 

giving a very broad solvent peak. This hampered the quantification 

of ecdysteroids at low levels that were likely to be encountered in 

a biological sample. The impurity was found to occur in the silica 

and the problem was resolved by extensive washing of the support 

with both methanol and diethyl ether before use in the preparation 

of TLC plates. This extensive washing may also have prevented any 

hydrolysis of silyl ethers which Wilson (1979) reported, but here 

was not found to occur.

is
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Table 6

Rf Values of the TMS Ethers of Ecdysteroids on Silica

PARENT

COMPOUND

R„ Value of 
After

the Derivative Formed 
Silylation for:

30 min at 
room

temperature
5 h at 
120°C

60 h at 
140°C

Ecdysone 0.72 0.72 0.82

20-Hydroxyecdysone 0.65 0.69 0.75

Ajugasterone C 0.63 0.8 0.8

Calonysterone 0.7 0.76 0.76

Carpesterol 0.7 0.7 0.7

Cyasterone - - 0.72

Dacrysterone 0.54 0.77 0.81

2-Deoxyecdysone 0.74 0.74 0. 78

2-Deoxy 3-epiecdysone 0. 74 0.74 0.77

2-Deoxy-20-hydroxy ecdysone 0.74 0.68 -

20-Hydroxyecdysone 2-cinnamate 0.64 0.81 0.75

Inokosterone 0.65 0.72 0.8

22-Isoecdysone
* 0.77 0.79

Kaladasterone 0.7 0.73 0.75

Makisterone A 0.67 0.72 0.78

Muristerone
* *

0.47 0.59

Polypodine B 0.65 0.74 0.76

Polypodine B 2-cinnamate 0.4 0.76 0.83

Ponasterone A 0.67 0.78 0.71

Ponasterone C 0.34 0.71 -

Ponasterone C 2-cinnamate 0.38 0.75 0.78

Poststerone+ 0.6-0.8 0.6-0.8 0.6-0.8

Pterosterone 0.71
*

0.71 0.73

* " silylation of these ecdysteroids under these conditions formed 
mixed derivatives.

+ “ too small a sample to be viewed under UV illumination, so 1 cm 
bands of silica were removed and analysed for the presence o 
silyl ethers.
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Evaluation of Some Phytoecdysteroids as Internal Standards for the 

Chromatographic Analysis of Ecdysone and 20-hydroxyecdysone from 

Barnacles

In the analysis of trace constituents such as ecdysteroids 

some losses during sample preparation are probable. Where an 

extensive extraction and isolation procedure is employed the use of 

an internal standard ensures that the method is both reproducible 

and efficient by determining the percentage recovery of that standard.

Results from analysis of levels of 20-hydroxyecdysone extracted 

from barnacles over a period of one year (see later) indicated that 

a considerable variation occurred seasonally. At this point it was 

considered essential to introduce an internal standard into the 

extraction procedure to ensure that this variation was not merely due 

to the irreproduoibility and inefficiency of the analytical scheme. 

Ideally such a standard would co-elute with the ecdysteroid through­

out the chromatographic stages but would be readily separable at the 

final detection stage. The most likely candidate would probably be 

another ecdysteroid and so a further consideration was that the 

standard had not been isolated from barnacles, ideally not from other 

crustaceans either. A phytoecdysteroid of similar structure and 

retention times would be most suitable.

Miyazaki £t al. (1973) have used cyasterone as a GLC internal 

standard, as have Lafont e_t a_l. (1974 and 1980). More recently 

Lafont et al. (1980) has also used makisterone A. The properties 

of these two, plus a number of other ecdysteroids, were studied on 

a variety of chromatographic techniques. Wilson £t al., (1982) 

studied their properties on HPLC, and after derivatisation their

determined. The derivativesretention times on TLC and GLC-ECD were



were prepared by silylation with TMSI under the conditions described 

elsewhere for the preparation of silyl ethers of ecdysone and 

20-hydroxyecdysone for detection by TLC and GLC-ECD.

From the large number of pure ecdysteroids studied earlier, 

five candidates were selected as possible compounds for use as an 

internal standard; these were calonysterone, inokosterone, 

makisterone A, polypodine B and ponasterone A. Unfortunately 

makisterone A and more recently ponasterone A have been detected 

in crustacean extracts (Faux ejt al. , 1969; McCarthy, 1979 and 

Lachaise e_t jtL., 1981) as well as in plants and other arthropods 

(see Horn and Hetru, 1980) and inokosterone has also been isolated 

from crustaceans (Faux et al., 1969) but calonysterone has only been 

extracted from Kaladana seeds of a plant of the Ipomoea species 

(Canonica e_t a^., 1973) and polypodine B, a phytoecdysteroid, also 

occurs only in plants.

As ecdysone had been detected in barnacles in addition to 

20-hydroxy ecdysone (Bebbington, 1975) the most useful derivatisation 

of these two ecdysteroids was silylation for 5 h at 120 C with TMSI 

to yield the tetrakis TMS and pentakis TMS silyl ethers respectively 

which could be readily resolved by GLC-ECD. This was therefore the 

silylation procedure used for analysis of ecdysteroids extracted 

from barnacle and the retention times of the derivatives of the 

internal standard candidates formed under these conditions were 

compared with them. The results are shown in table 7. The ECD 

response is also included and it can be seen that, relative to 

ecdysone, they all show a similar response excepting polypodine B 

where the response is only about a fifth of that of ecdysone 

presumably due to the presence of the 58 hydroxyl group. No value 

is given for calonysterone as the sample we were given was very



Figure 16. Gas Chromatogram of TMS ethers of some Ecdysteroids

derivatised by silylation for 5h at 120 °C.

1. Tetra-TMS Ponasterone A

2. Tetra-TMS Ecdysone

3. Penta-TMS 20-Hydroxyecdysone

4. Hexa-TMS Polypodine B

5. Penta-TMS Inokosterone

6. Penta-TMS Makisterone A.
7» Hexa-TT'S Calonysterone

GC conditions; 285 °C, 0.9 m 1.5% 0V101 with a gas flow of

Detector at 300 °C.50-60 ml min
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Figure 16(a). Gas chromatogram of Ecdysteroids Extracted from 

Barnacles.

Conditions as for figure 16. 1=  ecdysone, 2 20-hydroxyecdysone 

and 3 makisterone A. The makisterone A had been added as an internal
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Table 7

GLC Retention Data for TMS Ethers of Ecdysteroids 

Prepared by Silylation for 5 h at 120°C.

Compound
fcR

(min) Ecdysone
20-hydroxy­
ecdysone

ECD response 
relative to 
ecdysone

Ecdysone 6.9 1 0.73 1

20-hydroxyecdysone 9.45 1.37 1 1

Calonysterone 10.5 1.52 1.11 -
*

Cyasterone 19.8 2.86 2.07 -

Inokosterone 10.8 1.57 1.14 1

Makisterone A 11.4 1.64 1.2 1

Polypodine B 10.7 1.55 1.12 0.22

Ponasterone A 6.2 0.89 0.65 1

* Cyasterone also gave peaks at 16.3 and 28.4 min to ca 20% of the

total.
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and some insoluble material appeared to be present so that sample 

weighing was not reliably accurate. From the results of the retention 

times it was apparent that derivaties of calonysterone, inokosterone 

and polypodine B did not separate adequately from the pentakis TMS 

ether of 20-hydroxyecdysone and that only makisterone A and ponasterone 

A gave base line separation. However, if ecdysone is also present in 

the sample, ponasterone A will interfere with the detection of this 

ecdysteroid and hence the only suitable candidate as an internal 

standard in the analysis of ecdysteroids from barnacles was makisterone

A. A composite chromatogram of the results is shown in figure 16 which 

further confirms this conclusion.

It is unfortunate that makisterone has been found previously 

in crustaceans, nevertheless, no reports have been made of its 

occurrence in cirripedes and it has not been detected in the barnacle, 

Balanus balanoides.

Thin Layer Chromatography of Pure Ecdysteroids.

Although the recovery of ecdysteroids from normal silica thin 

layer chromatography (TLC) plates is inefficient, this method of 

separating ecdysteroids and identifying them from their values is 

still very popular. The ecdysteroids we studied could be readily 

detected by visualising them under ultraviolet illumination but the 

limit of detection was approximately 500 ng. This confirms the 

detection levels given by Morgan and Poole (1976a) but Wilson £t al_.

(1981) have recently reported that, using TLC plates incorporating a 

fluorescent marker, 100 ng could be detected as visible dark spots

against a fluorescent background.

A variety of solvent systems have been employed in the analysis 

of ecdysteroids by TLC and have been reviewed by Morgan and Poole
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(1976a) and Morgan and Wilson (1980). The Rf values of a number of 

ecdysteroids, developed on 0.6 mm silica TLC plates in three solvent 

systems, are presented in table 8.

In this study these results were obtained merely to assist 

other research workers in their identification of unidentified 

extracted ecdysteroids. The possibility of using TLC in the 

extraction and isolation of ecdysteroids from barnacles was 

discounted because of the poor recovery results due to irreversible 

adsorption of the polar ecdysteroids onto the silica. The most 

recent evaluation of percentage recovery of an ecdysteroid from a 

TLC plate was made by Wilson et_ al. (1981) who reported 50% recoveries 

of 1 yg, 500 ng and 100 ng of ecdysone. The barnacle samples we 

were analysing were expected to contain in the region of 500 ng - 1 yg 

of ecdysteroid at the peak at the seasonal variation of ecdysteroid 

production. Therefore such poor recoveries prohibited the use of this 

technique for quantification studies.

It was also apparent that this technique is not suited to the 

study of those*ecdysteroids which have a cinnamate group on carbon 

number 2. After running in the developing solvent, three spots were 

visible under the UV illumination. The most concentrated spot was 

the ecdysteroid 2-cinnamate but a spot, albeit very faint, was also 

present that gave an Rf value corresponding to the parent ecdysteroid. 

The third spot occurred just below the solvent front and was deemed 

to be due to the hydrolysed cinnamic acid. These results were obtained 

with all three compounds, 2 0-hydroxyecdysone 2-cinnamate, polypodine 

8 2-cinnamate and ponasterone C 2—cinnamate. Analysis of these 

phytoecdysteroids by silylation and GLC-ECD (see earlier) suggested 

multiproduct formation and so two possibilities arose. The s p 

may have been contaminated with a low concentration of the free parent



Table 8. Values of Pure Ecdysteroids on 0.6 mm Silica TLC Plates

Solvent System

Ecdysteroid CH2Cl2:MeOH
(4:1)

CHC13:95% 
EtOH(85:15)

CH2C12:
(85:15)

MeOH

Rf Rf
*

Re Rf
*

Re

Ecdysone 0.31 0.10 1 0.10 1

20-Hydroxyecdysone 0.26 0.07 0.7 0.07 0.7

Ajugasterone C 0.29 - - 0.09 0.9

Carpesterol 0.91 - - 0.78 7.8

Cyasterone 0.44 - - 0.14 1.4

Dacrysterone - 0.13 1.3 0.14 1.4

2-Deoxyecdysone - - - 0.23 2.3

2-Deoxy-3-epi-ecdysone - 0.23 2.3 0.23 2.3

2-Deoxy 20-hydroxyecdysone 0.43 - - 0.17 1.7

20-Hydroxyecdysone 2-cinnamate - 0.35 3.5 0.30 3

Inokosterone 0.24 0.10 1 0.08 0.8

Makisterone A 0.28 0.08 0.8 0.09 0.9

Maristerone 0.31 - - 0.14 1.4

Polypodine B 0.29 0.10 1 0.10 1

Polypodine B 2-cinnamate - 0.40 4 0.38 3.8

Ponasterone A 0.49 0.25 2.5 0.23 2.3

Ponasterone C - 0.26 2.6 0.20 2

Ponasterone C 2-cinnamate - 0.55 5.5 0.52 5.2

Poststerone 0.49 - - 0.16 1.6

Pteros terone - 0.17 1.7 0.16 1.6

* R - Relative to ecdysone
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ecdysteroid with the original hydroxyl group on carbon 2, 

or some hydrolysis of the compound may have occurred. This second 

hypothesis is supported by the TLC data and the fact that a similar 

problem has been recorded previously by Wilson (1979) where some 

hydrolysis of TMS ethers occurred when silylated ecdysteroids 

contacted dry silica on a TLC plate.

Collection of Samples of Balanus balanoides 

The prime consideration was to locate a suitable collection 

site from where small samples of barnacles could be obtained 

regularly over a two to three year period. The site had to be 

readily accessible from the laboratory and the barnacle Balanus 

balanoides had to be present in sufficient numbers to enable samples 

to be collected frequently without denuding or adversely effecting 

the area. After a preliminary survey a site at Menai Bridge, North 

Wales, was found that met these requirements; the area was easily 

accessible from the laboratory at Keele University and the species 

of barnacle was present in abundance. As there is a large tidal 

range at this site, in excess of ten metres from low to high water 

during the equinoctial tides, there is a very wide balanid zone.

Thus it was possible to collect small samples regularly from this 

zone from a fixed tidal position by always collecting barnacles 

from the same height from a north facing bridge support.

Another consideration when choosing the site concerned the 

species of barnacles present. Three species of barnacles commonly 

occur in the inter tidal region around the British coastline; 

Chthamalus stellatus (Poli), the australasian immigrant Elminius

modestus (Darwin) and B. balanoides. C. stellatus and B. balanoides
as they bothare difficult to distinguish from external appearances
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posses six shell plates unlike 12. modestus which only posses four and 

is readily distinguished (see figure 17 after Southward, 1976). 

Fortunately, at this site, 12. modestus is the only other barnacle, 

apart from B. balanoides, to be found in great numbers. The 

australasian immigrant was found predominantly around the mean high 

water mark above the intertidal range so few individuals of this species 

were found in the lower balanid zone, but whenever any Eh modestus 

did occur they were readily distinguished and removed before any 

barnacle collection took place.

In addition to removal of other species of barnacles the 

collection area was carefully cleared of seaweed and any other marine 

organism before the sample was scraped from the stone face. Whenever 

possible barnacles of approximately the same size were collected 

ensuring, particularily during the late spring and summer, that newly 

settled spat were not included. The barnacles were carefully prised 

off the stone to ensure that the membranous base of the individuals 

suffered little or no damage. This was achieved most successfully by 

prising tightly packed groups or settlements of barnacles, as opposed 

to individuals, from the surface.

The collection was made as rapidly as possible, the barnacles 

being killed immediately by complete submersion in methanol. This 

solvent causes protein denaturation and subsequently halts enzyme 

activity and prevents any possible loss of hormone by autolysis 

(Bebbington, 1975) .

Introduction of An Internal Standard Into the Analytical Scheme 

After analysis of barnacle sample for levels of 20 hydroxy 

ecdysone for one year, and after the chromatographic analy 

ecdysteroids recorded earlier, it was apparent that a wide rang
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levels occurred seasonally. To ensure this was an accurate result 

and not the result of irreproducibility of the scheme, an internal 

standard was introduced into the system. This was makisterone A 

and in all future samples 1 pg of this compound was added to the 

barnacle sample before grinding to determine the percentage recovery 

of both this standard and the extracted 20-hydroxyecdysone.

Extraction of Ecdysteroids from Barnacles.

With the small sample of barnacles the one quarter h.p. grinder 

proved adequate to completely break down the hard calcareous shells 

but the resultant semi-solid mass was difficult to filter through a 

Buchner funnel and filter paper and this was substituted with an 11 cm 

sintered glass funnel. By increasing the volume of methanol to a 

total amount of four times the volume of barnacles, and using a 

vacuum line, the methanolic filtrate was rapidly obtained free from 

any particulate matter. Care was taken to ensure that the residue 

was thoroughly washed with methanol so that no loss of ecdysteroid 

occurred by adsorption onto the finely ground calcareous particles.

(i) Solvent Partition Systems.

The viscous dark green residue obtained by the evaporation of 

the methanolic filtrate was first partitioned between aqueous methanol 

(80%) and light petroleum (b.p. 40-60) with 1% iso-propanol. The 

colour of the methanol from the preliminary extraction indicated that 

pigments from the algae encrusted on the barnacle shell (Parke, 1935) 

would be a major source of impurities. Although these pigments 

along with lipids and non-polar steroids, passed predominantly into 

the light petroleum phase when a simple aqueous methanol:light 

petroleum system was used, this purification was enhanced by the
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addition of 1% isopropanol to the ether phase. To ensure that the 

polar ecdysteroids were still retained in the aqueous methanol the 

recovery of three pure ecdysteroids in this partition system was 

found. Standard of makisterone A and the two ecdysteroids known to 

occur in barnacles, ecdysone and 20-hydroxyecdysone were analysed 

to determine their partition coefficients in the solvent mixture.

In separate tests each ecdysteroid was added to the aqueous methanol 

phase of an aqueous methanol : light petroleum with 1% isopropanol 

partition system. The two phases were then analysed for ecdysteroid 

by evaporating to a residue, reacting with trimethylsilyl imadazole 

to form the trimethylsilyl ether of the ecdysteroid, and the quantity 

present determined using gas chromatography with an electron capture 

detector. With all three ecdysteroids no appreciable amount was 

found in the non-polar petroleum phase. Full recovery of the 

ecdysteroids, after two backwashes of the petroleum, was obtained 

from the aqueous phase and this modified partition was deemed 

acceptable.

No problems with formation of emulsions were encountered with 

this quarternary mixture.

The solid residue obtained from evaporation of the aqueous 

phase from the first partition was then partitioned between equal 

volumes of distilled water and butanol. In the analysis of ecdysteroids 

from insect material it was found that polar ecdysteroid conjugates 

when present (from faeces, eggs or adults), were partitioned into the 

lower aqueous phase whereas only free polar ecdysteroids were 

partitioned into the upper butanolic phase (Wilson, 1979). This 

separation therefore provides a convenient method for the separation 

of free and conjugated ecdysteroids in one sample and was retained 

unaltered in this analysis to determine the presence, if any, of
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both free and conjugated ecdysteroids in B. balanoides. After two 

backwashes with butanol the aqueous phase was retained at 4°C, after 

being reduced to a small volume, for enzymatic analysis of conjugates 

at a later date.

The ethyl acetate-water partition system that was used next 

by Morgan and Poole (1976) and Wilson (1979) did not reduce the total 

amount of material or remove the coloured impurities from the sample 

when analysing barnacle material. Various solvent systems were 

examined, the most useful was found to be similar to the first 

partition system using a non-polar and an aqueous phase; hexane 

and aqueous iso-propanol. This new system proved adequate in further 

removal of the brown pigmented material and determination of recovery 

of standard ecdysone,20—hydroxyecdysone and makisterone A as before, 

showed that these ecdysteroids partitioned exclusively into the 

lower aqueous phase. To ensure maximum recovery the hexane was 

backwashed twice with aqueous iso-propanol and the combined aqueous 

extracts evaporated to give a brown residue.

In the analysis of ecdysteroids from insect material, Wilson 

(1979) found that three solvent partition systems were satisfactory 

for purification of the ecdysteroids present and at this stage the 

residue from the final partition was thoroughly dried and silylated 

to convert any ecdysteroids present to their trimethylsilyl ether 

derivatives. These derivatives were then purified by thin layer 

chromatography and recovered from the TLC plate by scraping the 

appropriate R band of silica into a glass column, from which the 

derivatives were then eluted with diethyl ether. After evaporating 

the ether, the residue was taken up in toluene and samples were 

injected onto a gas chromatograph, fitted with an electron c p 

detector, to determine the presence and concentration of any
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Figure 18. A Gas Chromatogram showing Contamination of the 

Electron Capture Detector.

Trace shows the pentakis TMS ether of 20-hydroxy- 
ecdysone and the presence of 'negative peaks 
(arrowed) due to contamination. Note also the 
broad solvent front.
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silylated ecdysteroids. This procedure was attempted with a barnacle 

sample. After drying and silylating the sample was developed on a 

TLC plate where it was noted that pigmented impurities had similar 

values with any silylated derivatives of ecdysone or 20-hydroxy- 

ecdysone. When the appropriate Rf band was scraped from the plate, 

placed in a small glass column, and eluted with ether these 

impurities were eluted with any derivatised ecdysteroid. Subsequently, 

when the ether had been evaporated and the resultant residue taken 

up in toluene, and samples injected onto the gas chromatograph, 

gross contamination was observed with formation of negative peaks 

(see figure 18). The impurities were present in a high enough 

concentration to mask the detection of the relatively low levels of 

ecdysteroids present in 13. balanoides.

From this analysis it was clear that a further purification 

step, in addition to three solvent partition systems, was required 

before the barnacle sample would be ready for silylation. The 

considerations for an additional analytical technique were that, 

it would need to be a relatively rapid technique using readily 

accessible equipment, as barnacles were collected approximately once 

every two weeks and as the levels of ecdysteroids present in small 

samples was so low (>500 ng) the recovery would need to be high and 

reproducible.

(ii) Sep-Pak Cartridges.

Wilson et al., (1980) had used disposable Sep-Pak cartridges 

for the successful purification of locust haemolymph before 

ecdysteroid analysis by high performance liquid chromatography.

These cartridges provide a simple and rapid purification step y 

simply passing a solution through the support, using a sy ’ 8
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Figure 19. A gas chromatographic trace showing impurities from
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are available with either a silica or a C^g reverse-phase packing

rileor. el al., (198c) fct-r.c the t efter ohromatographing a maniple on a
1.' U . iojj the resultant
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Barnacle samples were analysed both before and after silylation 

on reverse phase C^g and silica cartridges respectively in methanol 

and toluene, but these organic solvents extracted, what has been 

assumed to be, plasticizers from the cartridges which subsequently 

caused gross contamination and negative peak formation with the 

electron capture detector. Even after pre-washing the cartridges 

with these solvents the impurities were still present at levels which 

prevented any accurate quantification of the extracted eedysteroids 

from barnacles (see figure 19). More recently Lafont et al., (1981) 

have used Sep-Paks in a simple and efficient scheme for sample 

processing in preparation for HPLC, where the plasticizers apparently 

caused no problems, and have recorded recoveries of 85% of 1 Pg °f 

makisterone A.

It would appear that for analysis of biological fluids or 

tissues with relatively high levels of eedysteroids present these 

cartridges will be of great value for their simplicity and rapidity 

in eedysteroid analysis.

(iii) Reverse Phase Thin Layer Chromatography.

The success achieved in preparation of reverse phase thin 

layer chromatography plates (see earlier) prompted us to determine 

the efficiency of this method as a purification step in the 

isolation of eedysteroids from barnacles. The recovery results 

obtained by us and Wison et al. (1981) indicated that this method was 

suitable even with the low levels of eedysteroids likely to b
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present in barnacles. The plates used in this method were prepared 

by development in dichloromethane containing 7§% v/v liquid paraffin 

"Nujol".

The 0.6 mm RPTLC plates had a greater loading capacity and 

developed more rapidly than the commercially available plates because 

of the larger grain size of silica used in their preparation. Never­

theless, it can be seen that this did not impair the recovery of the 

ecdysteroids, and as the levels in the barnacle samples would be of 

the order of 100-500 ng, the use of these plates was considered.

The barnacle residue, after the solvent partition systems, 

was taken up in a small known volume of methanol. An aliquot of 

this was evaporated to reduce the volume and streaked along the origin 

of an equilibrated RPTLC plate. After development in 50% aqueous 

methanol, and by comparing known R^ values for ecdysteroids in this 

solvent system, it was apparent that the sample contained many 

pigmented impurities, some of which co-chromatographed with any 

ecdysteroids present. However, an attempt to recover any 

ecdysteroids was made by scraping the appropriate R^ band of silica 

into a small glass column and eluting with methanol. The pigmented 

contaminants eluted off the silica immediately as would any 

ecdysteroids, further emphasising that this scheme was of no 

assistance at this stage in the analysis of barnacle samples. The 

possible use of RPTLC in the analysis of ecdysteroid, however, 

must not be discounted as the technique is simple, the recoveries 

are excellent and samples can be loaded on the inexpensive laboratory 

prepared plate in aqueous solutions.

Thin layer chromatography is a suitable purification te q 

for a compound in large quantities (micrograms or milligrams) where 

small loss, of say 100 ng, would still result in a high perc g
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recovery. With samples at a much lower level of several hundred 

nanograms such a loss would result in a very low percentage 

recovery and render the technique useless for quantification studies. 

These small amounts are also difficult to visualise by non-destructive 

means such as UV fluorescence, and it is necessary to scrape a wide 

band of silica to ensure maximum recovery particularly if more than 

one compound present is to be recovered. This scraped silica is then 

generally placed into a small glass column and eluted with a suitable 

solvent to obtain the desired compound. Obviously in the case of 

small samples it would be preferable to use column chromatography 

directly, where manipulative losses are liable to be less and the 

procedure more rapid.

For these reasons the next technique considered as a further 

step in the purification of ecdysteroid from barnacles was column 

chromatography. It was deemed inadvisable to use silica or alumina, 

where recoveries are known to be low due to irreversible adsorption 

of the highly hydroxylated ecdysteroids onto the support (Miyazaki 

et al., 1973), or ion exchange resins as ecdysteroids are sensitive 

to both acid and alkaline conditions. A less polar adsorbant was 

required and microcrystalline cellulose, Floridin earth (Florex) 

and Sephadex were proposed as possible candidates.

(iv) Column Chromatography on Microcrystalline Cellulose.

Gilgan and Farquharson, (1973) had used descending paper 

chromatography in the analysis of ecdysteroids using various 

composed of benzene saturated with aqueous isopropanol. T 

successful developing solvent they labelled BiP45 which consi 

of equal volumes of benzene, and 45% iso-propanol in distilled 

being shaken together and then left to equilibrate and separate 

24 h. The benzene phase was then used as the developing solvent.
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This developing solvent plus BiP50, BiP60, benzene saturated with 

distilled water only and petroleum ether (b.p. 40-60): diethyl 

ether (90:10) were assayed for development of ecdysteroids on 

pre-prepared cellulose TLC plates as a preliminary to microcrystalline 

cellulose column chromatography. After determination of the R̂. 

value of ecdysone on a cellulose TLC plate in each of the solvent 

systems a barnacle sample was partially purified using the partition 

systems and the final residue was taken up in methanol. To this 

solution sufficient ecdysone was added so that a corresponding spot 

could be readily visualised under an ultra violet lamp (254 nm) after 

the solution had been chromatographed on the cellulose TLC plates.

A sample of tĥ 's solution was then streaked along the origin of a 

cellulose TLC plate which was then developed in one of the solvent 

systems. The results of these assays are shown in table 9, where 

the of ecdysone is compared with the R^ values of visible 

pigmented impurities. From these results BiP50 (benzene saturated 

for 24 h with an equal volume of 50% aqueous isopropanol) was chosen 

as the eluting solvent for analysis of a barnacle sample by micro 

crystalline cellulose column chromatography.

Initially a barnacle sample with 10 ug of standard ecdysone 

added was placed on a column of microcrystalline cellulose and 

eluted with BiP50, fractions were collected and evaporated to dryness 

and analysed for the presence of ecdysone by silylation and gas 

chromatography. Unfortunately visible impurities still co chromatograp 

with the ecdysteroid and on silylation caused con.amination 

gas chromatograph to such an extent tha*" it was impossible to q y

the recovery of ecdysone. As the levels of ecdysteroids in a barnacle 

sample would be far lower than used in this test case, 

deemed unacceptable in this instance.

the method was
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Table 9< Development of a barnacle sample with added ecdysone on 

cellulose TLC plates.

Solvent System

v

BÍP45 

BiP50 

BiP60

Benzene (wet)

Petroleum ether : diethyl ether 
(90:10)

* Using aqueous solvent it was difficult to obtain a concentrated 

spot and these values give the range over which the ecdysone 

could be seen under UV light.

:k
Ecdysone

0.36 - 0.58 

0.41 - 0.51 

0.57 - 0.81 

0 

0

lue

Pigmented

0.73

0.74

0.71

0

Impurities

■ 0.96

■ 1.00 

■ 0.95 

• 0.8
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(v) Column Chromatography on Floridin Earth (Florex)

The second support analysed was the relatively non-polar 

Floridin Earth (now marketed as Florex) which had previously been 

used by Woodbridge (1971) while studying the moulting hormones 

present in locusts. Woodbridge eluted a pre-washed column with a 

graded solvent system using ether and acetone, gradually increasing 

the content of the latter from 0-100% and then finally eluting any 

ecdysteroids with aqueous (15%) methanol.

The first problem that arose on adoption of this method was

due to the use of methanol as the solvent for taking up the final

barnacle residue after the partitions. If the sample was introduced

onto the column in methanol and then developed according to the scheme

used by Woodbridge (1971), some of the ecdysteroid present was eluted

with the initial ether fractions because of the presence of this

methanol. As no other less polar solvent was found suitable to

take the final barnacle residue into solution, the problem was

overcome by reducing the initial sample volume and including a less

polar solvent than diethyl ether as the first eluting solvent, hexane.

The column was then developed with hexane, diethyl ether, acetone

containing ethanol (0,5,10 and 20%), and finally ethanol. Using

a barnacle sample (known to contain a negligible amount of ecdysone),

to which 10 pg of pure ecdysone was added, the ecdysteroid was found

to elute with the acetone containing ethanol (5 and 10%). This

solvent was used in place of the aqueous methanol (Woodbridge,197-) i*1 
the original :ohu e n c ib r  b t  the eluant could be readily evaporated
to dryness in preparation for silylation«

After silylation of the active fraction it was apparen 

the number of peaks obtained from the gas chromatogram that
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derivatisation had been catalysed by an impurity extracted from the 

support. An attempt at preventing this recurring was made by 

extensively washing the Floridin Earth before use with a solution 

of saturated sodium bicarbonate (to remove any acidic residues), 

distilled water, and dry distilled ethanol. The support was then 

dried over calcium chloride granules overnight. (Drying in an oven 

proved unsatisfactory as this over-activated the support and a large 

percentage (^ 50%) of the ecdysteroid was then found to be irreversibly 

adsorbed onto the phase when used in a column). After packing into 

a column and before introduction of the sample the column was 

pre-washed with hexane. Under these conditions and using a barnacle 

sample with ecdysone added (1.25 pg) a 100% recovery was obtained.

This result, however, was not found to be reproducible in subsequent 

samples. Where ecdysone had been added, the ecdysteroid co—eluted 

from the column with green pigmented material. After silylation and 

whilst cooling this material appeared to precipitate out and occlude 

any ecdysteroid derivative present. This could only be prevented 

by dilution of the silylating solution, with toluene, while still hot 

and injecting the sample onto the gas chromatograph immediately but 

in this case the impurities now interferred with the electron capture 

detector and it was not possible to quantify any ecdysteroids present.

Due to the lack of reproducibility of this method, and the 

time involved in operating a gradient elution system, the technique 

was discarded in favour of Sephadex gel column chromatography.

(vi) Column Chromatography on Sephadex Gel.

In the first large scale extraction of ecdysteroids from 

crustaceans, Horn £t £l ., (1968) incorporated Sephadex G-25 and 

CK-Sephadex, a cation exchanger, in the extraction scheme.
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CM-Sephadex was also used by Woodbridge (1971) in his study of locust 

moulting hormone.

A Sephadex grade was also modified to enable gel filtration in 

organic solvents (Joustra et al., 1967) and marketed as Sephadex LH-20. 

This is prepared by hydroxypropylation of Sephadex G-25, the hydroxy- 

propyl groups being attached by ether linkages to glucose units of 

the dextran chains. The resultant gel has both hydrophilic and 

lipophilic properties and separations on this support depend not only 

on molecular sieving but also on effects of solvent polarity, 

adsorption and partition if a mixed eluant is used.

Initially acetone was used as the developing solvent and in 

preparation of this a sample of the LH-20 Sephadex was swollen over­

night in dry, distilled acetone. The first column prepared was 

16 cm x 100 mm i.d. and the gel was packed as a slurry ensuring 

that no air bubbles or discontinuity layers occurred. The column 

was then pre-washed with acetone.

A barnacle sample, with 10 pg of ecdysone added, was then 

evaporated to a small volume (500 pi) and shaken with acetone (3 ml) 

which yielded a flocculent precipitate that was removed by bench 

centrifugation. The supernatant was retained and the residue was 

redissolved in a small volume of methanol and then re precipitated 

with a further volume of acetone (3 ml). This was repeated once 

more and then the combined supernatants were evaporated to a small 

volume (1 ml). Analysis of an aliquot of this solution confirmed 

that no ecdysteroid had been lost in the precipitate and this 

concurs with the results obtained by McCarthy and Skinner (1979a) in 

a similar experiment. The remainder of the acetone solution was 

chromatographed on the Sephadex column and, after introductio



91.

the sample, fractions (4 ml) were collected. These fractions were 

analysed by evaporation to dryness followed by silylation and 

determination of any ecdysone and its quantity by GC-ECD. The 

results showed that yellow and brown pigmented impurities were 

eluted from the column in the first four fractions and the ecdysone 

was eluted, as a pale green solution, in the following four fractions. 

This pigment gave little interference with the analysis and a 

recovery of ecdysone of 107% was recorded.

A larger column was now prepared using a sealed system so 

that the column would be used repeatedly (see figure 20). Using 

10 pg of ecdysone and 20-hydroxyecdysone in acetone the column was 

developed and fractions were collected and analysed. From this the 

elution profile of the acetone eluted LH-20 Sephadex column was 

obtained (see figure 21) and the active fraction containing the 

ecdysteroids found to be 75-150 ml after sample introduction. 

Recoveries of both standard ecdysone and 20-hydroxyecdysone were 

then determined and the results of these experiments are shown in 

table 10.

Although this appeared to be an adequate technique to further 

purify the barnacle sample before silylation, the fraction containing 

ecdysteroids was still partially contaminated and it was considered 

likely that in barnacle samples with very low levels of ecdysteroids 

present this contamination would inhibit accurate quantification.

This, and the possibility of some loss from small samples in the 

precipitation of the methanolic solution in acetone, prompted us to 

consider the use of a methanol eluted Sephadex LH-20 column.

Thus a second column was prepared, identical with the acetone 

eluted one, except that the dextran swells more in methanol and as
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Table 10

Recoveries (%) of Ecdysteroids from Sephadex Chromatography Columns

Ecdysteroid and
% Recovery

amount (ug) Acetone eluted MeOH eluted

Ecdysone 2 96.5 94

1 92 95

0.5 102 89.5

20-hydroxyecdysone

2 97 -

1 93 86.5

0.5 93.5 92.5



93.

20. Sephadex Gel Column Chromatography Apparatus 
(see experimental for a full description).
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Figure 20. Sephadex Gel Column Chromatography Apparatus 
(see experimental for a full description).
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a result, although the same weight of dry LH-20 was used, the 

dimensions of the methanol column are larger (see experimental).

As before, this column was used first to study standards of ecdysone 

and 20-hydroxyecdysone to obtain an elution profile (see figure 21) 

and percentage recoveries (see table 10). The active fraction 

containing the ecdysteroids eluted 45-75 ml after sample introduction.

A barnacle sample was introduced onto the methanol eluted 

Sephadex column and developed, the first 31 ml was collected as 

fraction one and thereafter, as pigmented compounds eluted from the 

column, smaller fractions(3 ml) were collected until 100 ml had 

been retained. These fractions were then analysed on an ultra­

violet spectrometer which revealed that the active fraction^ in 

which ecdysone and 20-hydroxyecdysone (55-80 ml) would be found, 

contained an orange pigment with a ^max 430-440 nm but the methanol 

column, almost completely separated the ecdysteroids from a green

pigment (A 662 nm) which eluted before the active fractions (see max
figure 22).

The fractions that would contain any ecdysteroids were then

combined and prepared for development on the acetone eluted Sephadex

column. By analysis of fractions eluted from this column in a similar

manner it transpired that the orange pigment that co-chromatographed

with the ecdysteroids on the methanol eluted Sephadex column, elute

before the ecdysteroids on the acetone developed column (see figure

23). Unfortunately, data from the UV spectrometer indicated that

traces of the green pigment (A 662-665 nm) were still presenmax
the active fractions. Nevertheless, by using these two Sephadex 

columns in conjunction the most reproducible results and 

purification of samples of ecdysteroids from a barnacle sample
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Figure 21. Elution profiles of ecdysteroids on Sephadex Gel 
— ^ Chromatography

Elution of ecdysone (a --- a ) and 20-hydroxyecdysone
(•---•) on an acetone swollen and eluted column (A)
and a methanol swollen and eluted column (B). Makisterone 
elutes between these two ecdysteroids on both columns. 
Conditions as described in text.
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Figure 21. Elution profiles of ecdysteroids on Sephadex Gel 
Chromatography 96.
Elution of ecdysone (a--- a ) and 20-hydroxyecdysone
(•---•) on an acetone swollen and eluted column (A)
and a methanol swollen and eluted column (B). Makisterone 
elutes between these two ecdysteroids on both columns. 
Conditions as described in text.
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Eieure 22. Elution profile of a barnacle sample on a methanol 
— & eluted sephadex gel column.

A; pigmented impurity with m̂ax at 662 nm ( a --- a

B; 20-hydroxyecdysone (•-- •)
C; pigmented impurity with at 430-440 nm 0
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F i g u r e  23. Elution profile of a barnacle sample on an acetone 
--- - eluted sephadex gel column.

B; 20-hydroxyecdysone (• —  • )
C; pigmented impurity with A at 430-440 nm. (A-- A)
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were obtained.

The final scheme used for the extraction and determination of 

ecdysteroids from barnacles is shown in the flow diagram, figure 24.

After development on the second acetone eluted Sephadex column, 

the active fraction (75-150 ml after introduction of the sample) was 

reduced to a small volume by evaporation and then transferred serially 

to a 1 cm Reacti-vial. With the aid of nitrogen gas and a hair 

drier the solution was reduced to dryness to give a pale orange 

viscous residue. This was dried completely by placing in a drying 

pistol over boiling acetone (56 C) and placed under vacuum for 1 h. 

Failure to completely dry the sample can cause hydrolysis of the 

IMS I and may interfere with the formation of silylated ecdysteroids.

Formation of Silyl Ethers of Ecdysteroids 

Extracted from Barnacles

Two ecdysteroids were known to be present in the barnacle

B. balanoides, these are ecdysone and 20-hydroxyecdysone expected 

to be found at levels near 6 ng Kg and 1 ug Kg respectively 

(Bebbington, 1975). From this result it was apparent that, unless 

there was a very great seasonal variation in the levels, it would 

be difficult to determine accurately the amount of ecdysone present 

in our small, 0.5 Kg samples. Nevertheless, to ensure that both 

these ecdysteroids could be determined accurately if they did oc 

together in sufficient quantities in one sample, the final residue 

after drying was silylated for 5 h at 120°C (see earlier section of 

the discussion on the determination of silylating conditio )

This silylating procedure would give the tetrakis trimethylsily 

(TMS) ether of ecdysone and the pentakis TMS ether of 20-hydroxy-
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Figure 24. Extraction and Analysis of Ecdysteroids from Biological 

Material.

Methanolic Homogenate

Light petroleum : Isopropanol (99:1)----- Methanol : Water (1:4)

Butanol-----Water

Retained for Enzymic 

Hydrolysis

Hexane : Isopropanol : Water (10:15:36) 

Aqueous portion retained

Sephadex Column Chromatography

Silylation

TLC

GC with an E.C.D.
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ecdysone which are readily distinguished on the gas chromatograph.

But, although silylating for 5 h at 120°C gave these single derivatives 

with standard solutions of these two ecdysteroids, when ecdysone 

and 20-hydroxyecdysone extracted from barnacles were derivatised 

under these conditions over-silylation occurred. This resulted in 

some of the ecdysone and 20-hydroxyecdysone being converted to their 

fully derivatised TMS ethers, pentakis and hexakis respectively, and 

the mixture of peaks seen on the gas chromatogram prevented accurate 

quantification of the ecdysteroids present. By using a barnacle 

sample with added ecdysone and 20-hydroxyecdysone it was apparent that 

some impurity, that was extracted along with the ecdysteroids, 

catalysed the silylation reaction. By reducing the duration of the 

silylation from 5 h to 4| h, but maintaining the temperature at 120 C, 

this problem was solved.

Thin Layer Chromatography of Silyl Ethers of Ecdysteroids_ 

Silylated after Extraction from Biological Material

The conditions used for the purification, by TLC, of silyl 

ethers of ecdysteroids extracted from biological material were as 

described previously.

The problems associated with this purification procedure arose 

from the fact that the levels of ecdysteroid present were so low that 

even after silylation and TLC they could not be detected simply by 

visualising under UV illumination. To ensure full recovery of any 

derivatives from the TLC plate a wide band of silica incorporating 

the appropriate Rj. band had to be scraped from the plate, 

procedure relied upon the R^ values of the silyl ethers of 

ecdysteroids from biological material being identical, or at least
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ecdysone which are readily distinguished on the gas chromatograph.

But, although silylating for 5 h at 120°C gave these single derivatives 

with standard solutions of these two ecdysteroids, when ecdysone 

and 20-hydroxyecdysone extracted from barnacles were derivatised 

under these conditions over-silylation occurred. This resulted in 

some of the ecdysone and 20-hydroxyecdysone being converted to their 

fully derivatised TMS ethers, pentakis and hexakis respectively, and 

the mixture of peaks seen on the gas chromatogram prevented accurate

quantification of the ecdysteroids present. By using a barnacle 

sample with added ecdysone and 20-hydroxyecdysone it was apparent that 

some impurity, that was extracted along with the ecdysteroids, 

catalysed the silylation reaction. By reducing the duration of the 

silylation from 5 h to h, but maintaining the temperature at 120 C, 

this problem was solved.

Thin Layer Chromatography of Silyl Ethers of Ecdysteroids 

Silylated after Extraction from Biological Material 

The conditions used for the purification, by TLC, of silyl 

ethers of ecdysteroids extracted from biological material were as 

described previously.

The problems associated with this purification procedure arose 

from the fact that the levels of ecdysteroid present were so low that 

even after silylation and TLC they could not be detected simply by 

visualising under UV illumination. To ensure full recovery of any 

derivatives from the TLC plate a wide band of silica incorporating 

the appropriate R band had to be scraped from the plate. This 

procedure relied upon the values of the silyl ethers of the 

ecdysteroids from biological material being identical, or at least
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very similar, to those values for standard compounds. To ensure 

that contaminants, apart from excess silylating reagents, did not 

affect these R^ values a concentration of ecdysone and 20-hydroxy- 

ecdysone was added to a barnacle sample, known to contain negligible 

levels of ecdysteroids, before silylation in such quantities to be 

visible under UV illumination after TLC. Analysis indicated that the 

r values of these two ecdysteroids when present in a biological 

extract showed little variation and full recovery of the material 

was achieved by extraction of silica from a R^ band 0.55-0.85. In 

subsequent analyses of barnacle samples this band was always 

retained and any silyl ethers of ecdysteroids extracted with diethyl 

ether.

Gas Chromatography

After elution of the TMS ethers from the silica, the 

diethyl ether was evaporated and the residue taken up in ECD grade 

toluene. Samples of this solution were then subjected to gas 

chromatography. The identity of any ecdysteroids present in the 

barnacle extracts were deduced by comparison of their retention 

times with those of standards. The amount of each ecdysteroid 

present was calculated by measuring the area of the peak and 

determining the concentration from a calibration curve prepared 

using the appropriate standard.
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Table 11. The Seasonal Variation in the Levels of 20-Hydroxyecdysone

in the Barnacle, B

Date Concentration of 

(ng kg 1

Range

. balanoides.

20-Hydroxyecdysone 

wet weight)

Mean

Surface Temperature 

of the Sea 

(°C)

1979 14.5 580 - 632 622 10.5

12.6 261 - 357 303 11.9

30.11 381 - 457 435 10.2

18.12 237 - 300 274 7.6

1980 9.1 151 - 182 170 5.8

28.1 - <100 5.6

19.2 - <100 6.8

11.3 321 - 359 343 7.2

26.3 767 - 826 799 6.8

9.4 633 - 669 649 8.2

25.4 1001 -1049 1025 9.8

12.5 189 - 279 220 12.3

31.5 979 -1097 1041 11.8

19.6 149 - 162 155 13.8

7.7 - <100 14.6

23.7 - <100 14.2

6.8 - <100 16.2

19.8 287 - 364 326 15.2

3.9 549 - 629 591 17.0

18.9 734 - 859 795 15.2

1.10 1040 -1201 1109 12.4

23.10 161 - 275 214 11.4
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Table 11 continued.

25.11 137 - 241 204 9.4

21.12 - <100 7.1

10.1 - <100 7.1

26.1 240 - 302 262 6.8

16.2 213 - 233 223 6.2

5.3 - <100 5.1

20.3 154 - 184 180 7.3

6.4 263 - 323 291 7.6

30.4 882 - 946 922 8.3

19.5 1336 -1412 1355 11.2

9.6 853 - 936 890 12.1

25.6 259 - 382 336 13.9

21.7 304 - 348 327 14.9

2.8 531 - 598 567 16.5

17.8 310 - 349 327 16.4

5.9 1045 -1258 1119 16.8

24.9 1453 -1533 1487 14.8

10.10 1316 -1372 1353 12.6

30.10 173 - 273 220 10.7
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o  Levels too low for aoourat« d< termiw tions.
• ’ange of concentrations from replicate injection .

Seasonal variation in the levels of 20-Hydroxyecdysone in the Barnacle, B. balanoides.
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Seasonal Variation in the Levels of 20-hydroxyecdysone 

in the Barnacle, Balanus balanoides

After extraction and silylation of any ecdysteroid from the 

barnacle sample the final purified residue extracted from a TLC plate, 

was dissolved in toluene and aliquots of this solution were analysed 

by gas chromatography* From the area of the peak, corresponding to 

20-hydroxyecdysone the concentration of this ecdysteroid was 

calculated. As several injections were made per sample the range 

of values and average quantity for each sample are given in Table 11 

As the wet weight of each barnacle sample was also recorded it was 

possible to calculate the concentration of 20-hydroxyecdysone per 

kilogram (wet weight) of barnacles and this data is also given in 

Table 11 and shown graphically in Figure 25. The bar lines in 

Figure 25 indicate the range of concentrations found from replicate 

injections. The graph shows the actual values of 2 0-hydroxyecdysone 

determined for each sample.

During the second year the use of an internal standard, 

makisterone A, was incorporated into the extraction procedure. 

Throughout this period the percentage recovery of this standard was 

calculated and the average recovery was found to be 73% with a range 

generally between 65-80% but on one occasion the recovery was as high 

as 106%. Another sample gave a low recovery of 43% and on two 

occasions no makisterone A was detected in the final analysis. On 

these three dates a further aliquot of the appropriate methanol' 

sample solution, obtained after the partitions, was analysed and 

recoveries within the accepted range were obtained. This loss, 

which must have occurred at the Sephadex column, or thin lay

#



chromatography stage indicated that the method was not infallible and 

errors may be present in the results for the first year when no 

internal standard was employed.

The levels of 20-hydroxyecdysone, the only ecdysteroid present 

in detectable quantities, ranged from less than 100 ng kg 1 wet weight 

of barnacles (below the minimum level of accurate detection) to 1487 ng 

(1.49 yg) kg_1. As the average recovery was 73% of the internal 

standard the maximum titre of ecdysteroid found over the two year 

period can be calculated to be 2.02 yg of 20-hydroxyecdysone per 

kilogram of wet weight of barnacles. This is in the same range and 

larger than the quantity obtained by Bebbington (1975) who obtained 

1 yg kg  ̂20-hydroxyecdysone wet weight of barnacles. His large 

sample was collected over a long period predominantly in the late 

summer (September) and only some of the sample would have been at 

the period of peak titre. This, in combination with working with 

very large samples, and his lengthy extraction procedure during 

which there must have been greater losses, would probably account 

for his result. All in all the two studies agree remarkably well.

The lowest values, seen as clear circles on figure 25, were 

samples where the presence of 2 0-hydroxyecdysone was detectable but 

the peaks seen on the gas chromatogram were too small to allow for 

quantification. The GC-ECD can accurately detect 20-50 pg of 

silylated ecdysteroid per yi. of a standard solution that has bee 

diluted with a large volume of special grade toluene. In the case 

of barnacle samples, the ecdysteroids that were extracted were still 

contaminated with sufficient impurities to yield a relatively large 

solvent front and poor base-line when analysed on the GC. The 

problems could be resolved by diluting the solution with exc
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toluene but this resulted in the inability to quantify those samples 

containing very low titres of hormone.

These lowest values were obtained during late December through 

to early March in both years and also in the summer months of July 

and August in 1980. From early March there is a gradual increase 

in the titres to a maximum in May, after which there is a strorvj 

decline during the summer months followed by a second, slightly 

larger peak in early October. This is followed by a further decline 

in the ecdysteroid titre to the low winter levels. This general 

pattern was seen for both years with only slight variations, and 

the hormone levels are consistent with the seasonal variation of the 

moulting frequency of this species of barnacle as determined by Crisp 

and Patel (1960). The two maxima occur after liberation of the

incubated larvae in the spring and just before fertilisation in the 

autumn with a decline in both moulting and ecdysteroid titre during 

the winter months of reproductive anecdysis.

Ecdysone was also extracted from B̂. balanoides by Bebbington 

(1975) but at a very low concentration of 6 ng kg . During this 

study it was apparent that this ecdysteroid was also extracted from 

our smaller samples of barnacles as a peak with a retention time 

corresponding to that of ecdysone was often seen on the gas chromatogram. 

The levels were too low to quantify and these peaks were only seen when 

the titres of 2 0-hydroxyecdysone were high. This suggests that ecdy­

sone production follows a similar pattern to that of 20-hydroxyecdysone 

but is not detected as it is present at much lower concentrations.

These results are the titres of ecdysteroid extracted from a 

barnacle population which contained individuals at varying stages of
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the moult cycle and therefore the titres must be considered merely 

as an average value for that population. From the introduction it 

is clear that a large variation in ecdysteroid concentration is 

found throughout the moult cycle of crustaceans with a peak titre 

occurring during premoult or proecdysis (stage D). The moult cycle 

in barnacles has been staged by Davis et al. (1973) and the criteria 

for the various stages has been used by Freeman and Costlow (1979) 

to determine the extent of premoult during the moult cycle in the 

barnacle, B. amphitrite. In individuals that moulted approximately 

once every seven days they recorded that apolysis, the onset of 

premoult, commenced on day A and ecdysis and postmoult occurred on 

day 7 and lasted less than a day. This shows that barnacles exhibit 

a diecdysic cycle with premoult occupying over 50% of the cycle. 

However in a generalised crustacean moult cycle (see Introduction) 

the maximum ecdysteroid titre occurs at a specific point in the 

premoult stage, at late premoult or Stage D2-D.J» which Freeman and 

Costlow (1979) recorded at day 6-7 in the barnacle. From this it 

can be deduced that in a constantly moulting population of barnacles, 

such as B. balanoides during the spring to autumn period, any

extracted ecdysteroid will be obtained predominantly from barnacle 

at late premoult. If Freeman and Costlow's study can be directly 

related to this species of barnacle then our titres of 2 0-hydroxy 

ecdysone have been obtained from l/7-2/7th of the sample population, 

assuming a random distribution of barnacles at different moult s g 

Therefore the maximum titre of 2.02 pg kg would in fact h 

extracted from approximately 150-300 g of barnacles. These barnacles 

were of an average weight of 1 g and therefore the 2 pg 2 0-hydroxy-
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ecdysone was extracted from 150-300 individual barnacles giving a 

concentration during the peak moulting times of 6.6-13.3 ng 20-hydroxy- 

ecdysone per barnacle. The concentration of ecdysteroid per barnacle 

during the winter months could not be so readily calculated as it has 

been shown that during anecdysis the barnacles are predominantly at 

an intermoult stage (Koulish and Klepal, 1981). The levels were 

expected to be very low since during the moult cycle of any crustacean 

the lowest titres occur at postmoult and intermoult (see Spindler 

et al., 1980).

Before discussion of the factors that are likely to affect 

this seasonal pattern it is prudent to consider the actual moulting 

frequency of B. balanoides throughout this period.
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Determination of the Seasonal Moulting Cycle in 

Balanus balanoides

Small groups of barnacles were collected regularly and kept 

alive under laboratory conditions to monitor their seasonal moulting 

frequency in order that this cycle could be compared with the 

seasonal variation of ecdysteroid production determined over the 

same period of time. The term moulting frequency as opposed to 

moulting rate is used, as suggested by Barnes (1962), to define the 

number of times an animal moults in a given time and is the reciprocal 

of the intermoult period. In these experiments the number of moults 

per hundred barnacles per day is used as a measurement of moulting 

frequency.

Crisp and Patel (1960) collected small groups of B. balanoides, 

20-30 individuals fortnightly, and maintained these groups in dishes 

of static seawater under ambient illumination and temperature for 

16 h at a time followed by 8 h out of water. By counting the number 

of exuviae after the period of immersion a record of the moulting 

cycle from October 1954 to February 1956 was obtained. From the 

results a pattern emerged which they described as an annual moulti g 

rhythm in this species. During October-November the moulting frequency 

was 8-12 moults per hundred animals per day but by late November 

sharp reduction in this frequency was found immediately after the 

animals were fertilised. This was followed by a period of 

or no moulting, aneedysis, for about six to eight weeks and 

moulting resumed but at a slower rate until a maximum frequency was 

attained by May. A slight decrease was then noted during the 

summer months between June and August, rising again towar
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breeding season in November. The tidal level, from which the barnacles 

were collected, and the lunar periodicity were found to have no 

influence on this moulting cycle. None of the animals were fed during 

the study as it was found that the moulting frequency of fed and 

starved animals did not differ for the first 10-15 days after 

collection from the shore.

The rhythm of the moulting frequency closely parallels the 

cycle of available food found in boreal waters where two planktonic 

blooms occur, one in spring and one in autumn, with only a sparse 

food supply being available during the winter months. However,

Crisp and Patel concluded that the reduction in moulting frequency 

and the period of anecdysis, even seen in isolated and hence 

unfertilised individuals, was part of basic endogenous rhythm.

Barnes (1962) though, considered that this cycle was largely 

determined by the environment rather than by endogenous factors. The 

experiments by Crisp and Patel (1960) to determine the differences 

in moulting frequency of starved and fed barnacles were conducted 

using animals collected in June. At this time the metabolic 

reserves in the animals would be high unlike in the animals during 

the winter which would probably be in a debilitated condition due 

to the discharge of ova and semen at the time of fertilisation in 

November. Barnes (1962) suggested the possibility that the period 

of anecdysis and subsequent slow recovery of moulting frequency 

were in fact due to this debilitated state which leads to a 

reduction or temporary cessation in feeding activity. This in 

turn reduces the moulting frequency. The term 'reproductive anecdysis' 

was then proposed by Barnes (1962) to cover the period of little 

°r no moulting.
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A series of experiments were then conducted by Barnes (1962) 

to determine the effect of feeding on anecdysis and found that by 

supplying individuals with ample food the period of anecdysis and 

recovery lasted for ten and fifteen days respectively before normal 

moulting frequency resumed. From the results of feeding during 

anecdysis, at a level stated to be equivalent to a diatom bloom 

and far in excess of the supply naturally available at this time of 

year, it was concluded that the low level of food rather than 

endogenous factors determined the moulting frequency during this 

period. Barnes did note however that even when an adequate food 

supply was available that feeding was suppressed in fertilised 

animals carrying egg masses. Crisp and Patel (1960) had also noted 

a decline in feeding activity in groups of barnacles, even in 

individuals which would not have been fertilised due to their 

isolation.

The seasonal changes in feeding rate in B. balanoid_es were 

then determined by Ritz and Crisp (1970) who found that although 

ample food, artemia larvae, was made available a sharp decline in 

feeding was noted in October-November at the onset of the breeding 

season. During late November-December feeding practically cea 

although food was always present. This was considered an adapt' 

of the metabolic rate to the diminished food supplies naturally 

available during the winter months. An increase in feeding was 

found to be synchronised with the release of the first s g 

nauplii in the spring (a process which is synchronised with the 

spring diatom bloom, see Barnes, 1957) and the available food was 

used for growth and reserves for gonad production. The growth 

rate declined in summer (after June) when the sea and air te p
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were above the optimum for the animal and when food is less readily 

available in the natural environment. An increase in food uptake 

occurred in November presumably for winter reserves and then the 

decline again appeared at the onset of the breeding cycle.

From these various studies it is indicative that both an 

endogenous rhythm and environmental conditions affect the moulting 

frequency during the period of reproductive anecdysis and the 

subsequent recovery period. The time of 6-8 weeks for the 

reproductive anecdysis period obtained by Crisp and Patel (1960) 

has been confirmed by Tighe-Ford (1974) who determined that the 

interval between 50% of a laboratory maintained barnacle population 

becoming fertilised and 50% having shed their first exuviae was 

7-8 weeks. This is likely therefore to mimic the situation found 

naturally as the conditions used by Tighe-Ford included a 

continuously running sea water system maintained at ambient 

temperature.

For these reasons we adopted the technique used by Crisp and 

Patel (I960), with slight modification, in an attempt to repeat their 

results to obtain a seasonal moulting cycle. In our experiment 

increased the number of individual barnacles collected every fo 'g 

to between 100-200 to make the results more significant. Barnacles 

of approximately the same size were obtained and the settle 

were cleared of any barnacle species other than j5. balanoides, 

algae and other organisms. Isolated individuals, that is barnacles 

2 cm or more from others, were also removed particularly during 

the winter months as these specimens were unlikely to be fertilised. 

The animals were then kept under ambient temperature and light

conditions, as used by Crisp and Patel (I960) and Tighe-Ford (1974), 

for 16 h immersion and 8 h exposure. The animals were submerged in



115.

the evening and removed from the dish of seawater first thing in the 

morning when any casts were collected and counted and, during the 

spring, the water was analysed for the presence of any stage I 

nauplii indicating release of newly hatched larvae.

This was the method also advocated by Crisp and Patel (1960) 

and Tighe-Ford (1974) but Barnes (1962) maintained his groups under 

total immersion. Crisp and Patel (1960) found that a period of exposure 

was beneficial to the barnacles, a result of which was confirmed in 

our laboratory where the death rate of barnacles collected from the 

inter tidal region rose dramatically after total immersion in an 

aquarium for more than six days. The dishes of seawater were also 

constantly agitated by aeration, unlike the static system used by 

Crisp and Patel (1960), as Tighe-Ford (1970) had shown that the 

growth rate of young barnacles was greater in flowing sea water 

than in static conditions. The animals were not fed but the sea 

water which was collected at the same time as the barnacles was only 

coarsely filtered and microscopic plankton may well have been pres 

The collected sea water was kept in a 5 gallon plastic container 

continuously agitated by aeration. The sea water in which the barnacles 

were maintained was replaced daily from this reservoir. On 

occasions when the barnacles were kept for slightly longer than 

fortnight the sea water supply was supplemented with artificial 

salts prepared, as suggested by the makers, to give a salt cone 

of 33 parts per thousand.
The barnacles were all collected from mean sea level below 

the Menai Bridge, North Wales, with the exception of groups of 

barnacles obtained during July to September 1980. During 

period this study was conducted at Portsmouth and the mou 

frequency values at this time were obtained from groups of barnacles
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collected from Langstone Harbour, Eastney, Portsmouth. This is a 

more southerly and much more sheltered region than Menai Bridge and 

subsequently the breeding cycle may be varied. Tighe-Ford (1974) 

however, gives the first date of fertilisation of barnacles from 

this area as early November and the progress of fertilisation was 

similar to that found by Crisp (1959) for barnacles at Bangor.

The results of the moulting frequency (number of moults per 

hundred barnacles per day) obtained from February 1980 to November 

1981 are shown diagramatically in figure 26. Also included on the 

diagram are the temperatures of the surface sea waters taken at 

Menai Bridge at each collection. These values are compared with the 

mean temperatures of sea water in which the live barnacles were 

maintained in the laboratory. These laboratory temperatures were 

taken daily, in the morning just before the immersed barnacles were 

removed and the exuviae counted, and the mean value for each two- 

three week period, before the next collection, was calculated. From 

the diagram it is apparent that the laboratory sea water temperature 

did not fluctuate from the actual sea water temperature by more than 

2-3°C. However, the aquarium room temperature tended to be above 

the sea water temperature in winter and early spring and below in 

summer and autumn.

The results obtained compare favourably with those found by 

Crisp and Patel (1960). A similar pattern is apparent with a period 

of reduced moulting after the November fertilisation until the 

following spring when the moulting rate slowly climbs to a peak 

late April-early May. This is followed by a slight decline m  the 

summer months of June and July before the rate again increases 

second maximum in late October just prior to the breeding season.

The pattern is clearly recognisable but not so well defined as that 

obtained by Crisp and Patel (1960).
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Liberation of the First Stage Nauplii Larvae and Settlement 

of the Cyprid Stage Larvae

The periods of liberation during which newly hatched nauplii 

larvae were found in dishes containing the barnacles in 1980 and 1981 

are also shown in figure 26. In 1980 the first liberation in the 

laboratory occurred on the 11th March and larvae were found almost 

daily until the 8th April but a final group of newly hatched larvae 

were also found two weeks later on the 23rd April. In 1981 the 

first recorded liberation occurred on the 5th March and further 

releases were noted regularly up to the 23rd March. These results 

parallel those reported by Crisp and Patel (1960) who found liberation 

to occur in the laboratory between mid March—mid April and mid March— 

the end of April for the years 1954 and 1955 respectively.

This data can also be correlated with the time of the first 

settlement of cyprid larvae. After release of the newly hatched 

larvae a succession of ecdyses occur and the larvae pass through 

six naupliar stages before the metamorphosis into the cypris or 

settlement larva. At the collection site at Menai Bridge the 

first settlements were noted on the 14th May 1979, the 25th April 

1980 and the 30th April 1981. As the shore was only visited 

fortnightly for the collection of barnacles the actual date of the 

first settlement could have been any of the fourteen days prior to 

these dates. From these records we can back date to determine 

relatively accurately the time of the liberation of the 1st stage 

nauplii from the majority of the barnacle population at this site.

Pyefinch (1948) studied a population of barnacles at Millport 

in the Firth of Clyde and reported that the period when adults
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contained larvae ready to hatch coincided with the appearance of 

both the 1st and 2nd stage naupliar larvae found in plankton hauls. 

He suggested that the majority of the population undergo liberation 

over a short period and recorded that most newly hatched larvae were 

found in plankton hauls on the 7th March in 1944, the 14th March 

1945 and the 5th-14th March 1947. Analysis for cyprids in the 

plankton nets showed that although some appeared as early as the 

20th March in 1947 the majority occurred between the 18th and the 

27th April. Pyefinch (1948) found that cyprids took 5 days to 

settle in laboratory conditions but proposed that the period of 

settlement in natural conditions is much shorter as the appearance 

of cyprids in large numbers in the plankton was almost coincident 

with settlement on the shore. During 1947 the settlement was most 

heavy at the beginning of April and Pyefinch (1948) concluded that 

a period of approximately one month passed from liberation of Stage 

I nauplii to the settlement of the cyprid larvae.

Barnes (1956) also monitored the progress of the larvae of 

B. balanoides in the Firth of Clyde and found that the Stage I 

nauplii, which rapidly ecdyse to Stage II, appeared in early March 

about the time of the phytoplankton outburst. After Stage II the 

progression of the nauplii to each of the next stages was found 

take 3-4 days so cyprids occur 3-4 weeks after the Stage I rele 

The work of Pyefinch (1948) was confirmed by Barnes and Barnes 

(1958) who found that the period between liberation and appearance 

of cyprids was 30 days irrespective of temperature and whether 

estimate was made by the time between peak periods or 

appearances was used.
From all these past studies it is clear that the developme 

of settling cyprids from Stage I nauplii occurs within thirty y
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If we use this figure to back date the first or major naupliar 

liberation from our first settlement sightings we obtain the 

following dates for liberation; lst-4th April 1979, 13th-25th 

March 1980 and the 18th-30th March 1981. These calculated figures 

correlate well with the dates found by Crisp and Patel (1960) and 

from our studies (see earlier) for barnacles kept under laboratory 

conditions.

At other stations the date of the first settlement may be 

regular, as reported by Moore (1935) for Port Erin where settlement 

occurred on the 26th April in 1933 and the 25th April in 1934, or 

irregular as recorded by Pyefinch (1948) for Millport. Pyefmch 

also cites Runnstrom as having noted in Liverpool Bay the first 

settlement in 1925 occurred on the 6th April but the maximum numbers 

settling occurred on the 15th of that month. At Menai Bridge i 

is apparent that some variation occurs annually and as the Stage I 

nauplii are released over a period of at least two weeks it is 

likely that settlement of the cyprids that develop from these na p 

will take place over a comparable period of time. Nevertheless the 

data obtained from the laboratory barnacles concerning the p 

of liberation compares favourably with the calculated da 

liberation from studies of the first settlement in natural populations

A Comparison of the Moulting Frequency of Barnac--

from Different Tidal Levels.
At the site from which the barnacles were collected there is 

wide tidal range and therefore a wide balamd zone. To ensu 

at as little variation as possible occurred between samples the 

rnacles were always collected from the rock face at the same

dal level. Th d o r  i  1 1 OT3 W c l S  3
maHe in collecting groups
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of live barnacles for studying the moulting frequency. However at 

the outset of this study groups of B. balanoides were collected 

from both the mean inter tidal zone and just below the mean high 

water mark and their moulting frequencies compared. This would 

confirm whether of not the tidal level actually affected the 

moulting frequency and possibly the ecdysteroid production.

Barnacles were collected fornightly from the end of March

until the end of August and maintained in the laboratory as 

described earlier. The results of this study are shown diagrammat- 

ically in figure 27 and are tabulated in table 12.

From the diagrams no clear pattern of moulting frequency is 

visible. In the intertidal specimens, if the initial high moulting 

frequency in late March is disregarded, there is a gradual increase 

to a peak in May followed by a slight decline in moulting frequency. 

This is comparable with the pattern noted by Crisp and Patel (1960) 

and by us for 1981 (see earlier). In the barnacles collected from 

nearer the mean high water mark no such pattern is visible, 

the period of liberation of Stage I nauplii did not differ 

two groups as larvae were released up to the 3rd April in the high 

water group and up to the 8th April in the intertidal specimens 

(a subsequent single hatch did in fact occur on the 23 p 

the latter group). If the number of moults per hundred barnacles 

per day is considered over the four month period (see table 15) 

the moulting frequency in the intertidal group is also

than that for the high water group.
The differences in moulting frequency due to tidal level 

has been analysed previously by Crisp and Patel (I960) who collected 

barnacles from low, mean and high water tidal levels and 

the moulting frequency over ten days. This study was conducted



in January, February and September and they concluded from their 

results that tidal level had little influence upon the moulting 

frequency. Southward (1955a, b) studied the effects of tidal 

level on cirral beating rate in B. balanoides collected from the 

sites around Anglesey including the Menai Straits. He recorded 

that the beating rate in speciments from mean low water areas was 

generally lower than in barnacles from higher tidal levels, and at 

an exposed site in the Menai Straits the mean number of beats per 

ten seconds of individuals from mean high water showed a 100% 

increase over the rate in barnacles from the lower shore. In another 

experiment Southward noted freshly collected specimens from a high 

water tidal level beat faster than individuals collected from lower 

on the shore on the first day but the rates were identical on 

subsequent days.

As cirral activity plays a part in both feeding and 

respiration it may possibly reflect the general metabolic level of 

the barnacle. Barnacles settled near the high water area are 

immersed for much shorter period than those at the intertidal g

or lower, particularly at the Menai Bridge where the tidal ra g 

extensive, and have therefore a shorter period for feeding and 

respiration. This may result in some variation in metabolic 

and moulting frequency at different tidal levels.

The results obtained from our study confirmed that there 

variation in moulting and hence possibly moulting hormone 

with tidal levels. Therefore, our practice of collecting barnacles 

for hormone extraction only from the same tidal region was prudent.
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Table 12. A comparison of the moulting frequency of barnacles 

mil acted from the intertidal and high water zones.

Date Collected Casts per day per hundred barnacles

Intertidal High Water

26-3-80 10.1 4.3

10-4-80 4.8 7.4

28-4-80 5.4 1.5

12-5-80 7.5 4.5

30-5-80 10.3 6.6

20-6-80 8.4 10.0

8-7-80 5.8 7.3

Mean no. casts/day/100 barnacles 7.4
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Factors Affecting the Moulting Frequency and Ecdysteroid 

Production in the Barnacle, Balanus balanoides

The seasonal pattern of ecdysteroid production in a population 

of barnacles can be seen to parallel closely the pattern of moulting 

frequency within that population. Factors that may affect this 

pattern include tidal position, lunar periodicity, feeding, temperature, 

light and reproduction. Crisp and Patel (1960) have concluded that 

tidal position and lunar periodicity have no effect upon the moulting 

frequency. Our results indicate, however, that the tidal position 

may have some control over the moulting activity but from the 

moulting frequency results we concur with the earlier study that 

lunar periodicity is of little consequence. The prime factors 

under consideration are therefore ambient temperature, the availability 

of food and hence feeding of the barnacles and the relationship between 

moulting and the various stages involved in the breeding cycle of this

species of barnacle.

(i) Nutrition and Ambient Temperature
Tighe-Ford (1977) suggested that the dietary requirements of 

barnacles would not be dissimilar to those of other crustaceans and 

that ecdysteroids are probably converted from sterols via desmosterol 

and cholesterol. This is similar to the pathway proposed for the 

synthesis of ecdysteroids in insects (see Rees £££!_•> 1980). 

decapod crustaceans, cholesterol has been shown to be the major sterol, 

with desmosterol also present as a minor constituent, and both these 

compounds are present in barnacles (Tighe-Ford, 1977 and Ballantine 

etal., 1980). Cholesterol is also the principal sterol of zoo-



1 2 6.

and phyto-plankton, the primary food source for bamalces, and sea­

water contains a number of sterols that could be involved in the

biosynthesis of moulting hormones. However, sterol :'.n unlikely c U>
lim it in g  awl il-iti i reDeo-t ¿vu ral iar. >•!vi nature of the
barnacle.

During the winter months, when little food is available, 

feeding activity in B. balanoides is suppressed (Crisp and Patel,

1960; Barnes, 1962 and Ritz and Crisp, 1970) and both moulting and 

the ecdysteroid titre at this time are at a low level. Nutritional 

reserves built up during the autumn are used during reproduction in 

November and to maintain developing embryos during the winter. The 

body weight of barnacles has been shown to decrease following 

fertilisation due to the transfer of sperm and the atrophy of testes 

(Barnes et al., 1963). Barnes (1962) concluded that some 50% of 

the body weight of the barnacle is lost during emission of semen and 

the weight of eggs released from the ovary into the mantle space is 

up to twice the weight of the body after the loss of semen. It is 

unlikely that during this debilitated state any reserve material 

would be utilised for the synthesis of any ecdysteroid as moulting 

or growth at this time would further deplete the already drained 

reserves of the organism. This debilitated state may in fact 

decrease ecdysteroid production directly, or may induce the release 

of a factor to prevent its production. Glandular activity would 

then remain at a level too low to actively effect a moult in the 

animal. In other crustaceans where a study of the ecdysteroid 

content has been made throughout the moult cycle, ecdysteroids are 

always detectable even during the intermoult (C) stages (Spindler 

et al., 1980). Koulish and Klepal (1981) have confirmed that during
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the period of reproductive anecdysis, B. balanoides, remain in an 

extended intermoult cycle, corresponding to Stage Dq. Therefore, 

as found, a population of barnacles would be expected to have a 

low level of ecdysteroid at this time.

After the period of anecdysis the moulting frequency can be 

seen to increase as the levels of ecdysteroids slowly rise in a 

population of 15. balanoides. Although the barnacles initially lose 

body weight during March to May (White and Walker, 1981) this is the 

result of larval release. This release is coincident with the 

increase in available food at the spring phytoplankton bloom (Barnes,

1957 and Crisp and Patel, 1960) and Crisp (1958) stated that the 

resumption in moulting in spring seemed to depend partly on this 

increase in food availability and uptake. Experiments by Crisp 

and Patel (1960) indicate that after anecdysis moulting resumed more 

rapidly in fed specimens and these authors suggested that the amount 

of reserved food available is important in determining the moulting 

acitivity.

During the summer months the available food decreases slightly 

and it is likely that barnacles then utilise any food reserves that 

have been built up during the spring phytoplankton bloom. However 

the mean temperature, both air and sea, increases during this period 

resulting in an increase in metabolic rate in the barnacles. This 

metabolic rate would cause rapid utilisation of any reserves and 

result in a reduction in moulting activity so that the moulting

frequency will actually appear to decline with increase in temperature. 

Crisp and Patel (1960) showed that moulting of fed barnacles increased 

linearly with temperatures from 3-20 °C whereas in starved barnacles
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any increase in temperature above 12 °C resulted in a decrease in 

moulting frequency. The decline in moulting frequency during the 

summer was seen in our laboratory experiments and was coupled with 

a very marked decrease in ecdysteroid level. Barnes and Stone (1974) 

experimented with starved animals during May-July and concluded that 

temperature had little effect on moulting and found no appreciable 

variation between a small temperature range of 10-15 °C. From 

this result they hypothesised that temperature independence may 

argue well for a hormonal control over the moult cycle, as opposed 

to a purely metabolic or enzyme-adaptive control. In the absence 

of food the production of the hormone would be low and the 

concentration reduced to such a level that moulting would only 

continue at a reduced rate. There would therefore be no response,

such as a further increase in moulting, to a temperature increase 

unless this was accompanied with an increase in the amount of food 

available. Ritz and Crisp (1970) recorded a slight decrease in 

feeding rate in B. balanoides during the summer months and White and 

Walker (1981) noted a plateau in ammonia excretion during this period 

between peak excretion rates in the spring and autumn.

Although, our results confirm that there is a decrease in 

moulting frequency during the summer, the levels of ecdysteroid at 

this time were much lower than anticipated. The barnacles' moulting 

frequency during the summer was intermediate between the low winter, 

and the high spring and autumn rates, yet the ecdysteroid levels were 

comparable to the titres found during anecdysis. It is possible 

that the barnacles are more sensitive to moulting hormone than 

previously expected. This is confirmed by the positive results obtained
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after injection of animals with ecdysteroids at concentrations as 

low as 1 ng per individual (see later). The intermediate moulting 

frequency can then be considered as the result of a conflict between 

an increase in moulting due to temperature rises coupled with a 

decreased response due to the low titres of ecdysteroid resulting 

from decreasing reserves. This is somewhat confirmed when the 

temperature data for the two summers of 1980 and 1981 is studied.

In June, July and August 1980 when the ecdysteroid titres were 

exceptionally low the temperature at Valley, Anglesey, near the 

Menai Bridge, had a mean maximum of 17.5 °C and a mean minimum of 

12.5 °C, values that were comparable with previous years. However 

in June and July 1981 when the ecdysteroid level can be seen to be 

higher, the mean maximum temperature was 15.1 C and 16.9 C and 

the mean minimum 10.2 °C and 12.2 C respectively. These lower 

temperatures may have prevented the rapid utilisation of any reserves 

in the summer 1981 compared to summer 1980 and allowed for a higher 

production of ecdysteroid than normal. Due to the conflict of 

temperature and ecdysteroid levels affecting the moulting frequency 

no marked difference in moulting activity is apparent even though

these variations in titre occurred.

The second peak in moulting frequency in autumn is accompanied 

by a second peak in ecdysteroid titre and both are coincident with the 

autumn plankton bloom. Similarly a second peak in nitrogen excretion 

as ammonia, is seen around mid-November (White and Walker, 1981).



130.

(ii) Reproduction

B. balanoides has adapted to the boreo-arctic conditions by 

requiring a period of food storage before gonad development, a period 

of 4-6 weeks with less than 12 hours light per day and a temperature 

below the critical value of 10 °C before breeding will commence 

(Barnes, 1963). Immediately after fertilisation in mid-November there 

is a decline in both moulting frequency and ecdysteroid level. In other 

crustaceans there is a cessation of moulting after reproduction as the 

eggs, which are generally attached to the outside of the body, would 

be lost with any exuviae. However in cirripedes, although the eggs 

are initially attached to the body, at oviposition the eggs are 

transferred along paired oviducts into elastic sacs secreted by the 

oviducal glands and the egg masses are then contained in two ovisacs 

which lie free in the mantle cavity (Walker and White, 1982). Crisp 

(1958) stated that there is no need for a reduction in moulting in 

barnacles to prevent egg loss. In fact moulting commences after 

anecdysis, while the animals are still gravid, but the exuviae are 

cast with a torn off mantle lining due to the pressure of the egg 

masses. The mantle lining is shed later when the hatch moult occurs 

(Crisp and Patel, 1960). These authors recorded that even unfertilised 

individuals show a reduction in moulting after the time of normal 

fertilisation and it was proposed that the decline was in fact due to 

a basic physiological rhythm. Crisp and Patel (1969) considered 

that the breeding in November is the result of an innate set of factors 

set in motion possibly as early as May and unaffected by external 

variables throughout the year. This internal rhythm becomes entrained 

at one or more points with the prevailing seasonal variables. Unlike
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other barnacles species that either breed continuously, or at least 

throughout the summer months, IJ. balanoides has only one brood per 

year. Crisp and Patel (1969) suggested that breeding is inhibited 

after naupliar release in spring and that there is a delay in gonad 

maturation, until the autumn, which is under hormonal control. Recent 

studies on the effects of 20-hydroxyecdysone on barnacle oocytes in 

vitro have indicated that this hormone may have a gonad-inhibiting 

function (Fyhn et al., 1977). It may therefore be the high titres 

of ecdysteroid produced after the naupliar release that prevent the 

barnacles from progressing into a second breeding cycle. At this 

time there are sufficient metabolites to supply the gonads but 

maturation does not occur until a period between September and November 

(Crisp and Patel, 1969). However it is during this period that the

second peak of ecdysteroid production is seen and the maturation of 

the gonads may be initiated earlier during the summer when 20-hydroxy­

ecdysone is found at a much lower concentration. Crisp and Patel (1969) 

have also intimated that other processes that occur after oviposition 

which are an aid to winter survival may also be under hormonal control. 

During this period the levels of ecdysteroids are at their lowest and 

it may be the absence of this hormone or the presence of another 

factor that controls these processes.

(iii) Moult-Inhibiting Substances

Tighe-Ford (1977) deduced from earlier studies that development 

and growth in barnacles is regulated by hormonal systems similar 

those in other arthropods. Davis and Costlow (1974) and Cheung (1974) 

confirmed the presence of a substance that acted as a moult inh' ’ ’ 8
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hormone (MIH) in barnacles and Cheung also suggested the presence of 

a moult accelerating factor (MAF). The work of Tighe-Ford (1974) 

demonstrated the positive effects that 20-hydroxyecdysone had on 

increasing and synchronising moult activity in barnacles. Cheung 

and Nigrelli (1974) have induced moulting in explants, penes and 

appendages, of barnacles with 20-hydroxyecdysone. Further effects 

have been attributed to the presence of ecdysteroid by Freeman (1977 

and 1979) and Freeman and Costlow (1976 and 1979). Studies of the 

action of 20-hydroxyecdysone on explaits of barnacle mantle tissue 

both alone and in the presence of a MIH have shown that the ecdysteroid 

stimulates protein synthesis, enhances apolysis and cuticle formation 

and controls chitinolysis during the early part of proecdysis. From 

these results the authors concluded that during the moult cycle of a 

barnacle it is the reduction in the levels of MIH rather than 20 hydroxy 

ecdysone that trigger the events leading to proecdysis. Freeman and 

Costlow (1979) also showed that while maintaining MIH at a fixed level 

the inhibitory effect could be overcome by elevated levels of 

20-hydroxyecdysone and concluded that the transition from intermou 

to premoult, as measured by apolysis, is the result of variation in 

the relative concentrations of 2 0-hydroxyecdysone and MIH. As the 

tissue approaches premoult there is also a heightened response o 

ecdysteroid which is considered to occur by the reduction of M 

(although it is possible that the response is the result of an 

increase in moulting hormone, or indeed both effects).

A very helpful study now would be to characterise the MIH and 

to monitor the variation in its titre, and the titre of ecdysteroid, 

throughout the actual moult cycle. The seasonal variation of M 

titres in a barnacle population could also be determined and a 

reciprocal pattern to that of ecdysteroid may be seen
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Conjugated Ecdysteroids in Balanus balanoides

During the extraction of free ecdysteroids from barnacles any 

conjugated hormone would have been extracted into the water phase of 

the second solvent partition system. This phase was retained and 

subjected to enzymatic hydrolysis to release any ecdysteroids that 

may be present as polar conjugates. The free form could then be 

silylated and detected by GC-ECD. Throughout the two year period, 

from November 1979 to November 1981, the results of these analyses 

were predominantly negative. Positive results were obtained during 

the months of December, January and February and the retention time 

of peaks detected by the GC-ECD were identical to those for 20-hydroxy- 

ecdysone. The levels present were very low and the peaks detected in 

December, 1979 and 1980, and January and February 1981 were too small 

to quantify accurately the amount present. However the samples were 

much purer than the free ecdysteroids isolated from the barnacle sample 

and the concentration of conjugated 2 0-hydroxyecdysone during these 

periods could be calculated to be less than 40 ng kg wet weight of 

barnacle. In the months of January and February 1980 the amount 

conjugate present was at such a level to allow an accurate quantification 

to be made. The January sample contained 126 ng 2 0-hydroxyecdysone 

conjugate kg  ̂wet weight of barnacles and the February sample, 

ng conjugate kg-1 wet weight of barnacles. At no other time during 

the study was there any indication that conjugates of 2 0-hydroxyecdysone,

or any other ecdysteroid, were present.

The appearance of the conjugated 2 0-hydroxyecdysone is

titre of the free ecdy- 

detected at the highest
coincidental with the period of the lowest 

steroid. The time when the conjugate was
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level, January and February is the period in the season that the free 

ecdysteroid is below the level of accurate detection, i.e. at less 

than 100 ng kg  ̂wet weight of barnacles. So during this period the 

predominant source of ecdysteroid is a conjugated form of 20-hydroxy- 

ecdysone. The winter months are also the period of low moulting 

frequency when the barnacles undergo 'reproductive anecdysis'. 

Ultrastructural studies of the epidermis and cuticle during this 

anecdysis has shown that the barnacles are in a state of extended 

intermoult (Koulish and Klepal, 1981), the stage in the moulting 

cycle of other Crustacea when the moulting hormone titre is at its 

lowest. The conjugated ecdysteroid may therefore be an inactivation 

product produced to maintain the circulating levels of moulting 

hormones at such a low concentration that the induction of moulting 

is prevented. However, there is a second period of reduced moulting 

when the titres of free ecdysteroid are also very low during July and 

August and no conjugates were detected at this time in either years.

In insects' eggs the quantities of ecdysteroids are vast, much 

greater than in the larvae, and almost entirely conjugated. It was 

therefore expected that we would find substantially higher titres of 

conjugated ecdysteroids in the barnacles during the winter months 

after fertilisation. Although McCarthy and Skinner (1979a and b) 

have recorded the presence of conjugates of three ecdysteroids in 

intermoult stage crabs, conjugates that have been found in othe 

Crustacea have been located in developing ovaries or embryos.

Spindler (1980, private communication) found traces of conjugates 

newly hatched larvae of brine shrimp and McCarthy and Skinner 

discovered conjugates of 2 0-hydroxyecdysone in embryos of 

crab. Lachaise et al., (1981) recorded that conjugates of ecdysteroids
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were present in developing ovaries of the shore crab but at very 

low levels in comparison with the titres of the corresponding free 

ecdysteroids. In insects 95% of ecdysteroids found in developing 

ovaries and newly laid eggs may be in the conjugated form. From 

these results we tentatively suggest that the conjugated 20-hydroxy- 

ecdysone evolved from the developing embryos rather than the adult 

barnacles. To prove this hypothesis a further project would need 

to be undertaken to extract developing embryos from barnacles through­

out the breeding season and monitor the presence, and any changes, of 

free and conjugated ecdysteroids. The embryos develop in two sacs 

within the mantle and can be readily removed from the barnacle by 

carefully removing the adult from its point of attachment and 

rupturing the basal membrane. The two sacs can then be teased out. 

This study, and an effective breeding programme that would allow for 

the collection of a very large number of barnacle larvae at each 

development stage for ecdysteroid analysis, are the logical progressive 

steps in the further study of moulting hormones in barnacle
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Effects of Injected Material upon the Moulting of Adult Barnacles

In recent years there has been a growth in the understanding 

of the role of ecdysteroids in the moulting of crustaceans. The 

effects of ecdysone and 20-hydroxyecdysone, applied exogenously as 

a solution of known concentration and endogenously by injecting the 

same, have been shown to induce accelerated proecdysis and ecdysis 

in decapods, isopods and amphipods (Krishnakumaran and Schneiderman, 

1970, and Vernet, 1976). However the doses employed were often of 

a very high concentration far in excess of the levels now known to

occur naturally (see Introduction).

Larvae of the barnacle Elminius modestus have been exposed to 

exogenous solutions of juvenile hormone analogues (Tighe-Ford, 1977) 

and solutions of 2 0-hydroxyecdysone have been used to induce moulting 

in isolated penes of the barnacle B. eburneus by Cheung and Nigrelli 

(1974). Several experiments have been conducted to monitor the effect 

of ecdysteroids on explants of barnacle tissue. Freeman and Costlow 

(1976 and 1977) found that apolysis and protein synthesis were 

stimulated in epidermal tissue from B, amphitrite when cui d wi 

20-hydroxyecdysone, but very high levels of 0.5-2.0 yg ml of ecdy- 

steroid were employed. This technique was also employed to show the 

antagonistic action of 2 0-hydroxyecdysone and a moult inhibiting hormone 

CMIH) from a shrimp eyestalk extract. Ovarioles of the same barnacle 

species have been incubated with 2 0-hydroxyecdysone by Fyhn et al.

(1977) and results suggested that this hormone may well be gonad 

inhibiting as well as moult stimulating. The effects of both ecdysone 

and 20-hydroxyecdysone on inner mantle tissue explants of B. amphitrite 

were studied by Freeman and Costlow (1979) who found both ecdysteroids
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equally effective when using concentrations of 10-20 yg ml ^. Freeman 

(1980) using similar tissue, reported that 20-hydroxyecdysone and MIH 

both act directly upon the epidermis to control chitinolysis during 

early proecdysis.

Although a variety of authors have used injection techniques 

to study ecdysteroid effects on crustaceans (see Vemet, 1976) only 

two authors have employed this method in the study of moulting in 

barnacles. Tighe-Ford (1968) devised a micro-injection technique 

and injected extracts of barnacle central nervous system (CNS) into 

B. balanoides. The technique was then employed to monitor the effect 

of injecting barnacles with 2 0-hydroxyecdysone (Tighe-Ford and Vaile, 

1972a and b; Tighe-Ford, 1974), barnacle extracts containing an 

unknown concentration of ecdysteroid, and azadirachtin , an insect 

anti-feedant, (Tighe-Ford, 1974). The injection of 20-hydroxy- 

ecdysone increased and synchronized the moulting activity in barnacles 

suggesting that the effect was hormonal. Single injections induced a 

rapid response but a series of doses showed an initial reduction in 

moulting followed by marked activity. Levels of between 20-200 ng 

per individual were injected, one experiment monitored the effect by 

a low dose of only 5 ng per barnacle, and responses when the animals 

were moulting at a low (late winter) and high (late autumn) frequency 

were noted. This technique, however, necessitated the drilli g 

hole through the shell of the barnacle close to the base of the 

lateral plate (see Experimental) and injecting the solution 

haemocoel between the basal mantle tissues. In contro 

injected with sterile sea water, or distilled water, an increase in 

moulting over uninjected controls was noted and determined to be a 

response to wounding. Calcification around the site of the injection
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within the mantle tissue was also seen. This effect was less apparent 

in barnacles that were subjected to single rather than multiple 

injections.

Davis and Costlow (1974), proposed a second technique for 

injecting barnacles by forcing open the opercular valves with forceps 

and injecting a solution into the epithelium of the adductor scutorum 

using a mounted glass needle. By staining, it was shown that injected 

material circulated throughout the body within an hour. The technique 

was employed to study the effects of injecting specimens with CNS 

extracts from barnacles and eyestalk extracts from crabs. This 

technique, unlike that of Tighe-Ford's, was less injurous to the 

organism and therefore did not affect the duration of the intermoult 

cycle.

As part of this study a short period of experimentation was 

conducted at the Exposure Trials Station Laboratory, Eastney. During 

this period further experiments on the effects of injecting material 

into barnacles were conducted. Although the disadvantages of Tighe 

-Ford's micro-injection scheme were known this technique was chosen due 

to availability of equipment and the size of barnacles available.

Davis and Costlow's method used barnacles with a diameter of 12 17 mm, 

much larger than the species of IS. balanoides obtained at Eastney

which had a mean diameter of 9.5 mm.

Solutions of 2 0-hydroxyecdysone, ecdysone and 2 0-hydroxyecdysone 

of a known concentration extracted from barnacles were injected into 

barnacles during the summer months when the moulting activity was 

known to be at an intermediate frequency (see earlier discussion). 

Groups of barnacles were injected, in a single dose, with 20 hyd xy 

ecdysone at 1, 2, 5 or 10 ng per barnacle. From the results of
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Bebbington (1975) and this study (see earlier) the concentration of 

ecdysteroid injected by Tighe-Ford (1974) into barnacles is now known 

to be in excess of the levels naturally occurring. For this reason 

the effects of lower levels were studied which more closely mimicked 

the levels calculated to occur naturally. This set of injections 

was also considered as an attempt to determine the efficiency of this 

technique as a bioassay and the effects of both standard 20-hydroxy- 

ecdysone and 20-hydroxyecdysone, at similar concentrations, extracted 

from barnacles at varying times of the year were compared.

Effects of 20-hydroxyecdysone

Barnacles used in this experiment were collected in early July 

and acclimatised for two weeks to a period of 16 h submersion (overnight) 

in running seawater at ambient temperature and light and 8 h exposure. 

During this period the mean daily moulting frequency was found to be 

9.3 moults per day per 100 barnacles, with a range of 7.7 13.3.

For the determination of the effects of pure 2 0-hydroxyecdysone 

and crude preparations from barnacle extracts, ten groups of thirty 

individual barnacles per group were prepared. One group was kept 

uninjected controls and another as controls injected with steril 

water. Four groups were then injected with pure 2 0-hydroxyecdysone 

dissolved in sterilised sea water. The three samples of ecdysteroid 

extracted from barnacles were not readily soluble in the sterile 

water and to each a small volume of acetone was initially added to 

aid dissolution. The solution was then made up to volume with the 

sea water. For this reason a second group of injected controls w 

prepared and dosed with sterile sea water containing acetone m  

appropriate proportion. Each of these ten groups were then placed
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in one of the chambers of the flowing sea water system and submerged 

immediately after injection.

To ensure that the moulting frequency was not affected by any 

other factor arising from the design of the system the groups of 

barnacles were not maintained in the same chambers constantly. After 

the daily recording of number of moults the barnacles were removed 

from the sea water system, but carefully kept in their groups, while 

the tanks were cleaned of faeces and any other debris. When the 

groups were replaced at night they were moved round one chamber, i.e. 

on day 1 group 1 were in the first compartment, on day 2 the second 

and so on and group 10 moved from the last to the first compartment. 

Thus the groups were continually cycled throughout the apparatus.

The experiment ran for 28 days and the results, shown as number 

of moults per day per hundred barnacles, are given in tables 

and 14. To facilitate analysis the results are divided into cycles 

or periods in which the number of exuviae are 90% or more the number 

of live barnacles in that group. This, however, assumes that no 

barnacle moulted more than once per cycle. Any deaths were a 

recorded. Only six injected individuals died, 3.3%, three injected 

controls and three bamalces that had been injected with ecdysteroids 

extracted from barnacles.
Moulting increased in the injected controls and those groups 

injected with standard 2 0-hydroxyecdysone. In the groups injected 

with ecdysteroids from barnacles at >0.4, 1.6 and 6.4 ng per barnacle 

(samples, 1, 2 and 3) no marked increase in moulting activity was 

apparent but there was an indication that the injected m 

inhibited this action (see tables 13 and 14).
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Table 13.

The action of 20-hydroxyecdysone upon the moulting activity of 
barnacles expressed as the number of exuviae per day per 100 animals 
using groups of 30 animals.

Controls
Day Untreated Sea-water

20-hydroxyecdysone (ng/barnacle)
1 2 5 10

1

2

3

4

c

6

7

8
9

10 

11 

12

13

14

15

16

17

18

19

20

r
3 .3' 3.3 0 6.7 3.3‘ 1 0 .0

3.3 10.0 3.3 3.3 0 3 . 3

D
3.3 10.3 6.7 0 3.3 6 .7

13.3 10.3 13.3 20.0 20.0 13.3

46.7 10.3 16.7 16.7 53.3 80.0

23.3 20.7 53.3 40.0 20.0 100 0

3.3 44.8 110 10.0 103 13.3 
“

100 3.3 3.3

0 13.8 6.7 13.3 0 10.0

3.3 100 3.5 3.3 10.0 13.3 0

30.0 6.9 3.3 10.0 13.3 20.0

20.0 10.3 23.3 13.3 10.0 36.7

23.3 10.3 16.7 10.0 20.0 10.0

0 13.8 10.0 10.0 26.7 10.0

10.0 13.8 10.0 13.3 6.7 10.0

23.3 107 17.2 6.7 13.3 6.7 100 6.7

23.3 10.3 100 6.7 3.3 _ 97 0 3.3

3.3 3.5 16.7 104 20.0 6.7 3.3

6.7 6.9 6.7 13.3 3.3 6.7

3.3 10.3 13.3 10.0 10.0 10.0

16.7 6.9 6.7 13.3 13.3 10.0

113

100

/ continued
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Tahle 13 - continued

21 16.7 6.9 3.3

22 6.7 13.8 6.7

23 3.3 17.2 0

24 6.7 6.9 3.3

25 3.3 10.3 0

26 0 3.5 13.3

27 3.3 0 0

28 3.3 96 0 13.3

Total 303.3 296 273

3.3 10.0 10.0

3.3 6.7 3.3

0 3.3 3.3

3.3 3.3 6.7

13.3 10.0 10.0

6.7 3.3 3.3

13.3 0 10.0

6-7._ 106 16.7 16.7_

303 287 317

I = a cycle or period in which the number of exuviae cast is 
90% + the number of barnacles alive in the group.

D = death
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Table 14-

The action of crude 20-hydroxyecdysone extracted from barnacles upon 
the moulting activity of barnacles expressed as the number of exuviae 
per day per 100 barnacles using groups of 30 animals.

Day
Controls

Untreated Sea-water
Sample

2

1 3.3 10.0 ’
f

3.3 0 13.3T

2 3.3 13.3 3.3 3.3 3.4

3 3.3 6.7 0 3.3 3.4

4 13.3 6.7 0 3.3 6.9
D

5 46.7 13.3 28.6 30.0 38.0

6 23.3 23.3 32.1 30.0 27.6

7 3.3 20.0 14.3 13.3 6.9

8 0 16.7 110 3.6 13.3 3.4
*

9 3.3 100 10.0 10.7
•

96 6.7 103 10.3

10
•

30.0 0 10.7 3.3 0

11 20.0 0 3.6 10.0 6.9

12 23.3 0 25.0 13.3 13.8

13 0 27.6
D

10.7 13.3 17.2

14 10.0 6.9 10.7 16.7 10.3

15 23.3 107 3.6
D

3.6 13.3 13.8

16 23.3 10.7 17.8 16.7 6.9

17 3.3 7.1 7.1 13.3 100 6.9

0 10.3
18 6.7 7.1 0

19 3.3 21.4 7.1 3.3 6.9

20 16.7 10.7 . . 1 0 5
10.7 _ 107 6.7 10.3

103

103

/  / . r t r ih in u e d
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Table 14 - continued

21 16.7 17.8 7.1 10.0 20.7

22 6.7 14.2 17.8 10.0 10.3

23 3.3 3.6 17.8 23.3 13.7

24 6.7 0 10.7 20.0 0

25 3.3 0 3.6 0 17.2

26 0 0 7.1 13.3 3.4

27 3.3 3.6 3.6 0
D

6.9

28 3.3 96 3.6 7.1 6.9 94 0

Total 303 258 278

I = a period in which the number of exuviae is 90%, or more 

of the number of animals.

D = death
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The increased moulting activity shown by the standard 

solution is shown graphically in figures 28 and 29. Figure 28 shows 

the cumulative response over the four weeks and it is clear that the 

accelerated activity is short-lived and only affects one cycle. All 

the injected groups then reverted to a normal second cycle where the 

moulting frequency is on average 10 moults per 100 barnacles per day.

Figure 29 shows the response over the first fourteen days and 

emphasises the rapid reaction to the 10 ng dose. Here the moulting 

activity became synchronized and 80% of the barnacles in this group 

moulted on the fifth day after injection. Some synchronization was 

also apparent during the second moulting cycle in this group when a 

total of 56.7% moulted on days 11 and 12. A marked but less rapid 

reaction was seen with the 5 ng injected group where 53.3% moulted 

simultaneously five days after being injected. This was the lowest 

concentration that Tighe-Ford (1974) had used in his study and he 

found that although some response was obtained the activity was closely 

similar to that of sea water injected controls. This may have 

resulted from his study being conducted with barnacles already under 

going a relatively high moulting frequency in the autumn. Barnacles 

used in our study were moulting at an intermediate rate and therefore 

may have been more 'susceptible' to the injected material at these 

low levels. We also obtained some reaction to lower doses of 1 and 

2 ng per barnacle. Although the cycle in these groups was closely 

similar to that of the injected controls it can be seen that a 

synchronized response occurred six days after injection when 40% 

and 53.3% respectively moulted in the two groups. In the injected 

controls the response arose seven days after wounding when 44.8%
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Figure 28. of ^ n e c l e ,  ^ P - h y d r o » ^ ^ .
Controls, sea-water injected ( )»
1 ng ecdysteroid injected ( )»
2 ng ecdysteroid injected ( )»
5 ng ecdysteroid injected ( “ ''
10 ng ecdysteroid injected ( • ‘
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Figure 28. Moulting response of barnacles injected with 20-hydroxyecdysone.
Controls, sea-water injected ( ----  );
1 ng ecdysteroid injected ( •••• );
2 ng ecdysteroid injected ( ---- );
5 ng ecdysteroid injected ( --------- );
10 ng ecdysteroid injected ( • ----  •)
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moulted. In these groups the response did not continue into the 

second cycle.

In the groups of barnacles injected with an extract from 

barnacle containing a known concentration of ecdysteroid, 20-hydroxy- 

ecdysone, the duration of the first cycle was similar to that obtained 

by the injected control group. However a synchronized response did 

occur in the group dosed with the highest titre, 6.4 ng per barnacle, 

as 65.6% moulted on the fifth and sixth day after injection. In the 

groups injected with very small concentrations, >0.4 ng and 1.6 ng 

per barnacle, there was initially a reduction in moulting activity 

over the first four days. The samples were known to be impure (see 

earlier discussion on extraction) and, as a moult inhibiting substance 

(MIS) has been reported to occur in barnacles (Cheung, 1974 and Davis 

and Costlow, 1974), it is possible that this substance had been 

extracted with any ecdysteroids and was present in these samples.

Both these samples were extracted from barnacles moulting at a very 

low frequency when any inhibitory substance would be high and the 

results from these tests may indicate inhibition rather th 

acceleration of moulting. The moulting activity that was 

could be attributed to the response to wounding and the presence 

of ecdysteroids naturally occuring in the barnacle at this time of 

the year.
From these studies it is apparent that the use of this technique 

as a bioassay is limited primarily due to the seasonal variation in 

moulting frequency in this barnacle species. The response to similar 

doses of 2 0-hydroxyecdysone varies according to the time of y 

the barnacles are collected. Tighe-Ford (1974) recorded variation 

when using specimens moulting at a low and high rate and this
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now records the effect when using barnacles at an intermediate state. 

The technique also suffers from the wounding response which masks 

any effect from injections of materials at low concentrations. It 

was also difficult to ensure that the material was satisfactorily 

injected into the haemocoel of the barnacle as it would be very easy 

to penetrate the mantle walls and inject the sample into the mantle 

space from where it would be ejected when the animal opened its 

opercular valves on submersion. Tighe-Ford used barnacles specially 

grown on perspex sheets to enable him to visualise the injection and 

prevent this occurrence, unlike on this occasion when barnacles 

settled on rocks were utilised. Undoubtedly Davis and Costlow’s 

(1974) method is superior and if older and larger specimens of 

B. balanoides are obtained this technique would be preferable.

A further disadvantage of using this method is the fact that 

the individual barnacles are at varying stages in their moulting 

cycle. Davis and Costlow (1974) have shown that the effect of 

injecting a barnacle with CNS extracts varies depending 

moulting stage of the animal.

Effects of Ecdysone
Barnacles were collected in early August and prepared as before. 

Six groups of thirty barnacles per group were arranged, one group 

maintained as injected controls and another as uninjected controls. 

Individuals in the other four groups were injected with ecdysone at 

either 1, 2, 5 or 10 ng per barnacle. They were immediately p 

in the flowing sea water system, cycled daily as before,

n i lT T lK o T *  r r * / - v i l l  f "  £3

______„„n-.! nf the 28 day

V
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experiment are shown in table 15, displayed in the same manner as 

in the previous experiment.

In this experiment the mortality rate of barnacles was very 

high and occurred in both the uninjected control group as well as in 

injected groups. Two deaths occurred in both the controls in the 

first seven days and a single death was recorded in each of the three 

lowest dosed groups within the same period. A very high mortality 

rate occurred in the group whose individuals were injected with the 

highest concentration of ecdysone, 10 ng per barnacle, where four 

barnacles died within six days and a further two deaths were recorded 

after twelve days yielding a 20% mortality rate.

From table 15, it is apparent that the injected material did 

not synchronise or increase the moulting frequency of the barnacles, 

neither was there any apparent inhibition of this activity. The 

moulting activity of the groups injected with ecdysone is closely 

similar to that of the injected control group. It was expecte 

that some, or all, of the injected material would be converted to 

the major moulting hormone 2 0-hydroxyecdysone, and that a p 

would be seen similar to that which occurred with the barnacles that 

were injected directly with 20-hydroxyecdysone. The effect did not 

occur.
Ecdysone has been found to be present in crustacea (see 

Introduction) and has been isolated from the barnacle B. balanoides 

but at a much lower concentration than the major ecdysteroid, 

20-hydroxyecdysone. Ecdysone has been injected into a variety of 

crustacea (see Vernet, 1976) and has been shown to have a positive 

effect upon moulting in decapods, amphipods and isopods. This is
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Table 15.

The action of ecdysone upon the moulting activity of barnacles 
expressed as the number of exuviae per day per 100 barnacles 
using groups of 30 animals.

Controls
Day Untreated Sea-water

1 0
D

0 3.3"

2 6.9 0 6.9

3 3.4 16.7 20.7

4 17.2 10.0 3.5

5 10.3
D

16.7 10.3

6 21.4 33.3 25.0

7 14.2 3.3
2D

14.3

8 25.9 99 25.0 105 17.8

9
'

7.4 25.0 10.7

10 3.7 14.3 10.7

11 11.1 7.1 21.4

12 7.4 14.3 14.3

13 3.7 3.6 17.8

14 7.4 10.7 0

15 14.8 7.1 10.7

16 14.8 10.7 7.1

17 7.4 10.7 103 7.1

18 11.1 10.7 14.3

19 0 3.6 14.3

20 7.4 7.1 7.1

Ecdysone (ng/barnacle)
2 5 10

6.7" 0 0

3.3 6.7 10.7

20.0 3.3 25.0

13.3 30.0 21.4

16.7 20.0 17.8

26.7 23.3 0
D 2D

10.0 97 3.4 11.5
D

13.8 3.4 15.4 102

20.7 6.9 97 11.5

13.8 17.2 7.7

0 10.3 15.4

10.3 20.7 11.5

27.6 6.9 12.5

10.3 10.3 29.2

6.9 103 13.8 4.2

10.3 6.9 12.5 104

10.3 6.9 8.3

3.4 10.3 104 8.3

6.i 6.9 12.5

6.Í 10.2 o

/ continued
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Table 15 - continued

21 3.7 I 100 7.1 3.6 0 3.4 12.5

22 7.4 7.1 3.6 6.9 3.4 12.5

23 11.1 7.1 10.7 6.9 10.3 12.5

24 14.8 10.7 14.3 13.8 10.3 8.3

25 14.8 7.1 10.7 20.7 10.3 8.3

26 7.4 7.1 10.7 6.9 13.8 4.2

27 11.1 14.3 7.1 96 13.8
*

107 10.3 8.3 96

28 11.1 14.3 97 14.3 6.9 6.9 20.8

Total 277 305 312 314 287 323

I = a period when the number of exuviae is 90%, or more 

number of animals.

D = death
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the first attempt to determine its effect in cirripedes. King and 

Siddall (1969) demonstrated that 23,24-3H-ecdysone injected into the 

shrimp, Crangon nigricauda and the fiddler crab, Uca pugilator_ was 

converted, up to 75%, to 20-hydroxyecdysone. A similar result was 

found in the shore crab, P. crassipes by Chang e£ al., (1976), and 

in the green crab, C. maenas by Lachaise et al., (1976). The rate 

of conversion was found to be dependent upon the stage of development 

of the organism. Lachaise et al., (1976) demonstrated that although 

the injected ecdysone was converted to 2 0-hydroxyecdysone, and a very 

small concentration of six other metabolites, only labelled ecdysone

was excreted. Kuppert et al., (1978) injected Vecdysone into 

crayfish, Orconectes limosus, and found that after one hour 60 70% 

of the total radioactivity was excreted as the unchanged ecdysteroid. 

However the remaining ecdysone was converted to labelled 20-hydroxy- 

ecdysone but little of this was detected in excretions. McCarthy 

and Skinner (1979a) followed the met.b.lis. of ’»-«cdysone inj.nt.d 

into the land crab, Cecarcinus lateralis and also foond that the 

labelled ecdy.t.roid «as predominantly converted to 20-hydroxyecdy=on. 

very rapidly. Further metabolism yielded quantities of 2 0,26-dihydroxy- 

ecdysone and polar conjugates of all three free ecdy.teroid, were found. 

The polar conjugate, were presumed inactivation product, and were 

predominantly excreted in the urine and faeces along with labelled

free ecdysteroids.

From all these studies it is « P P « « “  "  ‘
conversion of ecdysone to 20-hydroxyecdysone coupled with an initial

excretion of labelled ecdysone. Injected ecdy.on. is *1=0 converted 

to a .tries of minor metabolite, of which the conjugate, appear to be 

inactivation products which are excreted primarily in the urine.
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From the results of injection of ecdysone into barnacles 

there appears little evidence to support the conversion of ecdysone 

in this organism. However this may be the result of the low dosage 

and using a population of individuals at varying stages of the moult 

cycle. If in cirripedes, as in other Crustacea, a high percentage 

of the initial concentration of ecdysone is rapidly excreted then the 

amount of 20-hydroxyecdysone converted from injected material may be 

of too low a concentration to show any positive effects. However, 

in the previous series of experiments it was apparent that an injection 

of as little as 1 ng of 2 0-hydroxyecdysone showed some effect. It may 

therefore be necessary to perform this experiment with barnacles at a 

fixed stage in the moulting cycle. Lachaise et , (1976) recorded 

that the conversion rate of ecdysone to 2 0-hydroxyecdysone was 

dependent upon the stage of development and found the most rapid 

conversion occurring when the crab under test was a stage Dq D^, 

early premoult. Similarly King and Siddall (1969) noted a variation 

of 50% in conversion rate in U. pugilator at premoult and intermoult 

stages. Maisslat and Legrand (1970) found that ecdysone injected 

into the isopod Ligia oceanica was most effective when the organism 

was at stage C and least effective when at the end of stage D or at 

stages A and B.
The concentrations of ecdysone injected into the barnacles 

were of a similar amount to the concentration of 20-hydroxyecdysone 

used in the previous experiment to allow for a direct comparison 

between the activities of these two ecdysteroids. However from 

reports of similar experiments in other Crustacea it is now considered

Of too low a concentration to show any significantthat these levels were
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effect over and above the wounding response. The low concentrations 

naturally present suggest that this ecdysteroid is merely a very short 

lived intermediate metabolite that, as in other crustacea, is rapidly 

converted to the major moulting hormone, 20-hydroxyecdysone. To 

determine this more accurately these experiments would have to be 

repeated, preferably using larger specimens and the injection 

technique devised by Davis and Costlow (1974), using larger amounts 

of ecdysone. Davis et al., (1973) and Koulish and Klepal (1981) 

have shown that it is possible to determine the moult stage of 

individual barnacles but to obtain groups of individuals at similar 

stages would entail extensive experimental procedures.
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EXPERIMENTAL METHODS

Solvents and their Purification 

Methanol and acetone used for the preparation of solutions of 

ecdysteroids and for the Sephadex column chromatography were obtained 

from Fisons (Distol Pesticide grade).

Toluene (1 l) for GC-ECD was purified by shaking with cool 

concentrated sulphuric acid (2 x 100 ml), then distilled water (1 i.), 

and finally 5% sodium bicarbonate solution (1 i) to remove all traces 

of acid. The toluene was then dried overnight with either anhydrous 

magnesium sulphate or calcium sulphate, distilled from phosphorus 

pentoxide and stored over molecular sieves 4A. Its purity was checked 

by evaporating a 10 ml portion to 200-500 pi with a stream of nitrogen 

and injecting 1-2 pi of the concentrated solution onto the gas chromato­

graph fitted with a 63N’i ECD. The breadth of the solvent peak indicated

its purity and should be no more than 1 min.

Pyridine for silylation reactions was dried overnight with calcium 

hydride before distillation and storage over molecular sieves.

Diethyl ether (1 S.) was dried overnight with granular calcium 

chloride and then distilled from sodium wire and stored over molecular 

sieves.

Pure ethanol was obtained using the method of Perrin (1966). 

Magnesium turnings (5g) and iodine (0.5g) were placed in 

with absolute ethanol (100 ml) and warmed until the reaction abated 

(solution turned from brown to white). Then further ethanol (1 0  

was added and the whole refluxed for lh before fractional distillation,

the ethanol being collected at 77-79 C.

All other solvents were laboratory grade and were dried

conventional way with sodium or molecular sieves where required.



1 5 7 .

Water and acetone used for washing glassware was distilled, as was the 

water used for partition, and thin layer, chromatography.

Cleaning of Glassware and Reacti-vials 

Glassware was cleaned by soaking overnight in caustic detergent 

followed by a thorough washing with tap water, distilled acetone and 

finally distilled water. The 1 cm3 Reacti-vials (Magnus Scientific, 

Sandbach) were first soaked overnight in chromic acid (3g chromium 

trioxide, 5 ml of water made up to 100 ml with concentrated sulphuric 

acid), then in saturated sodium bicarbonate and finally extensively 

rinsed with distilled acetone and water. They were then dried in an 

oven at 130-140°C. Sample bottles used for storage of solutions of 

standard ecdysteroids and barnacle samples were similarly cleansed.

Preparation of Trimethylsilylimidazole

The preparation followed that described by Barkoffer and Rittor 

(1965) and adapted by Wilson (1979). Imidazole (13.6g) plus hexa e y 

disilazane (24.2g) and two drops of concentrated sulphuric acid were 

placed in a three-necked 100 ml flask and refluxed under nitrogen for 

2h. Fractional distillation of the mixture under vacuum gave trimethyl­

silylimidazole as a colourless mobile liquid which was collected with a 

Perkin triangle with an average yield of 85%. The compound was tested
t m c  derivatives of 20-hydroxyecdysone, and for purity by preparing the TMS deriv
The TMSI was stored in 1 ml glass vials also by its NMR spectrum. The IMbi was

sealed under nitrogen and kept at 4 C until required.
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Preparation of Trimethylsilyl Ethers of Pure Ecdysteroids 

A sample of ecdysteroid (0.2-1.0 mg) was weighed on a micro­

balance and dissolved in methanol or acetone (Fisons Distol Pesticide 

grade), to give a concentration of 500 yg ml ^. An aliquot of the 

solution (50 y£, i.e. 25 yg ecdysteroid) was evaporated to dryness in 

a 1 cm^ Reactivial (Pierce and Warriner, Chester) with a stream of 

warm nitrogen. The ecdysteroid was dissolved in a mixture of purified 

pyridine and TMSI in the ratio of 2:1 (generally 65 yi. and 35 yi. 

respectively). The vial was sealed with a screw cap and then left 

either for 30 min at room temperature (20°C), 5h at 120 C or 60h at 

140°C depending upon the trimethylsilyl ether required. The solution 

was allowed to cool and an aliquot (10 yi) removed and diluted with ECD 

grade toluene to give a final concentration of 1-10 ng yi of the 

derivative. A sample of this solution (1 yi) was injected onto the 

GC column and the retention time of the derivative noted. The time 

required for complete conversion to a single derivative was originally 

found by monitoring the course of the reaction at regular tim 

intervals (see Discussion). The remaining solution in the Reactivial 

was either stored in a refrigerator, where the TMS ether was stable 

for several weeks, or purified directly by thin layer chromatography 

(see later) .

Preparation of Thin Layer,Chromatogra^h^Plates 

Silica gel (500g of Kieselgel 60 P F ^ ,  Merck) was washed with 

methanol ( 3 x 1 0  followed by diethyl ether ( 3 x 1 «  with gentle 

warning and stirring on a stirrer hot plate, the solvent being decanted 

after each washing. After the final wash the silica —  dried and 

sieved through a number 100 sieve (End.cott. Test Sieves Li.it.d) and
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stored in a sealed container. The washed silica (25g) was slurried 

with distilled water (25 ml) and spread onto glass plates, either 

four 20 x 20 cm or eight 10 x 20 cm, to a thickness of 0.6 mm. The 

glass plates were thoroughly cleaned before use by soaking in a caustic 

detergent solution followed by several washes with distilled water and 

a final rinse in distilled acetone. The slurried plates were then left 

to air dry at room temperature for 24h, activated before use by heating 

in an oven at 105°C for lh, then cooled and stored in a dry box over 

granular calcium chloride.

Thin Laver Chromatography of Pure Ecdy.teroids and th.it TMS ethers 

For TLC analysis an aliquot of a solution of ecdysteroid in 

either methanol or acetone «as taken containing at least 10 ug and 

placed a, a spot onto the origin of a normal phase 10 a 20 cm 0.6 mm 

TLC plate. Alongside the end,steroid a spot of ecdyson, and 20-hydroay- 

ecdysone »ere also placed and the pl.t. »•• then d.r.lop.d for 15 min 

in either dichloromethaneimethanol (85:15) or chloroform.

(85:15) . After development the plat, »as dried »ith the aid of a hair 

dryer and the eedyst.roids »ere viso.li.ed under UV light at 256 n. and

Rj values calculated.
For TLC analysis of IMS ethers of pore ecdy.teroids the volume

of the reaction mixture after silylation »as Initially reduced by
. rh a stream of nitrogen. A portion

evaporating some of the pyridine
• • inaqt 10 ug, was then placed

of the concentrated solution, containing a

alongside the tetr.ki.-TMS ether of ecdysone, which »a. prepared by 

silylating ecdysone for 5h at 120°C and here used as a standard. The 

Plate »as then developed in toluene:.thyl acetate (7:3) for 15 cm.
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removed and dried with the aid of a hair drier. The derivatised 

ecdysteroids were then visualised under UV light at 254 nm. To 

confirm that the spot seen under UV illumination was the derivatised 

ecdysteroid the appropriate Rf zone was scraped from the plate into 

a 5 ml centrifuge tube and shaken with diethyl ether (3 ml). After 

centrifuging, the diethyl ether was gradually pipetted into a Reacti 

vial and evaporated to dryness with a stream of nitrogen, the final

residue being taken up in ECD-grade toluene to give a concentration 

of 1-10 ng yif1 of ecdysteroid derivative. A portion of this solution 

(1 yH) was injected onto the GC column, using its retention time to 

confirm that the spot on the TLC plate was the silylated ecdysteroid.

To determine the percentage recovery of TMS ethers of ecdysteroids 

after TLC or if the amount of derivatised ecdysteroid was below the level 

of detectability by UV fluorescence (ie. < 10 yg) , then the pyndi 

solution after silylation was reduced in volume while still warm with 

a stream of nitrogen and the remainder applied as a band to the origin 

of a 20 x 20 cm TLC plate. This was developed and dried as before and 

the silica from Rf 0.5-0.9 removed and packed into a glass column 

(25 x 1.0 cm), the lower end of which was constricted and plugged with 

glass wool. The ecdysteroid derivative was eluted from the silica 

with dried, distilled diethyl ether (15 ml) into a centrifuge tube.

The ether was evaporated to a small volume with a stream of nitrogen

and gentle warming with a hair drier, ensuring that water did not
i i nllift two ether washings, . . , , u_ This reduced volume, piucondense inside the tube« l“1

i Rpacti-vial and reduced to
(2 x 250 yJt), was transferred to a

, lin in a known volume of purified toluene 
dryness. The residue was taken p
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Preparation of Reverse Phase Thin Layer Chromatography Plates

Commercially available reverse-phase thin layer chromatography 

(RP-TLC) plates (0PT1-UP RPTLC plates, Fluka AG, Switzerland) were 

used in the analysis of pure ecdysteroids. Reverse phase TLC plates 

were also prepared from the normal phase 10 x 20 cm 0.6 mm TLC plates 

and from 10 x 10 cm high performance TLC plates (Whatman HP-K U V ^

HP TLC, Uniscience Ltd., Cambridge, UK) according to Stahl (1969). This 

preparation involved coating the normal phase TLC plates with a non-polar 

liquid phase. This was simply achieved by 'chromatographing' a plate in 

dichloromethane containing the appropriate percentage of "Nujol" grade of 

liquid paraffin (2i, 5, 7* or 10% vol/vol). Primarily a 7*% loading was 

used. The plate was then dried in a fume cupboard and stored over 

granular calcium chloride. Immediately before use the plate was 

equilibrated by suspension over the proposed running solvent for Ih 

in a sealed chromatography tank. For determination of percentage 

recoveries of low levels of ecdysteroids it was found necessary to pre- 

-wash the Whatman HPTLC plates before preparing reverse phase pi 

This was achieved by running the plate in dichloromethane and then 

removing a strip of silica corresponding to a band of Rf 0.9-1.0. 

plate was then dried and prepared as a reverse phase plate as before.

Reverse Phase Thin Laver Chromatography of Pure Ecdy-S- ’
i Hbrated for lh in the solvent vapour The prepared plates were equilibrated

, •jc fio uH of 500 pg ml in methanol)
and then solutions of ecdysteroi

• • The Plates were then developed in
were placed as spots at the origin.

, „ „ cfio-40) removed and allowed to dry in a fume
a tank of methanol:water (60. )>

cupboard before visualising under UV light at 254 nm.
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Ecdysone was used as a typical ecdysteroid for determination 

of recoveries from RP-TLC plates. Each plate was spotted at the origin 

with a series of concentrations ranging from 2 yg (which could be 

visualised under UV light) to 10 ng (which could not). After develop­

ment in methanol:water (60:40), the plate was dried and viewed under UV 

light and the Rf value of ecdysone found from the concentrated spot.

An area of silica from 1 cm above to 1 cm below this value was scraped 

into a 5 ml centrifuge tube and shaken with methanol (3 ml), the mixture 

centrifuged and the solution decanted. The silica was washed once more 

with methanol (1 ml) , the mixture centrifuged and the solution decanted 

and combined with the first washing. The methanol solution was then 

gradually pipetted into a 1 cm3 Reacti-vial, evaporated to dryness 

with a stream of warm nitrogen and thoroughly dried under vacuum in a 

drying pistol at 50°C for lh. The recovered ecdysone was then 

converted to its TMS ether by reaction in a mixture of purified pyridine 

(15 yd) and TMSI (10 yd) for 30 min at room temperature. The solution 

was then diluted with ECD grade toluene to give a final concentration 

between 200 pg yd"1 - 1 ng yd"1, and 1 yd of this solution was injected 

onto the GC column. The resultant peak area was used to determine the 

percentage recovery by comparison with a calibration curve for ecdysone.

Microcrvstalline Column Chromatography
. it <lo E Merck, Darmstadt) was placedMicrocrystalline cellulose (7g,

in a glass column (18 cm x 10 -  i.d.) with a drawn out end plugged 

with glass wool. The support was then washed by eluting with benaene 

saturated for 24h with an equal volume of 50% isopropanol in water.

The barnacle sample, with added ecdysone (10 yg), was
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and eluted with the benzene solution. Fractions (5 ml) were collected
3up to 50 ml and each was evaporated to dryness into a 1 cm Reacti-vial, 

with the aid of a stream of nitrogen and a hair drier. The residue 

was then dried thoroughly in a drying pistol under vacuum and at 50 C 

for lh. The dried residue was then reacted with pyridine (65 yi.) and 

TMSI (35 pH) for 5h at 120°C. The solution, after cooling, was then 

diluted with toluene to give a solution of approximately 1-2 ng yJl 

of ecdysone and 1 y* was injected onto the gas chromatograph column.

The active fraction that contained the ecdysone was then found and the 

percentage recovery calculated.

Floridin Earth Column Chromatography 

Floridin Earth (50g) or Florex (BDH Chemicals Ltd., Poole,

England) was prewashed with saturated sodium bicarbonate (150 ml), 

distilled water (3 x 150 ml) and finally dry distilled ethanol (150 ml) . 

The support was then dried overnight in a drying cabinet containing 

granular calcium chloride. The washed Floridin Earth (7g) was then 

placed in a glass column (18 cm x 10 mm i.d.) with a drawn out end 

plugged with glass wool. The support was then washed by eluting with

hexane (20 ml).
The sample, in methanol, »«a reduced to a »all volume (500 „!) 

and introduced onto the top of the .upper, and »as eluted with the 

following solvents; hexane (10 ml), hexaneidiethyl ether (10 .1 each 

o, 70:30 , 50:50 and 30:70), diethyl ether (20 ml), di.thpl ether:.c.to„e 

<10 .1 of 70:30 and 20 .1 of 50:50), acetone (10 D , .«to„.:«tha»ol 

<20 .1 of each of ,5:5, *>,10 « d  80:20) and finally ethanol (20 .1).

Each fraction was collected and evaporated to dryn.s. using a stream
i rm3 Reacti-vial and silylated with pyndrne 

of warmed nitrogen into a 1 cm
. , c, i?o°C The solution was then

(65 vl) and TMSI (35 yi.) for 5h at 120 C *
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diluted with toluene and 1 pfc was injected onto the gas chromatograph 

fitted with an electron capture detector. The active fractions that 

contained the ecdysteroids were then found and the percentage recovery

calculated.

Sephadex Gel Column Chromatography 

Purification of the ecdysteroids present in the biological 

samples necessitated the use of two columns using components of Whatman 

Ion Exchange Columns (Uniscience Limited, Cambridge) with a support of 

Sephadex LH-20 (Pharmacia Fine Chemicals), and either acetone or 

methanol as eluant.
The Sephadex <25g> »a. swollen overnight in the appropriate 

solvent <100 »1). The acetone-eluted column incorporated a precision 

bore glass column 45 cm , 15 -  (l.d.) and «*• P«ked with the swollen 

Sephadex as a slurry to give • column of 30 cm in length (eguiv.l.nt 

to 20g of dry Seph.dex) . The methanol-eluted column was 60 cm x 15 mm 

(i.d.) and was packed to give a column 47 cm in length (equivalent to 

20g of dry Sephad.x, . Both columns ».re sealed with polypropylene 

barrel assemblies of 15 mm diameter fitted with capillary feed tubes. 

The tube at the has. of the coin» »a.
Sep.. Chester) , on. arm of which was connected to a capillary tub, 

<0.75 .) leading to a solve« «s.rvoir <250 ml), the other arm ... 

fitted with a L„.r fitting (Phase Sep.) into -hick a « « » « '  syringe
, TVlp „lass reservoir was connected

valve (Phase Sep.) was locate .
. 1" O.D. glass-to-tefIon union

to the feed capillary tubing wi 4

(Magnus Scientific, Sandbach).
By introduction of the sample through a 1 ml glass syringe,

the Mininert syringe valve, onto the base of the column
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the sample could be developed by gravity feed from the reservoir.

Fractions eluted from the column were collected from the capillary 

feed tube projecting from the barrel assembly at the top of the column.

This procedure ensured that no air bubbles were introduced into the 

system and that these relatively volatile solvents did not evaporate 

from the column and cause ’cracking’ of the support. The solvent

flow rate for the acetone eluted column was maintained at 1 ml min 

and for the methanol eluted column, 0.33 ml min by varying the 

position of the reservoir. When not in use the capillary feed tube

at the top of the column could be sealed.

To determine the elution profile of the ecdysteroid, found in 

barnacles the column, were calibrated «ith ecdysone, 20-hydroryecdysone

end m.ki.terone A, by injecting a 10 ug »«pie 1» 1 "1 °f the 

solvent onto the coin» with a 1 »1 syringe. The syringe ... then 

.ashed nith 500 p. of the respective solvent, and this „ashing -a. also 

injected onto the coin» immediately after the sample. For the acetone

eluted column fraction. ( 5 1 ) -era collected fro. the time of injection

, . j ui t-h the methanol eluted column,until 200 ml had been obtained. Wit

fractions (2 ml) were collected until a total volume of 1 0 0 m

obtained. Each fraction „a. then pipetted gradually into separate
1  ̂ Hrvness with a warm stream of

1 cm3 Reacti-vials and evaporated t y
• • ic upre then placed under vacuum in a•. mt. Pparti-viflls were rnitrogen gas. Tne Keacui

drying pistol at 50°C for lb. The fractions „.re then silyl.ted „ith 

pyridine (65 pH) and TMSI (35 pi) f°r 5h at 120°C. After cooling they
, , ■ fh gcD grade toluene and 1 pi was injected onto

were suitably diluted with EC g
the CC. the amount of ecdy.t.roid in each fraction being calculated by 

comparison of peak area for each specific ecdy.teroid „ith a c.lUbratron
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ecdysone and makisterone A, developed on acetone and methanol eluted 

Sephadex LH-20 columns.

The recovery of ecdysteroids from each of the columns was found 

using ecdysone and 2 0-hydroxyecdysone at levels down to 500 ng. Either 

2, 1 or 0 . 5  pg was injected onto the column and the active fraction 

collected, evaporated down on a Rotary evaporator to a small volume 

and then transferred to a 1 cm3 Reacti-vial where the sample was 

finally evaporated to dryness. This was then dried in the pistol, 

silylated and gas chromatographed as before and the % recovery of the 

ecdysteroid from the column calculated.

Preparation of Columns for Gas Chromatography
i f ' n Q m o r l 5 m x 4 mm internal diameter)Coiled glass columns (0.9 m or i.o

were thoroughly cleaned with distilled water and acetone and oven dried 

at 140°C. Each column was then silanised by filling with a solution 

of 20% dime thylchloro s i1 ane (Hopkins and Williams, Chadwell Heath,

. . .  f„r oh The solution was then pipetted out andEssex) in toluene for ln • J-
. . j . .u a ci-rpam of warmed nitrogen, the glass column dried with a s

A support o£ 1.5% W/V 0V10! . i l l c .  ph.s« O M - « »

Sandbach) on Chromosorb V (Magnus Sclantific) »a. prapared.
, -Mia nviOl (0.45g) in toluene (50 ml), 

Chromosorb W (30g) was shaken with 0
a a rotary evaporator using a Kolbe flask and the solvent removed on a rotary p

then dried by warming on a fluidised bed,
(250 ml). The support was then

a bv a flow of nitrogen up through the support, 
the finings being removed by

ach class column was plugged with silanised glass 
Before packing each gla

wool at the end connected to the detector. The glass column was then 

packed with the prepared support with the aid of a vibrator an 

vacuum line connected to the end plugged with glass wool. The co umn
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was packed to within 7.5 cm of the end and firmly plugged with glass 

wool. Before connecting to the detector the columns were conditioned 

by heating to 300°C for 24h with a nitrogen carrier gas flow of 50-60 ml

. -1 min .
In repeated use, resolutions deteriorated and the retention times 

gradually decreased. The life of a column was prolonged by regularly 

replacing the first few centimetres of packing (approximately every 300 

injections), and by injecting 10 yi. samples of "Silyl-8" (Pierce and 

Warriner, Chester) onto the column at 250°C with the detector disconnected

Gas Chromatography with an Electron Capture Detector 

Gas chromatography (GC) was performed on a Pye Series 104 gas 

chromatograph fitted with a 63Ni electron capture detector (ECD) connected

to a Pye electron capture amplifier.

Regular use of the ECD leads to contamination. The central

electrode was removed and cleaned with metal polish and the barrel was 

cleaned by placing in a I t  beaker, containing hexane, in an ultrasonic 

bath for l-2h. Alternatively the detector could be cleaned without 

disassembly by purging it at 400°C with hydrogen gas (McCown, 1978).

Both methods proved adequate for slight contamination, but otherwise 

cleaning the detector must depend upon the design and maker’s instructions. 

Mild contamination could sometimes be removed by increasing the detector

temperature to 350°C and the purge gas to 50-60 ml min" 1 overnight.
. a« a carrier gas and was dried and Oxygen-free nitrogen was used as a c a m e  g

„ mr*l ami ar sieves and through an 'oxy-
further purified by passing ove

, Tha carrier gas was maintained at a flow -trap' (Alltech Associates). The c a m  g
-l , _ and the detector at1 with the column at 285 C anarate of 50-60 ml min

300°C . When the column was not in use
the carrier gas was switched
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off and purge of 15 ml 1 min of nitrogen, dried and purified as before, 

was maintained through the detector which was kept at its working 

temperature of 300 C.

Injections of 1-2 yJ, of a sample in ECD grade toluene were made 

directly "on-column" with a 5 pi, syringe (Scientific Glass Engineering, 

London) fitted with an 11 cm needle which reached onto the top of the 

column packing.

Preparation of Calibration Graphs using Pure Ecdysteroids 

A known quantity of ecdysteroid (10 yg) in purified pyridine 

(65 yf) and TMSI (35 y*) was converted to its IMS ether as described 

previously. After formation of the desired derivative a quantity of 

the reaction mixture (1 0 -2 0 y*) was diluted in toluene and then serially^ 

diluted to give a range of concentrations of ecdysteroid from 200 Pg y*'

- 5 ng yl-1. 1 P* samples were then injected onto the GC (in triplicate)

and from the peak areas obtained a calibration curve was prepared. 

Calibration graphs for ecdysone, 20-hydroxyecdysone and makisterone A

were prepared.
Due to contamination and alight variation, in the aen.ittvrty 

of th. ECD th... calibration, »era rape,tad regularly particularly bafora 

and after determinations of biological samples.

Of TWO New •

Ecdysone, 20-hydrosyecdysone and m.kistetone A « « «  *n*1,” d “  

too solvent partition a y s « -  to determine tbeir partition

m  aeparate teat, each ecdyateroid <10C „1 of a «tb.nolic aolutron

o, 250 pg m l -  i.e. * >  «  —  »  <“ «> » “ “ * <2°° ^

and partitioned with petroleum ether <b.,. 40-601 . 1 « * " » “ * <200 .
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of 99:1)- After decanting the lower aqueous phase, the upper ether 

phase was backwashed twice (.2 x 1 0 0 ml) with aqueous (80%) methanol.

The four phases, the original aqueous and ether layers plus the two 

aqueous backwashes, were then analysed to determine the percentage 

recovery of the ecdysteroid in each. Each solution was evaporated 

to dry«,. on a rotary evaporator at 50°C and under vacuum to a .mil 

volu«. Thi. vole« was then gradually transferred to a 1 on3 Ee.cti- 

- , ¡ , 1  and evaporated to dryne.s with a stream of nitrogen and a hair 

dryer. Complete dryne.s was en.ur.d by plaeing the Reaeti-vial into 

a drying pistol under vacuum and at 50°C for lh. The residue vas 

silylated with pyridine (65 » «  and T»SI (35 « 0  for 5h at 120°C. The 

solution, when cool, was diluted with ECU grade toluene and 1 »« —  

injected onto the gas chromatography cola«. The area of the 

corresponding to the derivatised ecdyster.id was then measured and the
j calculated from the appropriate

amount of ecdysteroid recove 

calibration curve.
The results of these tests indicated that none of any of the

three ecdysteroids, was lost in the ether phase. Over 85% of each
. , first aqueous methanol partition

ecdysteroid was recovered from the fi 4
• th first aqueous «th.no! hackwa.h. The inclusion 

and the remainder in the first q
• a ro ensure complete recovery of any 

of a second backwash was retaine

ecdysteroid. __
. . svstem Was analysed in the same manner.

A second solvent partiti y
.. d to isopropanol-.water (51 ml of 15:36) w ic 

The ecdysteroid was added to is p P

was then partitioned with hexane (20 ml). After recove 

aqueous phase, the hexane layer was backwashed twice with aqueous

isopropanol (25 ml of 15:36). analysis of all
showed that all th. ocdy.taroid. worn r.cov.r.d in th. first .,0.0 0=



170.

phase (mean recovery of 103.9%). Nevertheless the two washes were 

retained to ensure complete recovery of any ecdysteroid for biological

material.

Collection of Barnacles

Regular collections of barnacles t* 500g), approximately once per 

fortnight, were made at low tide from a barnacle population at mean sea 

level on the north-facing side of one of the supports of the Menai Bridge 

on the Anglesey side of the Menai Straits. The barnacles were carefully 

scraped from the stonework, with a 2" paint scraper, into a 1 l beaker 

after ensuring that the area was free from other organisms such as whelks, 

mussels, marine worms, algae, newly settled barnacles or barnacles of 

other species. The sample was then transferred into a pre-weighed jar 

containing methanol (500 ml) which was sealed and transported to the 

laboratory. While at the collection site the surface sea temperature 

was taken and live specimens (10 0-200) were obtained by collecting 

barnacle-encrusted loose rocks. A 5 1 container was used to collect 

sea water for use in studying the moulting rate of the live specimens.

The Use of Makisterone A as an Internal Standard
Analysis of EcdysterqidsJn_BarnacUs

A sample of Makisterone A (100 pi- of 10 ng p«. 

i.e. 1 pg) was added to the barnacle sample before grinding. The 

percentage recovery of the Makisterone A was used to determine the 

efficient, of the sample P l i c a t i o n  -  “
.t ip »  o f the concentration of 2C M — .one in the barnacle .ample.
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Extraction and Determination of Ecdysteroids from Biological Material 

Methanol (500 ml) was added to the collected barnacles and the 

whole sample was ground using a one quarter horse power grinder 

(Parvalux, Unishears Mixers Ltd., Stourbridge). The mixture was 

vacuum filtered through an 11 cm diameter scintered glass funnel 

(Scinta Glass 2, Gallenkamp), the residue being re-ground and washed

twice with methanol (2 x 500 ml) and filtered. Both the residue and 

the filtrates were retained, the shell fragments being dried at 120°C 

until at a constant weight and the combined methanolic extracts being 

evaporated to dryness on a rotary evaporator, under vacuum, at 50 C

to give a viscous dark green oil.

The residue from the methanolic filtrates was partitioned between

light petroleum (b.p. 40-60) : isopropanol (99:1, 200 ml) and aqueous 

methanol (water:methanol 4 :1 , 200 ml), the upper light petroleum phase 

being backwashed twice with aqueous methanol (2 x 100 ml) before being 

discarded. The combined aqueous methanol extracts were then reduced 

dryness in a rotary evaporator, under vacuum, at 50 C.

This residue was then partitioned between butanol (200 ml) and 

water (2 0 0 ml), the lower aqueous phase being backwashed twice with 

butanol (2 x 100 ml). Water (50-100 ml) was added to the combined 

butanolic extracts and the solution reduced to dryness on the rotary 

evaporator, under vacuum, at 50°C by distillation as an azeotropic 

mixture. The butanol residue was partitioned between hexane ( 

and aqueous isopropanol (water:isopropanol 36:15, 102 ml), the upper 

heran, phase being backua.hed »ice »1 »  agueous isopr.panol (2 a 51 .1 ) 

before being discarded. The combined ague.ua i.oprop.nol .»tracts^ 

»ere reduced to dryness on a rotary evaporator, under vacuu., a. 50°C. 

the final residue being taken up in «th.no! (20 -1 of * “ .! ?*“ icid.

crrflHp- Ft snn<?h



172.

The lower aqueous phase from the butanol-water partition was 

retained for the analysis of any conjugated ecdysteroids. The water 

was evaporated to dryness, under vacuum on a rotary evaporator at 50 C, 

by distillation as an azeotropic mixture with butanol. The residue 

was dissolved in acetate buffer 0.1M pH 5.2 (20 ml) in preparation for

enzymatic analysis as described later.

The methanol solution obtained after the partition chromatography

was then further purified by Sephadex gel column chromatography. A

portion of the methanol solution (5-10 ml), equivalent to between a

quarter and a half of the sample, «as reduced to a m i l  volu« (1 ml)

b, evaporating the solution gradually, with a atre.m of nitrogen and a

hair dryer, into a 3 .1 gl—  sample-tube. This concentrated solution,

plus two methanol washing. (2 a 250 pi) of the tube, -a. injected onto

the base of the methanol-eluted sephade* eolumn. The active fraction

containing any ecdysteroids was eluted from the column between 45 80 ml

. u . . .. This voiume was retained and reduced (to * 1 ml)after the injection. This volume

under vacuum, on a rotary evaporator at
a t-Vion transferred to a centrifuge tube toThe reduced volume was then tran

which acetone (10 .1 of Di.tol Pesticide grade, Fiso.s) was slowly added. 

After shahing, any precipitate was rested b, bench centrifuging, the

acetone decanted and the precipitate re-dissolved in -ethanol (500 bO
fin mil The mixture was again and re-precipitated with acetone (
_ c nvfracts combined and reduced to 

centrifuged and the decanted aceton
• mr- with the aid of a stream 

a small volume (1 ml) by rotary evaporation
• , r This solution, plus two acetone washings

of nitrogen and a hair dryer«
of the vessel (2 a 250 pt,, «  injected onto the base of the ™

, „„ Th. column was developed as described 
-eluted sephadex column. lhe ,

• ,7 5 -1 6 0 ml after the sample injection)
previously and the active fraction



173.

containing any ecdysteroids was retained. This volume was reduced 

by rotary evaporation under vacuum at 50°C, and the concentrate then 

transferred to a 1 cm3 Reacti-vial and evaporated to dryness with a 

stream of nitrogen. The resultant viscous orange residue was dried

under vacuum in a drying pistol at 50 C for lh.

The two Sephadex columns, after collection of any ecdysteroids, 

were flushed out by eluting with 100 ml of the appropriate solvent. The 

columns were then sealed, ready for use for the next sample.

After dissolving the dried residue in purified pyridine (200 pil),

TMSI (100 pi) was added, the vial sealed and placed in an oven at 120 C 

for 4ih to convert any ecdysteroids to their trimethylsilyl ethers.

After cooling the reaction mixture was spread onto the origin of an 

0.6 mm normal phase TLC plate. The reactivial was washed with ECD 

grade toluene (2 x 50 pi) and the washings also spread at the or g 

The TLC plate was then developed in toluenetethyl acetate (7:3) for 

15 cm. After drying, the plate was viewed under short wave UV light 

to determine the presence of any large quantities of derivatised ecdy­

steroids. Generally the amounts were undetectable by this method and 

a R band of 0.55-0.9, which would contain all the TMS et 

ecdysteroids present, was scraped from the plate. This was pacRed into

a glass column and any derivatised ecdysteroids eluted into a centrifuge
i The ether was reduced

tube with diethyl ether as described previously.

to a small volume with a stream of nitrogen and this volume P

etder v.,Ri„S. (2 x 250 of OH* ~  “
The residue was taken up

. 1 c.3 Reacti—vial and reduced to dryneas.

a , ,100 ut> and ...pi.. d  P*> ini“ “ d “ “in ECD grade toluene (100 pxj .n_d
• a  nrdQpnt was determined

u . The quantity of any ecdysteroid prese
gas chromatograph. 9 calibration graph,
bv comparison of the peaR area of the sample against
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The mean value was then calculated. The percentage recovery of the 

internal standard, makisterone A, was also calculated from the 

calibration curve.

Extraction and Hydrolysis of Ecdysteroid Conjugates 

The aqueous phase from the butanol:water partition was evaporated 

to dryness by azeotropic distillation with butanol on a rotary evaporator 

at 50°C. The residue was then dissolved in Walpole's acetate buffer

(20 ml, 0.1M at pH 5.2) and divided into two portions (2 x 10 ml), one 

of which was subjected to enzymatic hydrolysis and the other was 

incubated under the same conditions, but with no enzyme, as a control.

The samples were then incubated overnight at 37°C in a thermostatted 

waterbath. After incubation the samples were made up to 100 ml with 

distilled water and extracted with butanol (200 ml in three portions:

100, 50 and 50 ml) . The butanol extractions were combined and 

evaporated to dryness, the residue was analysed in the normal manner 

by silylation of any ecdysteroids liberated by the enzymatic hydrolysis.

The conditions for the enzymatic hydrolysis were as used by 

Wilson (1979) with the exception that only acetate buffer was used.

The buffer was prepared from acetic acid (10.5 ml of an 0.2M solutio ) 

made up to 100 ml with distilled water to give an 0.1M solution of PH 5.2. 

The pH of the solution was checked with a pH meter, and if necessary, 

adjusted with dilute sodium hydroxide solution or dilute hydrochloric

acid. The quantities of enzyme used were as suggested by Wilson (1979)
, ¡Jaoo at 110 Fishman units ml , aryl

and were as follows: g-glucuroni
,-1 ,both from Koch Light), a-D-glucosidase 

sulphatase at 800 Ray units ml (bot
, mi'1 (both from Sigma),

at 2.2 units ml"1 and g-D-glucosidase at un



174 .

The mean value was then calculated. The percentage recovery of the 

internal standard, makisterone A, was also calculated from the 

calibration curve.

Extraction and Hydrolysis of Ecdysteroid Conjugates 

The aqueous phase from the butanol:water partition was evaporated 

to dryness by azeotropic distillation with butanol on a rotary evaporator 

at 50°C. The residue was then dissolved in Walpole's acetate buffer

(20 ml, o.lM at pH 5.2) and divided into two portions (2 x 10 ml), one 

of which was subjected to enzymatic hydrolysis and the other was 

incubated under the same conditions, but with no enzyme, as a control.

The samples were then incubated overnight at 37 C m  a thermostat 

waterbath. After incubation the samples were made up to 100 ml with 

distilled water and extracted with butanol (200 ml in three p 

100, 50 and 50 ml) . The butanol extractions were combined and 

evaporated to dryness, the residue was analysed in the normal manner 

by silylation of any ecdysteroids liberated by the enzymatic hydrolysis.

The conditions for the enzymatic hydrolysis were as used by 

Wilson (1979) with the exception that only acetate buffer was used.

The buffer was prepared from acetic acid (10.5 ml of an 0.2M soluti 

made up to 100 ml with distilled water to give an O.lM solution of PH 5.2. 

The pH of the solution was checked with a pH meter, and if necessary, 

adjusted with dilute sodium hydroxide solution or dilute hydrochloric

acid. The quantities of enzyme used were as suggested by Wilson (1979)
. , of- i in Fishman units ml > aryl and were as follows: g-glucuronidase a

•, ml"1 (both from Koch Light), a-D-glucosidase 
sulphatase at 800 Ray units ml C i

, • (both from Sigma).
at 2.2 units ml"1 and 6-D-gl^°sidase at UIU
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Tietermination of the Moulting Frequency of Balanus balanoides 

A small group of live barnacles (100-200 individuals) attached 

to a rock was collected from the intertidal zone at the same time as 

each sample for ecdysteroid determination. Any newly settled individuals 

or barnacle other than B. balanoides were removed and the group was placed 

in a dish (.2 l) containing natural or artificial seawater (Tropic Marin 

or Instant Ocean). The water was continuously aerated and changed 

daily. The barnacles were subjected to a period of sixteen hours 

submersion (overnight) and eight hours exposure (daytime) at ambient 

light and temperature. At the daily water change the number of casts 

were counted and recorded as the number of moults per hundred barnacles.

Collection and Maintenance of Barnacl_es for the Micro-Injection Technique 

Barnacles of the species B. balanoides were collected in July from 

settlements on small rocks at low tide in Langstone Harbour, Eastney, 

Portsmouth. Any newly settled individuals or barnacles of any other 

species were removed. The barnacles were measured across the carino- 

-rostral axis and only those having a length of between 0.7-1.34 cm were 

retained. These were arranged into groups of thirty individuals, with 

a mean carino-rostral length of approximately 1 cm, and acclimatized for 

two weeks to a period of 16h submersion (overnight) and 8h exposure 

(daytime) in a flowing sea water system at ambient temperature. Thetr 

daily moulting rate was recorded as the number of moults per hundred 

barnacles by daily counting the casts present in the tanks containxng

the harnacles.
The flowing sea water system for studying the moulting rate of 

groups of barnacles consisted of two perspex tanks, joined together by 

a pipe, of 65 cm x 22 cm and 12 cm in depth, each divided into five



i
Outflow

Figure 30.
The rnn-t-.iminus flowing sea-water system (see

details).
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chambers with perspex panel (see figure 30). An area (10 cm x 6 cm) 

had been removed from the centre of these dividers and replaced with 

plastic netting of mesh size 0.5 mm thus allowing a continual flow of 

sea water but preventing any passage of barnacle moults to adjacent 

chambers. The filtered sea water entered the chambers, from a 250 it 

reservoir via a connecting tube, through a 15 mm diameter hole which 

was covered in netting to prevent the entry of any casts into the first 

chamber. After passing through the ten chambers the sea water flowed 

out of the system through a pipe 15 mm in diameter, mesh-covered to 

retain casts from barnacles in the last chamber. Both the inflow 

outflow pipes were located 10 cm from the base of the tanks 

that a constant depth of 10 cm of seawater was maintained in each of the 

ten chambers. The 250 » reservoir was filled daily with fresh seawater 

filtered through glass wool. The reservoir tap was then adjusted so 

that a flow rate of 15 £ h'1 for 16h overnight during which time the 

barnacles were submersed. The number of moults in each chamber we 

counted daily and the tan.es « «  then »Ptied and cleaned end the 

barnacles exposed during the day (8h).

Mirro Iniection Technique

This method was adapted from the technique described by 

(1968 and 1974).
After the shell plates of a barnacle had been gently scru e

, 11oT.«q drill fitted With
a lateral plate (see figure 31) with a mo e Driuing
an 0.52 «  high speed twist drill (Dormer Drills, Sheffrel •

at this sit. » s u e d  that no i.ury -  —  -  *  ~  

on rostral depressor »sole. co„trolllng the operculu..
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attached to a 5 (li syringe (Scientific Glass Engineering, London) was 

then carefully inserted into the haemocoel between the basal mantle 

tissues, to a depth of approximately 2 mm, and 2 of fluid was injected. 

To prevent bacterial infection after removal of the needle a few grains of 

"Crystamycin" (Glaxo Laboratories Ltd., Greenford) were placed into the 

drill hole which was then dried and plugged with warmed "guttapercha 

(Dental Temporary Stopping, Amalgamated Dental Trade Distributors Ltd.). 

The barnacle was then submersed in sea water.

Injection of Barnacles with Ecdysteroids 

and Determination of their Moulting Frequency 

Ten groups of thirty acclimatised barnacles were taken for injection 

experiments. One group was retained as uninjected controls and one group 

injected with 2 vl each of sterilized, filtered sea water. Each 

individual of the remaining eight groups was injected with a solution 

(2 pi) of sterilized, filtered sea water containing either; 1, 2, 5 

or 10 ng of pure ecdysone or 1, 2, 5 or 10 ng of pure 20-hydroxyecdysone 

(both from Simes, Milan). Each group was then placed in one of the 

separate ten charters of the flowing sea water ayate. »escribed earlier)
„►..wo tti i-h a 16h submersion and an 8hand maintained at ambient temper

* a Each day the number of moults from each groupexposure for 28 days. Eacn y

were recorded and any deaths noted.
A second set of .xp.ri«nts was conducted, u.ing the „icro-ini.ction

technique, to study the effect of injecting barnacles with i«*ure 

20-hydroxyecdysone extracted fro. barnacles. Extracts of barnacles, 

containing ecdy.teroid., collected for analysis fro. the Menar Bridge 

in bec.rter, February and Hay were purified to the point just prior to 

silylation and then divided into half. One half was analysed in . •
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normal manner and the level of 20-hydroxyecdysone present calculated» 

The second half, after drying in a 1 cm3 Reacti-vial, was taken up in 

acetone (10 yd) and then when required was prepared for injection into 

barnacles by dilution with sterilised, filtered sea water (100 yd).

These dilutions gave concentrations of 20-hydroxyecdysone at 

> 0.2 ng yif1 (February), 0.8 ng yd"1 (December) and 3.2 ng yd (May).

Five groups of thirty acclimatized barnacles were taken, one being 

retained as uninjected controls and one as injected controls with each 

individual barnacle being injected with sterilised, filtered sea water 

(2 yd). The remaining three groups were then injected with a solution 

(2 yd) of the extracted 2 0-hydroxyecdysone at a concentration of > 0.4, 

1.6 or 6.4 ng. The five groups were then placed in separate chambers 

of the flowing sea water system as described previously and maintained

at ambient temperature with a 16h submersion and an 8h exposure. The
__ Hailv and any deaths of

number of moults per group were 

individual barnacles noted»
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amnhitrite. Biol. Bull. Mar. Biol. Lab., Woods Hole, 145,

310-322.
m 1 1973. Advances in fouling

De La Court, D.H. and De Vries, M.J.,
• Prog Org. Coating, 1» 375prevention. Prog.

blnan, L... -  been, ..... 1 » -  * *  “ * " " "  ^
-  irae e c ^ e r ^  -  — * ^  ^

laid of Shijtoçare. E ! E £ i 4 -  ïSl°

51-58‘ rhez les crustacés décapodes.
Drach, P., 1939. Mue et cycle d*intermue

Ann. Inst. Oceanogr. (Paris), 19, 103 3



18 6 .

Faux, A.D., Horn, D.H.S., Middleton, E.J., Fales, H.M., and Lowe, M.E.,

1969. Moulting hormones of a crab during ecdysis. Chem.

Comm., 175-176.

Fraenkel, G., 1935. A hormone causing pupation in the blowfly

Calliphora ervthrocephalus. Proc. R. Soc. Lond. B. Biol. Sci.,

118, 1-12.

Fraenkel, G. and Zdarek, J., 1970. The evaluation of the "Calliphora 

Test" as an assay for ecdysone. Biol. Bull., 139, 138-150.

Freeman, J.A., and Costlow, J.D., 1976. Effects of moult controlling 

hormones in protein synthesis in barnacle and shrimp epidermis 

in vitro. Am. Zool., 16̂  (2), 198.

F r e e m e n 7 j T 7 , d  Costlow, J.D., 1972. B o ~ c » l  control of 

induction 1» epidermal ti.su.s of th. bar.acla H 1 S B *

Am. Zool., 1]_ (4) , 899.

Freeman, J.A. end Costlow, J.D.. 1979. » » ™ n , l  “ " " 0l °f aP°ly‘i8

in barnaele, ~  —

J. Exp. Zool., 210, (2), 333-346.

Freeman, J.A., 1980. Hormonal control of chitinolytic act V
. ■ Como. Biochem. Physiol., A,

integument of B. amphitrite in vitr_.

65 (1), 13-17.
i t n 1977. Cirripede 

Fyjn, U.E.H., Fyhn, B.J. and Costlow, J.D-,
. e£fect of ecdysterone in vitro. Gen. omp. vittelogenesis. ettecr

Endocrinol., 32 (3), 266-271.

Cegosie, R.B. end Bonrbonni.r, ^  ,

pf m e  moulting b o n n e s  fro. tb. »eric.. — .
„ . __PV»\r' ¿„1 S3B. 155-161.



1 8 7 .

Gagosian, R.B., Bourbonniere, R.A., Smith, W.B., Couch, E.F.,

Blanton, C. and Novak, W., 1974. Lobster moulting hormone: 

isolation and biosynthesis of ecdysterone. Experientxa, 30 

(7), 723-724.

Galbraith, M.H., Bora, D.H.S., Middleton, E.J. and Hackney, E.J., 1968. 

Structure of deoxycru.tecdysone, a second crustacean moulting

hormone. Chem. Comm., 83-85.
, M r-tror. v D 1979. Ecdysteroids in the developing Gande, A.R. and Morgan, E.U., iy/^. ?

eggs of the desert locust, Shistocerca ¿regaria. J. Insect

Physiol., 25 (3), 289-293.

Gande, A.R., Morgan, E.D. and Wilson, I.D.. 1979. Kcdysteroid levels 

throughout the life cycle of the desert locust, Shxstocerca 

gregaria. J. Insect Physiol., 25, 669-675.

Gilbert, L.I., Bollenbacher, W.E., Goodman, W., Smith, S.L., Agux, N.,
■i . R j 1980. Hormones controlling insect 

Granger, N. and Sedlak, B.J.,
Recent progress in Hormone Research, 36, metamorphorsis. Recen p 6

t F 1973. Paper chromatographic 
Gilgan, M.W. and Farquharson, T.E., ^

separation of alpha-ecdy.o.e, ecdysterone, inokosterone,

„kisterone * and ponasterone A. Steroids, 365-372.

Citlits, M.H., 1981. Hecent dey.lop.ent. in anti-fouling P a » » .

J. Coat. Technol., 53, 46-52’
D H S., Karlson, P., Koolman, 3., Nakanishi, K.. 

Goodwin, T.H., Horn, • Ecdysteroids
... t B and Takemoto, T., ^  •

Robbins, W.E., Siddall, J.B. an

a neu generic na.e. ><«“ «• L°“d "  — ’ ^
„ H .s „  1966. Structure of cru.t.cdysone, 

Hampshire, F. and Horn, •
moulting hormone. Chem. Comm.,

a crustacean moulti steroids CCXCVII.
c . ,.all J.B. and Fried, J.H.,

Harrison, I.T., Sidd , An alternative
.. „ iniect hormones. Far

Synthetic studies o Tetrahedron Letters,
and 22-isoecdysone.

synthesis of ecdysone and 22

a n  l / . O - ' I A 6 0 .



187 .

Gagosian, R.B., Bourbonniere, R.A., Smith, W.B., Couch, E.F.,

Blanton, C. and Novak, W., 1974. Lobster moulting hormone: 

isolation and biosynthesis of ecdysterone. Experientia, 30 

(7), 723-724.

Galbraith, M.N., Horn, D.H.S., Middleton, E.J. and Hackney, R.J., 1968. 

Structure of deoxycrustecdysone, a second crustacean moulting

hormone. Chem. Comm., 83-85.
, f t ) 1979. Ecdysteroids in the developingGande, A.R. and Morgan, E.D., ^  y

eggs of the desert locust, shistocerca gregaria. J. Insect

Physiol., 25 (3), 289-293.

Gande, A.R., Morgan, E.D. and Wilson, I.D.. 1979. ^ s t e r o i d  levels 

throughout the life cycle of the desert locust, Shistocerca 

gregaria. J. Insect Physiol., 25, 669-675.

Gilbert, L.I., Bollenbacher, W.E., Goodman, W., Smith, S.L., Ag
... , D J 1980. Hormones controlling insect 

Granger, N. and Sedlak, B.J.,
„ •. Recent progress in Hormone Research, 36, 401-449.

metamorphorsis. Kecen p s
t F 1973. Paper chromatographic 

Gilgan, M.W. and Farquharson, T.E.,
separation of alpd-ecdp.one, eedf.ter.ne, in—

makisterone A and pon.sterone A. Steroids. 365-372.

Gitlitz. M.H., 1981. xeoent development. in antr-fouli«8 P“ “ "

J. Coat. Techno1., 53, 46 52. .
„ r D H.S.. Karlson, P., tool»«. J -  K "Goodwin, T.H., Horn, • Ecdysteroids

. n  T B and Takemoto, T., i*' •Robbins, W.E., Siddall, J.B. an
a new generic name. Nature, Lond., 272, 122.

n H S  1966. Structure o f  crustecdysone,
Hampshire, F. and Horn, D.H. .,

moulting hormone. Chem. Comm.,
a crustacean moulti Ster0ids CCXCVII.

j B . and Fried, J.H.,
Harrison, I.T., Sidd , • An alternative

.. „ :.iect hormones. Par
Synthetic studies o Xetrahedron Letters,

22-isoecdysone.synthesis of ecdysone and 22 
29, 3457-3460.



187.

Gagosian, R.B., Bourbonniere, R.A., Smith, W.B., Couch, E.F.,

Blanton, C. and Novak, W., 1974. Lobster moulting hormone: 

isolation and biosynthesis of ecdysterone. Experientia, 30 

(7), 723-724.

Galbraith, M.N., Horn, D.H.S., Middleton, E.J. and Hackney, R.J., 1968. 

Structure of deoxycrustecdysone, a second crustacean moulting

hormone. Chem. Comm., 83-85.

Gande, A.R. and Morgan, E.D., 1979. Ecdysteroids in the developing

eggs of the desert locust, Shistocerca gregaria. J. Insect

Physiol., (3), 289-293.
, T n 1979. Ecdysteroid levels

Gande, A.R., Morgan, E.D. and Wilson, . •»
. i.up desert locust, Shistocercathroughout the life eye

gregaria. J. Insect Physiol., 25, 669-675.

Gilbert, L.I., Bollenbacher, W.E., Goodman, W., Smith, S.L., Agui, N.,

Granger, N. and Sedlak, B.J.. 1980. Hormones controlling insect

Recent progress in Hormone Research, 36, 0metamorphorsis. Recen p &
t  F  1973. PaPer chromatographic 

Gilgan, M.W. and Farquharson, T.E.,
separation .« aipha-eedysone, eedysterone. — top«, 

nakisterone A and ponasterone A. Steroids,

CitUtt. ..... 1 » .  Recent developments

J. Coat. Techno1., 53, 46-52.D H S  Karlson, P., Koolman, d., Nakamshi, K.,
Goodwin, T.H., Horn, D.H.S., Ecdysteroids:

. n  T B and Takemoto, T., w  •
Robbins, W.E., Siddall, J.B. an
a new generic name. Nature, Lond., 272, 122.

. H S  1966. Structure o f  crusteedysone,
Hampshire, F. and Horn, D.H. .,

„ Them. Comm., 3/ 30 ’
a crustacean moulting hormon . ^  steroids CCXCV1I.

Harrison, I.T., Siddall, J.B. and Fr , An alternative
Synthetic studies on insect hormones. ^

synthesis of eedysone and 

29, 3457-3460.



188 .

Hetru, C. and Horn, D.H.S., 1980. Phytoecdysteroids and zooecdysteroids.

In 'Progress in ecdysone research', ed. by J. Hoffmann, Elsevier/

North Holland, 13-28.

Highnam, K.C. and Hill, L., 1969. The comparative endocrinology of

the invertebrates. Arnold, London, 270 pp.

Hirn, H.H. and Delaage, M.A., 1980. Radioitnmunological approaches to

the quantification of ecdysteroids. In 'Progress in ecdysone

research', ed. by J. Hoffmann, Elsevier/North Holland, 69-82.

H e r » ,  F. ,»d Him, M „  1978. Evolution du tau* des ,ody,toroid,,

cours do cycl. d, mue the, H.ll.ri, br.vicorni, Ebn.r <i.»pod,

terrestre). C.R. Acad. Sei. Pari, D, 286 (26), 1443-1446.

„off*»». J.A., Lage«, M.. Hetru, c „  Chariot, ». ,»d Colttouo, F„

1,80. Ecdysoues i» «productively competent fe»le adult, and

. • „t-s In 'Progress in ecdysone research', ed. 
in embryos of insects.
by j. Hoffmann, El.ovi.r/North Holland, 431-466. ............

c In "Naturally occurring insecticides , 
Horn, H.H.S., 19H. *>» ecdysone,. I»

a n G Crosby, Dekker, New York, 333-459. ed. by M. Jacobson and D.G. CrosDy,
, , w tj 1968. Isolation

Horn, D.H.S., Fabbri, S., Hampshire, F. and Lowe, .
of crusteedysone (20R-hydroxyecdysone) from a crayfis

Riochem. J., 109 (3), 399-406.
lalandei H. Milne Edwards). < . . _

7 i on the ship's bottom. New Scientist, 
Houghton, D., 1970. Foul play on the

December, 383-385.
• f and Rubio-Lightbourn, J., 1972.

Ikekawa, N., Hatton, • j chromatog.
chromatographic .epar.tion of phyto.cdyaono .

Scienc. 10 , 233-241. Structur. of ajuga.t.r.ne C.

... Murat., .. and I * — . ... ^
. phytooedyaono 1 « h  an U-h,dr=*y group.



1 8 8 .

Hetru, C. and Horn, D.H.S., 1980. Phytoecdysteroids and zooecdysteroids. 

In 'Progress in ecdysone research', ed. by J. Hoffmann, Elsevier/ 

North Holland, 13-28.

Highnam, K.C. and Hill, L., 1969. The comparative endocrinology of 

the invertebrates. Arnold, London, 270 pp.

Hirn, H.H. and Delaage, M.A., 1980. Radioimmunological approaches to 

the quantification of ecdysteroids. In 'Progress in ecdysone 

research', ed. by J. Hoffmann, Elsevier/North Holland, 69-82.

Hoarau, F. and Hirn, M., 1978. Evolution du taux des ecdysteroides

au cours du cycle de mue chez Hellaria brevicornis Ebner (isopode

terrestre). C.R. Acad. Sci. Paris D, 286 (26), 1443-1446.

Hoffmann, J.A., Lageux, M., Hetru, C., Charlet, M. and Goltzene, F.,

1980. Ecdysones in reproductively competent female adults and 

in embryos of insects. In 'Progress in ecdysone research', ed. 

by J. Hoffmann, Elsevier/North Holland, 431-466.

Horn, D.H.S., 1971. The ecdysones. In "Naturally occurring insecticides", 

ed. by M. Jacobson and D.G. Crosby, Dekker, New York, 333-459.

Horn, D.H.S., Fabbri, S., Hampshire, F. and Lowe, M.E., 1968. Isolation

of crustecdysone (20R-hydroxyecdysone) from a crayfish (Jasus 

lalandei H. Milne Edwards). Biochem. J., 109 (3), 399-406. 

Houghton, D., 1970. Foul play on the ship's bottom. New Scientist

December, 383-385.

Ikekawa, N., Hattori, F. and Rubio-Lightbourn, J., 1972. Gas

chromatographic separation of phytoecdysones. J. Chromatog.

Science, 10, 233-241.

Imai, S., Murato, E. and Fujioka, S., 1969. Structure 

a phytoecdysone with an 11-hydroxy group. Chem.

f ajugasterone

Comm., 546.

C,

À



189.

Jegla, T.C. and Costlow, J.D., 1979a. The Limulus bioassay for 

ecdysteroids. Biol. Bull., 156 (1), 103-114.

Jegla, T.C. and Costlow, J.D., 1979b. Ecdysteroids in Limulus larvae. 

Experientia, _35 (4), 554-555.

Jenkin, P.M. and Hinton, H.E., 1966. Apolysis in arthropod moulting 

cycles. Nature, Lond., 211, 871.

Jizba, J., Herout, V. and Sorm, F., 1967a. Isolation of ecdysterone 

(crustecdysone) from Polypodium vulgare (L.) rhizomes. 

Tetrahedron Letters, JJ3, 1689-1692.

Jizba, J., Herout, V. and Sorm, F., 1967b. Polypodine B - a novel 

ecdysone-like substance from plant material. Tetrahedron 

Letters, 51, 5139-5143.

Joustra, M., Soderquist, B. and Fischer, L., 1967. Gel filtration in 

organic solvents. J. Chromatog., ^8, 21-25.

Kaplanis, J.N., Tabor, L.A., Thompson, M.J., Robbins, W.E. and

Shortino, T.J., 1966. Assay for ecdysone (moulting hormone) 

activity using the house-fly Musca domestics (L.). Steroids,

8, 625-631.

Karlson, P., 1956. Biochemical studies on insect hormones. Vit 

Horm., JL4, 227-266.

Karlson, P., Hoffmeister, H., Hoppe, W. and Huber, R., 1963.

Zur Chemie des Ecdysons. Justus Liebigs Annl.der Chem.,

662, 1-20.
Katz, M. and Lensky, Y., 1970. Gas chromatographic analysis of ecdysone. 

Experientia, 26, 1043.
, „ . , v 1Q79 xn vitro secretion of ecdysteroidsKeller, R. and Schmid, E., 19/9.

by Y-organs and lack of .aeration by mandibular organ, of the 

crayfish follo.ing molt induction. J. Comp. Physiol., i» .



190.

King, D.S. and Siddall, J.B., 1969. Conversion of a-ecdysone to

g-ecdysone by crustaceans and insects. Nature, Lond., 221,

955-956.

Koolman, J., 1980. Analysis of ecdysteroids by fluoiimetry.

Insect Biochem., K) (4), 381-386.

Kopec, S., 1922. Studies on the necessity of the brain for the inception 

of insect metamorphosis. Biol. Bull. Mar. Biol. Lab., Woods Hole,

42, 323-342.

Koulish, S. and Klepal, 1981. Ultrastructure of the epidermis and

cuticle during the moult-intermoult cycle in two species of adult 

barnacles. J. Exp. Mar. Biol. Ecol., 49 (2), 121-150.

Krishnakumaran, A. and Schneiderman, H.A., 1970. Control of moulting 

in mandibulate and chelicerate arthropods by ecdysones.

Biol. Bull., 139(3) , 520-538.

Kupp.rt, P., Buchler, M. and Spindi.r, K.-D., 1978. Distribution and

transport o£ moulting hormones in tha crayfish Orconecys liBS!“ - 

Z. Naturforsch., 33C (5-6), 437-441.

Lachaise, F., Lageux, M., Feyereisen, R. and Hoffman, J.A., 1976.

Metabolism de 1'ecdysone au cours du development de Carcinus maenas

j ja\ r R Acad. Sci. Paris D, 283 (8), 943-946. (Brachyura, decapoda). C.K. Acaa. o ---

I_.ch.is,, F. .no Hoffmann, J.A., 1977. Hcdysonc at de'velopp.ment ovarian 

chez un Dicapode Carainus maenas. C.K. Acd. Sci. Parrs D,

285 (6), 701-704.
Lachaise, F „  Goudeau, M., Hetru, C., Kappler, C. and Hoffman, J.. 1981.

Ecdysteroids and ovarian development in the shore-crab, C a r e t s  

maenas. Hoppe-Seyler’s Z. Physiol. Chem., 362 (5), 521-5291



191.

Lafont, R., Delbeque, J.P., L. de Hys, Mauchamp, B. and Pennier, J.L., 

1974. Étude du taux de g-ecdysone dans l'hémolymphe de Pieris 

brassicae L. (Lepidoptera) au cours du stade nymphal.

C.R. Acad. Sci., Ser_. D, 279 (25), 1911-1917.

Lafont, R., Somme-Martin, G., Mauchamp, B., Maurne, B.F. and

Delbecque, J.-P., 1980. Analysis of ecdysteroids by high 

performance liquid chromatography and coupled gas-liquid 

chromatography-mass spectrometry. In 'Progress in Ecdysone 

Research', ed. by J.A. Hoffmann, Elsevier/North Holland, 45-68. 

Lafont, R., Pennetier, J.-L., Andrianjafintrimo, M., Claret, J.,

Modde, J.-F., and Blais, C., 1982. Sample processing for high 

performance liquid chromatography of ecdysteroids. J. Chromatog.,

236 (1), 137-149.
Maissiat, R. and Maissiat, J., 1976. Structure and ultra-structure 

of the molting gland and synthesis of ecdysones during the

course of the moulting cycle o f ^ ! £ » i »  i,0P01’

oniacoidea). Bull. Soc. Bool. France, 101 (4), 545-558.
.... TI n cj, 1975. Textbook of ZoologyMarshall, A.J. and Williams, W.D., Eds.,

Invertebrates. Macmillan.
McCarthy, J.F.. »79. Pona.terone A a ne» ecdy.t.toid from the

embryos and serum of br.chyuran crustaceans. Steroids, 34 (7 ),

799-806.
McCarthy, d.F. and S H .n er, ».«.. 1977. Froecdysial change, in « -

ecdyaone titres, gastrolith formation and limb regeneration

following » I t  induction by limb autoto.y and eyestalh re»val
• c lateralis. Gen. Comp. Endocrn., in the land crab Gecarcinus lateralis

n  978-292.



192.

McCarthy, J.F. and Skinner, D.M., 1978. Changes in ecdysone metabolism 

during the crustacean Gecarcinus lateralis molt cycle. Am. Zool.

18 (3), 609.

McCarthy, J.F. and Skinner, D.M., 1979a. Metabolism of alpha ecdysone 

in intermoult land crabs (Gecarcinus lateralis) . Gen. Comp. 

Endocr., 3]_, 250-263.

McCarthy, J.F. and Skinner, D.M., 1979b. Changes in ecdysteroids 

during embryogenesis of the blue crab, Callinectes sapidus. 

Rathbun. Developmental Biol., 69_, 627-633.

McGregor, D.B., 1967. The neurosecretory cells of barnacles.

J. Exp. Mar. Biol. Ecol., _1, 154-167.

McLaughlin, P.A., 1980. Comparative morphology of recent Crustacea.

Freeman.

Miyazaki, H., Ishibashi, M., Mori, C. and Ikekawa, N., 1973.

Gas phase microanalysis of zooecdysteroids. Anal. Chem.,

45 (7), 1164-1168.

Moore, H.B., 1935. The biology of Balanus balanoides. J. Mar. Biol.

Ass. U.K., 20, 263-277.

Morgan, E.D. and Poole, C.F., 1976a. The extraction and determination

of ecdysones in arthropods. In "Advances in insect physiology 12", 

eds. Treherne, J.E., Berridge, M.J. and Wigglesworth, V.B.,

Academic London and New York, 17-62.

Morgan, E.D. and Pool., C.F.. 1976b. The P * « . ™  “f

during development in the de.ert locuet. Shistocgrc, ESEli*-

J. Insect Physiol., 22. 885-889.

Morgan. E.D. and Poole, C.F., 1976c. The formation of trimethyl.llyl

ether, of eody.one., a reappraia.l- J. Chromatogr., ¿16, 333-341.



193.

Morgan, E.D. and Poole, C.F., 1977. Review-chemical control of 

insect moulting. Comp. Biochem. Physiol., 57B, 99-109.

Morgan, E.D. and Wilson, I.D., 1980. Progress in the analysis of 

ecdysteroids. In 'Progress in ecdysone research', ed. by 

J.A. Hoffman, Elsevier/North Holland, 29-44.

Morgan, E.D. and Woodbridge, A., 1971. Insect moulting hormones

(ecdysones). Identification as derivatives by gas chromato­

graphy. J. Chem. Soc. Chem. Comm., 475-476.

Morgan, E.D., Wilson, I.D., Bebbington, P.M. and Poole, C.F., 1978.

The chemical control of arthropod moulting. Pestic. Sci.,

9, 272-277.

Nakanishi, K. and Koreeda, M., 1967. Insect Hormones V. The 

structure of ponasterones B and C. Tetrahedron Letters

9, 1105.1110.

Nakanishi, D., Koreeda, M., Sasaki, S., Chang, M.I. and Hsu,

1966. Insect hormones. The structure of ponasterone A, an 

insect moulting hormone from the leaves of PodocarEus nf*aii Hay.

Chem. Comm., 915.
Ohnishi, E „  H i » » .  I. a »  Chat.ni, F „  1977. 2-D«o*y-u-ecdy.on.

fro. ovaries sod egg. of the .Ukwom, J o s ^  « r i . Science.

197, 66-7.
, u B 1935. The biology of Balanus balanoides.

Parke, M.W. and Moore, H.B., i v j o.
, .„n t Mar. Biol. Ass. U.K.,II Algal infection of the shell.

20 (1), 49-56.
(,nl Tn "The physiology of 

Passano, L.M. I960. Moulting and its contr .
" vol 1 ed. by T.H. Waterman, Academic, London, Crustacea , Vol. 1 » eo. y

A r  . D t 196i. Relation between the breeding and 
Patel, B. and Crisp, D.J., fyoi.

moulting cycles in cirrip.de.. Cru.t.c..«., 2, «9-107.



194.

Pearson Murphy, B.E. and Diez d'Aux, R.C., 1975. The use of

sephadex LH-20 column chromatography to separate unconjugated 

steroids. J. Steroid Biochem., 6^ 233-237.

Poole, C.F. and Morgan, E.D., 1975. Structural requirements for the 

electron capturing properties of ecdysones. J. Chromatogr.,

115 (2), 587-590.

Poole, C.F., Morgan, E.D. and Bebbington, P.M., 1975. Analysis of 

ecdysones by gas chromatography using an electron capture 

detector. J. Chromatogr., 104 (1), 172-175.

Poole, C.F., Zlatakis, A., Sye, W-F. and Singhawangcha, S., 1980.

The determination of steroids with and without natural 

electrophores by gas chromatography with electron capture 

detection. Lipids, (9), 734 744.

Pyefinch, K.A., 1948. Notes on the biology of cirripedes.

J. Mar. Biol. Ass. U.K., 27, 464-503.

Richards, G., 1980. The radioimmune assay of ecdysteroid titres in 

Drosophila melanogaster. Mol. Cell. Endocrin., 21, 181-197.

Rimpler, H., 1969. Pterosterone, polypodin B und ein neues

ecdysonartiges Steroid (Viticosteron E) aus Vitex m ^ o t a m i c a  

(Verbenaceae). Tetrahedron Letters, 5, 329-333.

Ritz, D.A. and Crisp, D.J.. 1970. Seasonal changes in feeding rate 

in Balanus balanoides. J. Mar. Biol. Ass. U.K., 50, 223-240.

Russell, G.B. and Fraser, J.G.. 1973. Insect moulting hormones:

„«ryat.ro«, a « v  ph^.cay.on« fro. ¡ 5 2 - = '

Aust. J. Chem., 26 (2), 1805 1807.
p r Horn D.H.S. and Middleton, E.J., 1972.

Russell, G.B., Fenemore, P.G., Ho ,
. u the phytoecdysones of Dacr^diumInsect moulting hormones, the pny

intermedium.



195.

Sandeen, M.I. and Costlow, J.D., 1961. Presence of decapod pigment- 

-activating substances in the central nervous system of 

representative cirripedia. Biol. Bull. Mar. Biol. Lab.,

Woods Hole, 120, 192-205.

Sander, L.C., Sturgeon, R.L. and Field, L.R., 1981. Theory and 

application of reverse phase thin layer chromatography.

J. Liquid Chromatogr., 4_ (1), 63-97.

Scalia, S. and Morgan, E.D., 1982. Rapid and direct method for the

determination of ecdysteroid conjugates by liquid chromatography.

J. Chromatogr., 238, 457-464.

Scalia, S. and Morgan, E.D., 1982. A re-investigation on the ecdysteroids 

during embryogenesis in the desert locust, Shistocerca gregaria.

J. Insect Physiol., 28 (7), 647-654.

Southward, A.J., 1955a. On the behaviour of barnacles I. The relation 

of cirral and other activities to temperature. J. Mar. Biol.

Ass. U.K., 34, 403-422.

Southward, A.J., 1955b. On the behaviour of barnacles II. The 

influence of habitat and tide level on cirral activity.

J. Mar. Biol. Ass. U.K., 34, 423-433.

Southward, A.J.. 1976. 0» the t.nonomic .tatu. and dl.tributloh of

Chthalamu, atallata. la the K. Atlantic region, with • key 

to the common intertidal barnacles of Britain. J. Bl°1-

Ass. U.K., 56, 1007-1028.
, . n j 1963. Catalogue of main marine

Southward, A.J. and Crisp, D.J.,
fouling organiams. Vol. 1. »«nacles, O.B.C.B., Paris, PP-«-

Spindler, K.-D., Adelung, ». and Tchernigovtteff, I..

A comparison of the methods of 1 .  « * -  — * * »  “  “ *'h

and to Adelung in the common shore crab, Carcinus ^

7 Nat-urforsch., 29C, 754-756.



196.

Spindler, K-0., Keller, R. and O'Connor, J.D., 1980. The role of

ecdysteroids in the crustacean moulting cycle. In 'Progress 

in ecdysone research', ed. by J.A. Hoffman, Elsevier/North 

Holland, 247-280.

Stahl, E., 1969. Thin layer chromatography. Allen and Unwin, London. 

Stevenson, J.R., Armstrong, P.W., Chang, E.S. and O'Connor, J.D.,

1979. Ecdysone titres during the molt cycle of the crayfish 

Orconectes sanbornia. Gen. Comp. Endocrn., 39. (1)» 20-25. 

Stubbings, H.G., 1975. Balanus balanoides. L.M.B.C. memoirs No.37.

Liverpool University Press, PP» 175.

Takemoto, T., Hikino, Y., Nomoto, K. and Hikino, H., 1967. Structure 

of cyasterone. A novel C2g insect moulting substance from 

Cyathula capitata. Tetrahedron Letters, 33, 3191-3194.

Thompson, M.J., Kaplanis, J.N., Robbins, W.E., Dutky, S.R. and

Nigg, H.N., 1974. 3-Epi-20-hydroxyecdysone from meconium of

the tobacco hornworm. Steroids, 24, 359 366.

Tighe-Ford, D.J., 1974. A study of hormone action in barnacles.

Ph.D. Thesis, Central Dockyard Laboratory, H.M. Naval Base,

Portsmouth.
Tighe-Ford, D.J.. »77. The effects of jcv.nile her»«. .oelogoes

o„ larval „ c n r p h o . i .  in the barnacle, HsisiHi
. . t e x d . Mar. Biol. Ecol.,Darwin (Crustacea: cirnpedia). J- Exp

26, 163-176.
Tighe-Ford, B .d„ Fo«r, M.J.D. and Vail., ».C.. »70. hahorator,, 

rearing of barnacle larvae for antifouling research.

Helg. W. Meer., 20» 393-405.
, v -1. D C 1972a. The action of crustecdysone 

Tighe-Ford, D.J. and Vaile, D.C.,
•j t Fxo. Mar. Biol. Ecol.,on the cirripede, Balanus balanoides. J. Exp

n  1 n _  0  Q



197.

Tighe-Ford, D.J. and Vaile, D.C., 1972b. Crustecdysone action and 

the effects of light during the post-breeding condition of 

the cirripede, Balanus balanoides. Proc. 3rd Int. Congr.

Mar. Corrosion and Fouling 1972. Gaithersburg, U.S.A.

Tighe-Ford, D.J. and Vaile, D.C., 1974. Wound stimulated moulting 

and calcification responses in the adult cirripede, Balanus 

balanoides (L) . J. Exp. Mar. Biol. Ecol., 14, 295-306.

Vernet, G., 1976. Données actuelles sur le déterminisme de la mué 

chez les crustacés. Ann. Biol., JL5 (3-4), 155-188.

Walker, G., 1981. The adhesion of barnacles. J. Adhesion, 12,, 51-58.

White, K.N. and Walker, G., 1981. Rate of nitrogen secretion by the 

shore barnacle, Balanus balanoides (L). Comp. Biochem.

Physiol. A, 69 (3), 389~394.

Wigglesworth, V.B., 1970. Insect hormones. Oliver and Boyd, 

Edinburgh, 159pp.
Willig, A. and Keller, R., 1973. Moulting hormone content, cuticle 

growth and gastrolith growth in the molt cycle of the crayfish 

Orconectes limosus. J. Comp. Physiol., 86, 377-388.

Wilson, I.D., 1979. Gas chromatographic analysis of ecdysteroids in 

the desert locust, Shistocerca gregarU. Ph.D. Thesis, 

University of Keele.
Wil.0.. I.D. „„d Morgan, E.D., 1978. Variación, in aodyaCaroid lav.ls 

in fifth instar larvae of Shistocerca ¿regaria in gregarious 

and solitary phases. J. Insect Physiol., 24, 751-756.

Wilson, I.D., Bielby, C.R., Morgan, E.D. and McLean, A.E.M., 1980.
Comparison of high performance liquid chromatography and gas 

chromatography for the analysis of ecdysteroids. 

i n / .

Chromatogr.,



198.

Wilson, I.D., Scalia, S. and Morgan, E.D., 1981. Reverse phase 

thin layer chromatography for separation and analysis of 

ecdysteroids. J. Chromatogr., 212, 211-219.

Wilson, I.D., Bielby, C.R. and Morgan, E.D., 1982. Evaluation of

some phytoecdysteroids as internal standards for the chromato­

graphic analysis of ecdysone and 20-hydroxyecdysone from 

arthropods. J. Chromatogr., 236, 224-229.

Wilson, I.D., Bielby, C.R. and Morgan, E.D., 1982. Selective effects

of mobile and stationary phases in reversed-phase high-performance 

liquid chromatography of ecdysteroids. J. Chromatogr., 238, 

97-102.

Woodbridge, A.P., 1971. Studies on the moulting hormones of the

desert locust, Shistocerca gregaria. Ph.D. Thesis, University 

of Keele.

Rees,H.H.lDavies,T.G.JDinan,L.K.,Lock?fiy)’i.J.S. and Goodwin,"1. '• i *
The biosynthesis of ecdysteroidi. In 'Progress in Ecdysone 
Research’, ed. by J.A. Hoffmann, Elsevier/North Holland, 125-137.


	etheses coversheet 2017.pdf
	352537.pdf

