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SUMMARY 

Many research workers have observed the changes in the 

morphine percentage and yield from the capsules of Papaver 

somniferum L. with maturity, and there are conflicting results reported 

in the literature. The general trends observed are for a 

continually increasing percentage and yield until 20 to 40 days 

after flowering, followed by little change, or a decrease. It 

is generally assumed that variety and environment exert the 

greatest influence. Thus experiments were conducted to determine 

the pattern of the morphine, codeine, and thebaine changes in the 

capsule during the maturation  of a commercial variety grown 

under Tasmanian conditions. The factors reportedly contributing 

to alkaloid losses in the mature capsule in the field were also 

studied with the aim of reducing such losses. In addition, 

preliminary experiments were conducted into artificial drying 

and storage of the capsule material. 

Alkaloid percentages in the capsules were followed in two 

seasons, and also under glasshouse conditions. In all three 

situations the morphine and codeine percentages and yields 

- increased until 35 to 42 days after flowering, when the capsule 

dry matter content was approximately 50%. The thebaine percentage 

and yield decreased with maturity, particularly within the first 

21 days after flowering. Morphine and codeine losses from the 

mature capsule occurred in one season only, during a period of 

persistant rain. This coincided with the appearance of brown 

water droplets on the capsule surface, and increased fungal 

colonization and capsule discolouration. Thus three mechanisms 

for alkaloid losses were suggested; leaching, and degradation by 



fungi and capsule enzymes (biodegradation).• 

Greater integrity of the waxy bloom on the pericarp was 

associated with reduced alkaloid losses, suggesting a partial 

dependence of these mechanisms on the rate of water entry into 

the capsule, either directly, or indirectly through the sample 

- 
moisture content. It was observed that the undamaged -waxy bloom 

covering the pericarp consisted of a layer of rod-shaped wax 

crystals sufficiently thick to completely cover the cuticle. This 

layer produced very high contact angles, suggesting a high 

water repellency. 

Under normal field conditions the waxy bloom, and thus 

the integrity of the wax structure, decreased during maturation, 

such that, by about 60 days after flowering, the bloom was 

restricted to the protected areas of the capsule; at the base 

and the apex. Associated with these changes, water repellency 

decreased and the ease of water entry and translocation increased. 

This was not solely a result of a waxy bloom loss, since the 

effectiveness of the intact wax layer also decreased with maturity. 

Interplant abrasion was the major cause of surface damage, 

since the waxy bloom on the capsules from staked plants changed 

little over a 90 day period. Interplant abrasion apparently did 

not result in a removal of wax from the capsule, but more a 

rubbing of the wax crystals to form a smooth layer. 

Capsule alkaloid losses by leaching were determined by 

analysing the leachate collected from glasshouse and field 

grown capsules subjected to simulated rain. Under these conditions 

the mature capsule lost up to 80% of the morphine and codeine, 

and 50% of the thebaine to the leachate. From the field-grown 

material it was observed that leaching losses of less than 10% 

occurred from the immature capsule. At 42 days after flowering 



iv 

however, morphine and codeine losses increased dramatically and 

continued to increase thereafter. Thebaine losses were not 

substantial until 56 days after flowering. 

An intact waxy bloom, achieved by plant staking, significantly 

reduced leaching losses, but only in the mature capsule. Complete 

wax damage, produced by artificial rubbing, greatly increased the 

losses. These results are in accordance with the results from the 

staked plants noted above. 

The ability of capsule enzymes to effect alkaloid losses 

was demonstrated by incubating acetone powder extracts with the 

alkaloids. Losses in the order of 10% for morphine and codeine, and 

50% for thebaine were observed, but only in the presence of 

p-cresol, a substrate for the enzyme polyphenoloxidase. Warburg 

analysis indicated that the alkaloids are not enzyme substrates 

themselves, but do increase the rate of gas uptake of an enzyme - 

p-cresol reaction mixture. These, and other observations, suggested 

the involvement of polyphenoloxidase in alkaloid losses, but only 

through the reaction products of the phenolic substrates. 

Since enzyme activity was -detected in extracts from the 

mature capsule, this mechanism may operate on remoistening of the 

dry capsule. Support for this was obtained by the incubation of 

surface-sterilized, mature, remoistened capsules. 

In addition to the fungi commonly associated with the 

poppy, Dendryphion penicillatum, AZternaria alternata, and 

Cladosporium cladosporioides, the fungus Dthellisia sp. was also 

identified. D. penicillatum was capable of degrading morphine 

and thebaine, as demonstrated by using nutrient solutions, while 

anbellisia sp. caused losses of codeine also. Losses of morphine 

and thebaine were fairly similar in magnitude, but greater than 



codeine losses. When intact capsules were inoculated with the 

fungi, only EWoellisia sp. (25%) and A. aZternata (45%) caused 

morphine losses. Codeine and thebaine were not affected. 

Based on these results, and bearing in mind the artificial 

nature of the experiments conducted, the roles of the three 

mechanisms in producing alkaloid losses in the field situation 

is discussed. It was concluded that leaching was the most 

important, and losses become potentially large at and following 

capsule maturity. 

On account of this, 42 day old capsules were artificially 

dried to a moisture content of approximately 15% and stored under 

commercial conditions. Field dry (56 day old) material was also 

similarly stored. Although the former decreased in morphine 

content (8%) during drying, it's final content was still higher 

than that of the 56 day old material, thus illustrating the 

potential of this technique to provide a higher quality product. 

Over a 35 week storage period a 5% and 10% decrease in the morphine 

and thebaine percentage respectively occurred. This was restricted 

mainly to the first 12 weeks of storage. It is stressed that, 

although the results indicate the potentialadvantages of this 

technique to both the producer and the processor, further work is 

required with regard to the drying procedures, and the economics 

of the process. 

The sorption isotherm of the commercially stored capsules 

was determined. It was found that, for safe storage, the moisture 

content of the product should be no greater than 16%, and 

preferably below 15%. 



NOTES  

Throughout the majority of the text the term "capsule" means 

the capsule plus the upper 10cm of pedicel. This is the portion 

of the plant harvested under commercial conditions. In section 

4.5 only was the capsule alone used. 

The "poppy straw", referred to in section 4.5, is the 

stored product, consisting of the capsule plus 10cm of pedicel 

from which the seed has been removed. 

Alkaloid content is the percentage of morphine, codeine 

or thebaine in the capsule on a dry weight basis. 

Alkaloid yield is the weight (mgm) of morphine, codeine 

or thebaine in the capsule or sampling unit. 

Alkaloid level refers to the alkaloid content and yield 

jointly. 

Guide to Appendices. Data presented in the appendices are 

arranged under sectional headings which correspond, with the 

headings in sections 3 and 4. Raw data and analysis of variance 

are presented in the same appendix. 

vi 
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INTRODUCTION  

In Tasmania commercial morphine production from the poppy, 

Papaver somniferum L., is based on harvesting the field dry 

capsule and a minimum of stem material with a modified header 

• or forage harvester. After seed removal the material, which 

the industry terms "poppy straw", is stored in large sheds for 

periods of up to one year before alkaloid extraction. The minor 

alkaloids codeine and thebaine, although occurring in lower 

quantities in the capsule, are also of economic importance. 

A survey of the literature indicated many conflicting 

reports regarding the changes in both dry matter and morphine 

content and yield in the whole plant and the capsule during 

maturation. These changes appear to be very closely related 

to variety and environmental conditions, such that results 

obtained in these studies may be applicable to that variety and 

in that season only (Heydenreich et al., 1961). 

With regard to the Tasmanian situation it has been 

demonstrated that the capsule morphine content reaches its 

highest level between 35 And 42 days after flowering, when 

its moisture content is approximately 40% (Laughlin, 1977). 

Codeine and thebaine levels were not monitored. In the average 

season the capsule attains a moisture content of 15% or lower by 

the 55th day at which time it is generally harvested and stored. 

If harvest is delayed, however, significant morphine losses may 

result. Again climatic conditions are very important here, 

particularly high humidity and rainfall. 

An understanding of the factors contributing to such losses is 

important in any attempt to prevent or reduce them. Three 

possibilities, leaching of the alkaloids by rain, chemical break-

down, and biodegradation (which includes both capsule enzyme 



and fungal activity) have been proposed. Circumstantial evidence 

has been gained for each of these mechanisms (Wiechula, 1955; Laughlin, 

1977) but their relative effectiveness in causing capsule alkaloid 

losses in the field is not known. 

Industry has also shown concern about the possible losses in 

both dry weight and alkaloid content in the straw during storage 

under Tasmanian conditions. At present the only criterion employed 

is that the moisture content of the straw be below 16%; any material 

above this value must be dried prior to storage. 

Based on the above observations the following lines of 

investigation were undertaken: 

1. Follow the changes in morphine, codeine and thebaine 

levels in the capsule of a commercial Tasmanian 

variety grown under commercial conditions in Tasmania. 

A similar experiment was conducted under glasshouse conditions 

to give some idea of environmental effects on alkaloid levels. 

2. Identify the major causal factors of alkaloid losses during 

field production, particularly in the mature crop. This 

involved attempts at studying each of the above-mentioned 

factors in isolation from the others. 

3. Determine what changes, if any, occur in alkaloid content of 

the dry straw stored under commercial conditions. 

Investigations into storage conditions were also undertaken, 

hopefully to provide an indication of the factors operating 

during storage. 

4. Conduct experiments to determine the effectiveness of various 

treatments in preventing or reducing any undesirable trends 

during maturation and storage, which involved treatments in 

the field and also prior to storage. 



When specific techniques had to be developed, these are 

outlined in the Materials and Methods. 



2. 	LITERATURE REVIEW 



LITERATURE REVIEW 

2.1 Introduction 

2.1.1  History of Use and Cultivation  

The oil or opium poppy (Popover somniferum L.) has been 

known since prehistoric times (Daley et at., 1960) and has been 

cultivated as a crop for at least 5,000 years (Ramstad, 1959). 

It was probably grown for its seed initially, which is high in 

both oil and protein (Neligan, 1927). The narcotic properties 

of extracts from other parts of the plant were quickly recognised. 

The concentration of alkaloids in the latex of the unripe capsule 

was first recorded 2,000 years ago (Bunting, 1963) and a method 

described by Dioscorides for the• production and harvesting of 

opium (the air-dried latex of the capsule). This technique of 

alkaloid harvesting persisted largely unchanged until the 1930's. 

Because of the labour intensity of opium collection, only seed 

production was economic in Western Europe and the residues were 

discarded (Bunting, 1963). With an increased demand for opium 

products attempts were made to exploit the residue as a source 

of morphine. With improvements in chemical processing this has 

been achieved and is gradually replacing opium collection as the 

source of morphine alkaloids. 

Although P. somniferum is widely cultivated for its seed, 

its legal use for alkaloid production in restricted to Turkey, 

Hungary, U.S.S.R., Yugoslavia, France, India, Iran, Bulgaria, 

Czechoslovakia, Pakistan and Tasmania. 

Although commercial poppy production in Australia was 

first suggested in the 19th century (Turner, 1891), little was 

done until the Second World War when experiments were conducted 

by Loftus-Hills (1945) in the Canberra region. In 1960 the 

4 
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pharmaceutical industry showed interest in the establishment of a 

commercial poppy industry and, because of the potentially suitable 

Tasmanian climate, large scale trials were conducted. This led to 

a Commonwealth Agricultural Council agreement between the Australian 

states restricting poppy production to Tasmania. Experimental 

commercial production began in the 1963/64 season, but large scale 

production did not commence until 1969/70 (Walker, 1977), when 

567ha was sown. Production continued to increase rapidly until a 

peak in 1978/79 of approximately 9300ha. 

The cooler climate and the high cost of labour in 

Tasmania precluded opium production, and the technique of 

direct extraction from the straw was adopted. Because of the 

relatively dry climatic conditions during crop maturation, 

harvesting of the field dry crop is practiced. This permits 

storage without prior artificial drying. Sale of the seed to 

local and overseas markets provides additional income. 

_2_1.2  Identification of the Active Components  

The use of opium for the relief of pain has been known for 

at least 2,000 years (Kritikos and Papadaki, 1967). However, its 

effect was very unreliable. It was not until the early 19th 

century that a young chemist named Serturner began to 

search for a definite chemical substance which would be 

responsible for its narcotic properties (Schenck, 1970). 

By this time, chemistry had advanced sufficiently to 

allow him to isolate a crystalline, salt forming, 

chemically pure base, namely morphine. Since then it has been 



confirmed that morphine is the main agent of the opium action. 

This alkaloid acts centrally, then in gradual succession 

on nervous centres of the spinal cord. Sensory areas are most 

strongly affected, so that pain is alleviated (Ramstad, 1959). 

Codeine, also a component of opium (approximately 0.3%) has 

an action similar to morphine but is much weaker. It is therefore 

the drug of choice, and approximately 90% of the morphine produced 

is converted to codeine by a simple methylation process (Ramstad, 

1959). The majority of the thebaine produced is also converted 

to codeine. 

2.2 Morphology  

According to Bazilevskaya (cited Daley et ca., 1960), 

P. lomnifeAum belongs to the family Papaveraceae, which also 

includes the sub-species tunci_cum. The description given by Daley 

et ed. (1960) states that the poppy is an annual herbaceous 

plant, with a fusiform main root. The stem is erect, commonly 

with three or up to seven lateral branches, depending on plant 

density. They are covered with a waxy bloom, giving them a 

blue-green colour. The leaves are large, entire or serrated, 

stem-clasping and glaucous. The flower buds are small, ovate 

and droop before flowering. The flowers are medium large, 

single with four petals, usually pinkish, but may be white, 

red, crimson, purple or violet. There are 150 to 200 

stamens arranged in five circles, originating from a thalamus 

or receptacle. The fruit consists of a large capsule with an 

incomplete septum, which has a smooth surface, or is very slightly 

6 
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segmented. The capsule is spherical, oval or conical in shape, 

and 1.5 to 2.5cm in diameter. It is dehiscent or indehiscent and 

covered in a waxy bloom. The stigmatic disc has 7-15 stigma. rays 

and deep marginal lobes. The pod contains 800 to 2,000 seeds, 

which are small and may vary in colour from white, brownish yellow, 

black, blue, grey or violet. The varieties commonly grown in 

Tasmania possess pinkish flowers and blue-grey seeds. 

•A diagramatic representation of the poppy capsule and its 

components is shown in Figure 2.2.1 (extracted from Nash, 1980). 

2.3 Distribution of the Morphinane Group of Alkaloids  

Of the three main morphinane alkaloids (morphine, codeine, 

and thebaine - see section 2.4.3.1 for structures), morphine is by 

far the most abundant in the capsules of P. somnifemm with 

average contents of one percent in the dry capsule. Codeine and 

thebaine contents are typically one-tenth that of morphine, 

although this is dependent on variety (Nyman, 1979). 

P. somniferum is the only species of Papaveraceae to 

produce morphine (Laughlin, 1977). However, several other 

Papaveraceae species produce codeine and thebaine. Of these, 

P. Yracteatum is the most important. This species produces mainly 

thebaine, which may constitute up to 98% of the total alkaloid 

content (Kettenes-van den Bosch et a2., 1981). Typical 

thebaine contents range from 0.7 to 3.5%. Trace quantities of 

codeine have also been detected. 

Because of the addictive properties of morphine and its 

readily prepared acetylation product heroin, alternative sources 

of raw material for the production of codeine are being sought. 
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In this regard P. bracteatum has been intensively investigated 

• because of its inability to accumulate morphine and the difficulty 

to manufacture morphine and heroin from thebaine (Nyman, 1979). 

However, several problems,such as the fact that it is a perennial 

(making it difficult to exchange in the traditional cultivation 

areas) and its sensitivity to parasites, ensured that P. somniferum 

has remained the main source of raw material for codeine production 

(Kettenes-van den Bosch et a/., 1981). 

2.4 Alkaloid Production in Papaven 4omnifeaun 

2.4.1 Development and Nature of the Laticifers and Latex 

2.4.1.1 The Laticifers  

Evidence suggests that the twenty-five or more alkaloids 

produced by P. somniferum are synthesised, stored and translocated 

primarily within the laticifers or latex vessels (Fairbairn and 

Kapoor, 1960; Fairbairn et a/., 1973). 

Laticifers are classified into two general types - 

articulated and nonarticulated (Nessler and Mahlberg, 1977a). The 

former develop from a series of cells whose transverse walls either 

undergo partial or complete perforation.  Nonarticulated laticifers 

originate from single cells that greatly elongate to form coenocytic 

cells. The articulated laticifers of P. somniferum form a continuous 

laticiferous system by means of lateral anastomoses between latex 

vessels. 

There is general agreement in the literature that the laticifers 

are not present in the embryo (Fairbairn and Kapoor, 1960; Thureson-

Klein,1970),  endosperm or testa (Sarkany et al., 1970) of the poppy 

seed. Contradictory reports exist on the  stage of first 
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appearance of the laticifers however. Fairbairn and Kapoor (1960) 

first detected them in seedlings whose cotyledons had just 

opened up and turned green (12 to 15 days after sowing), and 

Jindra et al. (1976) and Felklova (1964) in seedlings 

within three days of germination. Because of superior preservation 

and S.E.M. techniques, however, Thureson-Klein (1970) 

observedthem in roots 24 to 30 hours after sowing. They developed 

centripetally to the first sieve elements and were 

separated from them by one, and frequently two, cell layers. 

However, in stems and leaves they usually occur adjacent to each 

other. 

In the early stages of laticifer development rows of 

elongated narrow cells showing nuclei and thin granular contents 

join to form tubes by resorption of their common end walls (Fairbairn 

and Kapoor, 1960). This does not occur until late in differentiation 

when a gradual thinning of the entire transverse wall commences 

(Nessler and Mahlberg, 1977.4 Occasionally pores may develop in 

the centre or periphery, of the transverse wall prior to total 

resorption. • Lateral wall perforations leading to the formation of 

anastomoses were also shown to develop by the thinning of the 

adjoining walls. 

In the mature plant the laticifers always occur 

in the phloem associated with the sieve tubes. Hence laticifer 

distribution can be determined by the presence of the 

vascular bundles. The laticifers are readily distinguished 

from the surrounding cells by their slightly thickened walls 



and usually larger diameter, and their staining reactions 

and granular contents (Fairbairn and Kapoor, 1960). The upper stem 

or pedicel possesses two rings of vascular bundles, an outer ring 

of 39 to 41 and an inner ring of 9 to 13 relatively large bundles 

(Kapoor, 1973, Figure 2.4.1). In the region of the receptacle 

or thalamus the bundles give rise to traces 

which supply the perianth members. On approaching the 

pericarp numerous branching and fusing occurs until the number of 

bundles entering the capsule generally equals the number of 

placentae and stigmatic rays. These are the principal bundles and 

are indicated by slight longitudinal depressions on the outside of 

the pericarp (Fairbairn and Kapoor, 1960). From these placenta 

bundles valve and placenta traces are given off. The valve traces 

are particularly numerous and form a dense mass of branching 

vascular tissue embedded within the pericarp. These traces possess 

well-developed laticifers and form the main source of latex for 

opium production. The placental bundles continue to the top of 

the capsule, divide, and feed the stigmatic rays with numerous 

smaller bundles. 

Fairbairn and Kapoor (1960) detected the presence 

of laticifers in all capsule components (excluding the seed), 

the petals and sepals, but not in the stamen. Nessler 

and Mahlberg (1976), however, confirmed their presence 

in this organ by both light and electron microscopy. 

Laticifer structure and development in P. bAacteatum is 

very similar to that of P. 4omneizum (Nessler and Mahlberg, 1978). 
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Germination occurs more slowly in the former species and the 

appearance of the first laticifers is likewise delayed to 72 hours 

after seeds are sown. 

The development, of the laticifers teases -  before maturity 

(Zaitseva, 1951) and the valve traces within the mesocarp appear 

to reach their maximum density two weeks after flowering (Fairbairn 

and Kapoor, 1960). The diameter of the vessels were relatively 

unaffected by either maturity of the capsule or climatic 

conditions The main effect of climate was in the branching and 

. amount of Valve traces. 

Several reports exist confirming the direct, relationship 

between alkaloid yield and the total surface area of the laticifers 

(Felklova and Babkova,1958; Determann, 1940). Aleksandrov and 

Aleksandrova(1932) stated that strains of P. somniferum with high 

opium content had latex.vessels of the largest- diameter. A dense 

network of vascular bundles also indicated a high opium yielding 

variety'. 

2.4.1.2 The Latex  

Latex, the milky sap produced in specialized laticifers, is 

found in about 12,000 plant species which are restricted to about 

20 families of angiosperms (Friend, 1966). Among these the latex of 

P. somniferum occupies a rather unique position (along with Hevea 

brasiliensis) in that it exhibits a very high rate of gas exchange 

in vitro. It is also capable of incorporating radioactive amino 

acids into proteins im vitAo (Meissner and Mothes, 1964) and in'vivo 

(Meissner, 1966). It has been demonstrated that the isolated latex 

is able to synthesize morphine from added radioactive tyrosine 
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and alkaloid precursors (see Section 2.4.3.1). Meissner and Mothes 

(1964) therefore, stated that the latex is comparable to the normal 

cell contents. 

The granular contents of the laticifers was one of the 

features Fairbairn and Kapoor (1960) employed to distinguish this 

tissue from their surrounding cells. The first thorough investigation 

of latex contents was made by Thureson-Klein (1970). He concluded 

that the latex consists of a cytoplasmic matrix containing the usual 

cell organelles such as endoplasmic reticulum, golgi bodies, 

ribosomes, plastids, etc. In addition, he noted the presence of 

vesicles which he considered to be a specialized type of vacuole. 

Nessler and Mahlberg (1977b)found that these vesicles, bounded by a 

unit membrane, were derived from localised dilution of elongated 

stacks of endoplasmic reticulum. They develop from small granulated 

vesicles (Dickenson and Fairbairn, 1975) noted in immature laticifers, 

through a transitional form of capped vesicles to the mature 

large, irregularly shaped, capped vesicles (Nessler and Mahlberg, 

1977b).These occupy the majority of the mature latex. The capped 

vesicle possesses an electron dense "cap" which partially or 

completely "enshrouds" it (Dickenson and Fairbairn, 1975). 

These vesicles are very closely associated with alkaloid 

synthesis and transport. Fairbairn et al. (1964b) noted high rates 

of gaseous exchange and phosphorylation in the heavy fraction of 

the latex, isolated by centrifugation. Fairbairn and Djote (1970) 

obtained evidence that this fraction was capable of synthesizing 

morphine from dihydroxyphenylalanine in vitro. This was confirmed 

by Fairbairn et al. (1974), who also demonstrated that the heavy 

fraction consisted primarily of the above-mentioned vesicles. In 

addition, 95 to 99% of the alkaloids in the latex were detected in 



these vesicles - thereafter called "alkaloidal vesicles". The 

alkaloids were not membrane bound, but stored in the vacuolar 

sap. They also showed that the stem latex and vesicles were 

transported to the capsule during its rapid expansion after 

petal fall. 

Because of the close association between the alkaloidal 

vesicles and morphine synthesis and storage, some, but not 

all, of the enzymes involved in alkaloid production may also 

be compartmentalised in these vesicles (Madyastha and Coscia, 

1979). Polyphenolases (Roberts, 1971; 1974), for example, have 

been associated with alkaloid synthesis and the alkaloidal 

vesicles. 

The composition of the latex is greatly affected by plant 

age, amount of soil water, and weather conditions (Kuhn, 1936). 

Boehm et al. (1972) noted that the latex of older plants was 

less structured than that of younger plants, especially in 

regard to the number of cellular particles. They also established 

by radioactive feeding experiments, that its biosynthetic activity 

was a maximum at flowering and decreased as the plant matured. 

With regard to other PapaveA species, Waller and Hamilton 

(1978) found the vesicles of P. Imacteatum and P. 4oma not 

very different morphologically to those of P. 4ommIteimm, 

while, like the latter species, 90 to 99% of the alkaloids of 

P. bizacteatum were confined to the vesicles. 

2.4.2  Location of Alkaloid Biosynthesis  

In the early 1960's, the view was held that alkaloid 

biosynthesis occurred in adjacent tissues and was immediately 

15 
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secreted into the laticifers (Fairbairn and Kapoor, 1960; Zaitseva, 

1959). However, later observations (Section 2.4.1.2), indicating 

a very close association with alkaloid production and storage 

suggested the latex as being the major site of biosynthesis. 

Evidence suggests, however, that this is not the sole 

site of biosynthesis. Anon. (1978a) stated that the total production 

of morphine in the plant cannot be explained by the biosynthetic 

capacity of the latex alone, thus suggesting that biosynthesis 

might also take place in cells outside the latex vessels. Supporting 

evidence is obtained during seed germination, a period accompanied 

by intense alkaloid accumulation (Jindra et a.L., 1976). During 

this period the alkaloids thebaine, narceine and narcotine 

were detected in the root and shoot meristems, but the presence 

of laticifers could not be confirmed (Sarkany et a,L, 1966, 

1967, 1970). Inefficient staining and fixing techniques, however, 

may have prevented their detection (Thureson-Klein, 1970). 

Further information on its site can be gained from the 

location of enzymes implicated in alkaloid biosynthesis. The 

low tyrosinase activity of polyphenoloxidase in the latex, 

which is suspected of catalysing the oxidation of tyrosine 

to 3,4-dihydroxyphenylalanine (dopa) in the first step of alkaloid 

biosynthesis (see Section 2.4.3.1), does not appear sufficiently 

high to permit adequate rates of synthesis in the latex (Boehm 

et aL, 1972; Antoun and Roberts, 1976). It was postulated 

that this reaction takes place outside the latex, and the products 

migrate into the latex where further synthesis occurs. This 

is suggested by the fact that dopa is incorporated into morphine 

in the isolated latex more efficiently than tyrosine (Fairbairn 
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et al.. 1968a). 

Roberts and Antoun (1978) detected the presence of L-dopa 

decarboxylase in the latex supernatant only and postulated 

that the alkaloids are produced in the supernatant and then transferred 

to the alkaloidal vesicles. Such a rapid transfer of added morphine 

from the latex to the vesicles has been demonstrated by Fairbairn 

et al. (1974). The 1-5% of alkaloids, mainly morphine and codeine, 

detected in the 1000g supernatant was assumed by these workers to 

have been caused by vesicle disruption and leakage during the experimental 

procedure. However, the possibility exists that this 1-5% represents 

the biosynthesized alkaloid pool present in the supernatant before 

absorption by the vesicles. 

In conclusion, the area of alkaloid biosynthesis is not known 

(Nyman and Hansson, 1978). Evidence strongly suggests that it is 

confined to the alkaloidal vesicles, but the initial conversions 

involving tyrosine and dopa, may be confined to the supernatant 

or cells adjacent to the laticifers (Fairbairn et al., 1968a). 

2.4.3 Alkaloid Biosynthesis 

2.4.3.1 Biosynthesis of the Major Alkaloid Group  

A detailed account of the in vitizo and in vivo methods 

used in the elucidation of the biosynthetic pathway is not relevant 

to this review. Some knowledge of the pathway is required, however, 

especially when considering alkaloid yield and losses during growth 

of the poppy plant. Suffice it to say that the majority of the experi-

mental techniques involved feeding radioactive precursors to intact 
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plants or incubation with isolated latex. Confirmation of the involve-

ment of these precursors was gained by actual isolation from the 

plant. The biosynthetic pathway is illustrated in Figure 2.4.2. 

As early as 1910 (Kirby, 1967) it was suggested morphine could 

be derived from two molecules of tyrosine. Battersby and Harper 

(1958) and Leete (1958) independently showed that feeding radioactive 

•tyrosine to poppy plants resulted in the production of radioactive 

morphine. Because of the nature of the labelling, however, it was 

assumed that tyrosine was converted into two different products 

prior to incorporation into the morphine molecule. Further feeding 

experiments indicated a hydroxylation to 3,4,dihydroxy-

phenylalanine (dopa) which was then converted by decarboxylation 

and deamination to 3,4-dihydroxyphenethylamine (dopamine) and 3,4- 

dihydroxyphenylpyruvic acid respectively (Battersby and Francis, 

1965; Wilson and Coscia, 1975). These two products then condense 

to produce the unsubstituted 1-benzylisoquinoline, norlaudanosoline 

(Battersby and Binks, 1960) via norlaudanosoline carboxylic acid 

(Wilson and Coscia,1975). 

A comparison of the fundamental groups of thebaine and norlaudano-

soline reveals that two 0-demethylations and one N-methylation must 

occur at some stage in the biosynthesis of the major. alkaloids. 

Depending on which hydroxyl groups are methylated, four isomeric 

0,0,N-trimethyl norlaudanosolines are possible (Spenser, 1968). 

Reticuline, however, is the only one of these isomers to be efficiently 

incorporated into thebaine (Barton et ca., 1965). The exact order 

in which this is performed is not certain, but the involvement of 

methionine has been demonstrated (Battersby et ca., 1968). It has 

also been demonstrated that norreticuline is an efficient morphine 

precursor, suggesting 0-methylation as the first step. 

N-methylation of norreticuline in vitAo was found to yield 
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the (+) and (-) forms of reticuline (Battersby et al., 1965). 

Feeding of these labelled forms to poppy plants revealed that the 

(-) form was the direct precursor, and that it is in oxidation-reduction 

equilibrium with 1,2-dihydroreticuline and (+)-reticuline. 

The formation of the C-12-C-13 bond (Figure 2.4.3) is achieved 

by the conversion of the two phenolic hydroxyl groups by oxidation 

into a diradical and coupling of the unpaired electrons to produce 

the compound salutaridine (Barton et a.C., 1965). The last remaining 

step is the formation of the benzofuran ring or the 0-bridge between 

C-4 and C-5. Reduction of salutaridine yields the alcohol salutaridinol. 

It was found that cyclisation of this alcohol proceeded in solution, 

leading directly to thebaine. Direct feeding of this alcohol confirmed 

its position in the biosynthetic path. 

The alkaloid groups in P. 4omn-LfeAum are produced from 

various precursors along the biosynthetic path. The benzyliso-

quinolines, which includes papaverine, are derived from nor-

reticuline via norlaudanine (Uprety et a.L., 1975), while the 

pthalideisoquinoline group, as typified by narcotine, narcotoline 

and narceine (Figure 2.4.3) are formed from reticuline via 

scoulerine and noscapine (Nyman and Hansson, 1978). The third 

and the major group of alkaloids, the morphinane group, which 

includes morphine, codeine and thebaine, are formed directly 

from salutaridinol. 

2.4.3.2 Conversions within the Morphinane Alkaloids  

The only difference between the three main alkaloids of 

this group is the degree of 0-methylation. Thebaine has been shown 

to be the progenitor of this series, and morphine the end-product, 

by two methods. Battersby and Harper (1960) fed radioactive tyrosine 
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to a large number of plants. Small batches were extracted at 

intervals and the activity of the three alkaloids determined. 

The radioactivity from tyrosine was found to pass first through 

thebaine, then through codeine, and finally to morphine. Stermitz 

and Rapoport (1961), using a more direct method, fed plants 

separately with labelled specimens of morphine, codeine and 

thebaine. The radioactivity from thebaine was passed on to 

codeine and morphine, while that of codeine passed into morphine 

but not thebaine. Radioactive morphine was not converted into 

either of the other two alkaloids. This latter experiment not 

only demonstrated the direction of 0-demethylation from thebaine 

to morphine, but also indicated its irreversibility. 

The final pathway, as proposed by Theuns and Salemink 

(1980) involves hydrolysis of the enol ether system to yield 

neopinone. Isomerisation of neopinone to codeinone, followed 

by reduction, generates codeine, from which morphine is formed 

by 0-demethylation. Side reactions may involve reduction of 

neopinone to form neopine, oxidation to form 14-0-hydroxycodeinone, 

or oxidation of codeine to produce 14-e-hydroxycodeine (Figure 

2.4.4). These minor alkaloids have all been isolated from 

• 4 onni_feitum. 

2.4.3.3 Enzymology of Biosynthesis  

Evidence for the involvement of certain enzymes in 

alkaloid biosynthesis has been gained by studying the relationship 

between activity and alkaloid content, and by the ability of 

specific enzymes to catalyse conversions known to be essential 

22 
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Figure 2.4.4.  

The metabolites of thebaine. (Adapted from Theuns et a .,1977.) 
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to alkaloid biosynthesis. Jindra et al. (1966a) and Kovacs 

et al. (1966) observed rapid increases in the tyrosine, p-cresol, 

dopa, and catechol activities of polyphenoloxidase during 

the first three days of germination and again during flowering•

and capsule expansion. Both these periods are characterised 

by a marked increase in alkaloid content. This, they concluded, 

indicated the participation of polyphenoloxidase, possibly 

in the formation of norlaudanosoline and its derivatives (as 

•supported by Bills, 1978), and the conversion of tyrosine to 

its biochemical equivalents. 

Polyphenoloxidase is also capable of catalysing the 

deamination of dopa to 3,4-dihydroxyphenylpyruvic acid in the 

• presence of phenolic compounds (Kovacs et a.L., 1964, 1965, 

1970). Jindra et ed. (1966) showed that this transaminase 

activity was relatively high during the first three days of 

germination. They also demonstrated decarboxylase activity, 

which may be involved in the conversion of dopa to dopamine. 

This enzyme, later characterised by Roberts (1974) and Roberts 

and Antoun (1978) as being L-dopa decarboxylase, was shown 

to be restricted to the latex supernatant. 

Antoun and Roberts (1975a) isolated a specific methyl-

transferase enzyme in the latex. This enzyme catalysed the 

incorporation of a 
14
C-methyl group from methionine into reticuline, 

papaverine, codeine, and thebaine, presumably during the conversion 

of norlaudanosoline to reticuline. 

The majority of the enzymes implicated in alkaloid biosynthesis 

to date are enzymes of general metabolism. It has been emphasised 
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that, although these enzymes are undoubtedly involved, most 

of them appear to be highly specific (Anon., 1978a; Staunton, 

1979). Hence, considerable investigation in this area is still 

required . 

The absence or inhibition of specific enzymes involved 

in alkaloid biosynthesis results in the accumulation of precursors 

unless they can be metabolised via an alternate pathway. This 

is the situation in P. bAacteaturn (Nyman and Bruhn, 1979). 

The biosynthetic pathway is similar to that of. ?. doani_reaum, 

up to and including thebaine, but the enzyme required for demethylation 

of thebaine is strongly inhibited (Anon., 1978a). It is still 

active, however, as evidenced by the presence of codeine. Meshulam 

and Lavie (1980) consider that morphine may be formed, but 

it is not accumulated because its degradation proceeds at a 

greater rate than synthesis. Nyman (1979), on surveying a large 

number of plants of P. 4omm4eaum, classified them according 

to the relative abundance of the different alkaloid types. 

By standard genetic techniques he demonstrated the presence 

of genes or groups of genes controlling specific conversions 

in the pathway, presumably by governing the quantity or activity 

of the enzymes involved. Worthy of note is that he was able 

to obtain varieties of P. 4omnifeAum pcssessing very high (0.29%) 

quantities of thebaine and only traces of morphine. He concluded 

that the 0-demethylating enzyme, necessary for the formation 

• of neopinone, was present in these plants as morphine was present 

to some extent. However, its formation, or activity, was 

•suppressed. 



2.5 Alkaloid Metabolism 

2.5.1  Evidence  

During the early part of this century, alkaloids were 

considered accidental, waste or by-products involved in removing 

certain toxic components of plant metabolism (Robinson, 1974; 

Staunton, 1979; Delfel, 1980). However, the often long and 

complex pathways and the requirement of many different enzymes 

for alkaloid biosynthesis clearly shows that they are not produced 

by accident: Rather the plants go to great lengths to make 

them (Staunton, 1979). Similarly, there is considerable evidence 

to suggest that they are not waste products, since if it were 

so there would be no advantage in further metabolism (Robinson, 

1974). 

• 	The first hint that morphine was not an end-product came 

with the observation of morphine losses in the capsule and 

whole plant several weeks after flowering, while the plant 

was still green (Section 2.6.2.2). More conclusive evidence 

was obtained by Heydenreich and Pfeifer (1962a) by analysis 

of plants at 6-hourly intervals. Marked variations in all the 

major alkaloids was noted. Since whole plants were analysed, 

the variations could not be accounted for by alkaloid translocation. 

Fairbairn and Wassel (1964a) confirmed the above results by 

analysing minute samples of latex taken from the same plant 

at hourly intervals (Figure 2.5.1). They found that the 

quantities of codeine and thebaine showed some complementarity, 

both tending to rise after mid-day and fall after midnight. 

26 
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Morphine, however, showed the opposite pattern, decreasing 

after mid-day, while the secondary alkaloids were increasing. 

They concluded, therefore, that morphine was converted to non-

alkaloidal substances which remained in the latex or passed 

into the adjacent tissues. 

Feeding radioactive tyrosine to intact plants followed 

by latex analysis, confirmed the rapid turnover of the major 

alkaloids and also the periodic disappearance of morphine from 

the latex (Fairbairn et al., 1964). Incubation of the isolated 

latex with radioactive tyrosine proved conclusively that these 

fluctuations were actually the result of morphine transformation 

to non-alkaloidal molecules in the latex itself, rather than 

its translocation (Fairbairn and Wassel, 1964b). 

Diurnal fluctuations in morphine content of the latex 

and the capsule, were also noted by Vagujfalvi (1973) and Felklava 

et al. (1976) respectively. 

With the aim of determining the fate of morphine in the 

plant, Fairbairn and Paterson (1966) fed radioactive morphine 

to poppy plants just below the developing capsule and analysed 

the seed 5 and 35 days later. Radioactivity was detected in 

the seed, but no alkaloids. With increasing seed maturity the 

radioactivity in the methanol-soluble fraction of the seed 

decreased, while that of the methanol-insoluble fraction increased, 

suggesting an increasing complexity'with age. Further feeding 

experiments with radioactive morphine (Fairbairn and El-Masry, 

1967) revealed that the morphine added in the phloem region 

of the plant was rapidly absorbed by the latex where it was 

28 



rapidly transformed into two non-alkaloidal polar substances 

and translocated out of the latex into the surrounding tissue. 

They, and possibly their related derivatives, appeared in the 

pericarp and developing ovules. These later appeared to form 

the methanol-insoluble substances mentioned previously. 

The existence of methanol-insoluble substances in the 

seed . suggested a form of complexing or binding of. morphine 

and its breakdown products. Vigorous acid hydrolysis and pepsin 

digestion resulting in the release of several alkaloid-like 

substances, one of which was codeine, confirmed this possibility 

(Fairbairn and El-Masry, 1968). Fermentation of crushed seeds 

or germination of mature seeds for one or two days also led 

to the production of similar compounds, as well as papaverine. 

These results were confirmed by the detection of radioactive 

alkaloid-like substances from acid hydrolysed or germinated 

seeds obtained from capsules fed with radioactive morphine. 

The alkaloid-like compounds were not derived from capsule and 

latex contamination, since the seed sample was extracted 

to remove free alkaloids prior to digestion and hydrolysis. 

The existence of bound forms was earlier suggested by 

Preininger et ca. (1965), who were unable to detect morphine 

until after the seed had been incubated at 37 °C for 48 hours. 

Grove et a-t. (1976) later confirmed the existence of bound 

forms of morphine and codeine in poppy seed. However, they 

also apparently detected quantities of "free" morphine and 

codeine which they' suggested were probably due to dried latex 

and capsule dust adhering to the seed. 

29 
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In regard to the capsule, Wold (1978) isolated bound forms 

of morphine and codeine. These appeared to be linked to a polysaccharide 

by at least •two types of bonds, one of which seemed to be an ionic-

type linkage. On further examination Fairbairn and Steele (1980) 

found, through dialysis, that the morphine was bound to polysaccharides 

or oligosaccharides of Molecular weight greater and less than 12,000, 

but having similar properties. The proportion of morphine bound 

to the saccharides of greater than 12,000 molecular weight increased 

during the ripening of the capsule and during the movement from 

the latex to the seed. Indeed the seed may contain forms which are 

even insoluble in water. 

Bound forms of thebaine in the pericarp of P. 4omn4eAum and 

P. bilacteatum have also been detected (Fairbairn and Helliwell, 

1975; Fairbairn and Steele, 1980). Since thebaine has no hydroxyl 

group, the bond with the polysaccharide can not be glycoside, but 

may be an ionic bond between the basic nitrogen and the glucuronic 

acid groups of the polysaccharide (Fairbairn and Steele, 1980). 

In addition to the bound forms of normal alkaloids, a number 

of similarly bound alkaloid-like substances have been detected (Fairbairn 

and Steele, 1980). These were clearly related to Papaveraceae alkaloids 

and probably represent further alkaloid degradation products. 

The role that these bound forms play in the previously reported 

diurnal and seasonal fluctuations is obscure. Wold (1978) obtained 

evidence of an increasing quantity of bound forms as the capsule 

matures. If this were so, a decrease in the free alkaloids may result. 

However, Fairbairn and Steele (1980) detected four times the amount 

of bound morphine in the unripe than in the ripe pericarp. In addition, 
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the quantities they detected may amount to less than 5% of the total 

morphine pool, a proportion too small to have a significant bearing 

on the magnitude of the observed fluctuations. 

Alkaloid binding does not appear to be a means whereby the 

plant removes unrequired quantities of alkaloids. On the contrary, 

they appear to represent transitional forms in alkaloid metabolism 

and aid in the translocation of morphine from the latex to the seed 

(Fairbairn and Steele, 1980) where they may play an important role 

in seed germination (Fairbairn and El-Masry, 1968). 

Bound forms of the alkaloids coniine and y-coniceine have also 

been detected in the umbels of Con.Lum maculatum (Fairbairn and Ali, 

1968a). These vary from ethanol-soluble substances which readily 

break down to their respective alkaloids, to more stable water-soluble 

complexes, which, on vigorous hydrolysis, produced alkaloid-like 

compounds. As in P. 4omnifeAum the quantity of these bound forms 

varies during fruit development. They postulated that 

they appear during critical periods in fruit development, and 

may play some important role in the metabolism of the 

fruit. Fairbairn and Ali (1968b) showed a rapid recycling process 

between the bound and the free forms and suggested that the bound 

forms may represent "moieties of nucleotide-like compounds concerned 

with oxidation-reduction processes in this plant". 

The gradual demethylation from thebaine to morphine prompted 

Miller et a-t. (1973) to investigate the possibility that a further 

demethylation of morphine to normorphine (Figure 2.4.3) constituted 

the final alkaloid in this series. Its detection 'in the poppy plant 

and the isolation of radioactive normorphine from radioactive morphine 

fed plants confirmed the hypothesis. Its low concentration in the 

plant, which delayed its detection, is presumably due to the almost 

equal rates of formation and degradation to non-alkaloid products. 
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They suggested that this was the major (if not only) degradative 

pathway of morphine in the poppy. 

N-demethylation of other groups of alkaloids to form the nor-

derivatives is quite common among plants. In several of these, such 

a step initiates more extensive processes of degradation of the 

molecule (Waller et aL, 1978). This has been suggested particularly 

for nicotine. However, the precise nature of its further degradation, 

though demonstrated, is not yet clear, despite the fact that it 

is one of the most studied alkaloids in the area of degradation. 

In this regard, Fairbairn and El-Masry (1967) isolated radioactive 

sugars and amino acids from radioactive morphine fed plants, but 

these Were produced by "extra-laticiferous enzymes" and therefore 

do not represent the normal metabolism of morphine. 

The seeds of P. 4omnife/zum contain bound forms of morphine 

which on hydrolysis yielded tertiary bases (Fairbairn and El-Masry, 

1968). Phillipson et al. (1976) stated that, since N-oxides of tertiary 

bases readily undergo N-demethylation, it was conceivable that the 

alkaloid N-oxides might exist as precursors to the nor-derivatives, 

and may be identical to the tertiary bases reported previously. 

Their existence was confirmed when they successfully isolated the N-oxides 

of morphine and codeine from P. 4omil4eAum and of thebaine from 

P. bAacteatum. They did not consider, however, that the N-oxide 

was a precursor of normorphine. 

Fairbairn et al. (1978) later confirmed the involvement of 

morphine N-oxide in morphine catabolism by feeding radioactive morphine 

to the intact plant and isolating the labelled N-oxide in the latex. 

Therefore, to date, two degradation products of morphine have been 

identified, both of which may represent alternative routes. The 

fate of these products is uncertain, but they may be either catabolised 

further or recycled by conversion back to the base (Phillipson 

at a/., 1976). 
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Several of the minor alkaloids detected in P. bitacteatum, such 

as the codeine derivatives (Section 2.4.3.2), may represent products 

of thebaine catabolism in this species. Similar morphine metabolites 

have not been detected, though this does not prove their non-existence. 

2.5.2 Alkaloids and Plant Growth  

As mentioned, the inclusion of normorphine as the final step 

in the alkaloid biosynthesis completes the sequence of demethylations 

from thebaine. This led Miller et ca. (1973) to hypothesise that 

"the alkaloids may act as specific methylating agents, the relative 

stabilities of the successive methyl groups affording the plant 

a potentially sensitive control of methylation processes". [A similar 

role has also been proposed for nicotine (Fairbairn and Paterson, 

1966; Waller et at., 1978).] Evidence of their importance in plant 

growth has been gained from three areas of study. 

1. 	Seed Maturation and Germination  

Fairbairn and El-Masry (1968), on isolating the bound forms 

of alkaloids from poppy seeds, speculated on their metabolic 

significance. They obtained supporting evidence by depriving 

fruits at critical stages of their development, •of the bulk 

of the latex, in which these alkaloids and derivatives are 

contained. The seeds produced had decreased viability and the 

seedlings showed decreased vigour, root hair formation, and 

reduced chlorophyll formation. After 10 days they had 

achieved normal chlorophyll formation, presumably due to de novo 

alkaloid synthesis. Similarly, Fairbairn and Steele (1980) 

have very occasionally found young capsules which showed no 

evidence of latex. One of these they allowed to grow to maturity 

and as expected, contained only small quantities of alkaloids 

(mainly thebaine). On testing, only 9% of the seeds germinated, 

compared with 94% in controls. 
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Obviously factors other than alkaloids may be involved, 

but preliminary evidence that the harmful effects of latex 

deprivation can be partly eliminated by germinating the seeds 

in dilute solutions of alkaloids, further strengthens the case 

for their involvement in germination (Fairbairn and El-Masry, 

1968). 

The latex has also been implicated in seed development 

by Lecat (1960). He found that gibberellin treatment of the 

capsule caused a reduction in morphine content in this organ, 

presumably due to a decreased translocation from the vegetative 

parts, and also a decrease in seed weight. The absence of a 

treatment effect on total capsule weight suggests that the 

latex may not be directly involved in the supply of the normal 

nutrients required for growth. 

2.  Photosynthesis and Alkaloid Content  

The results of Fairbairn and El-Masry (1968) on the germination 

of seed from latex-deprived capsules has been mentioned previously. 

Other workers have connected chlorophyll content and function 

• with_alkaloid accumulation. For example, Neubauer (1964) found 

that etiolated seedlings had relatively lower quantities of 

the less methylated alkaloids morphine and codeine than thebaine. 

Similarly,Felklova and Levakova (1967) found that with prolonged 

shading,morphine formation was inhibited and losses of morphine 

already formed occurred. The other alkaloids increased on shading. 

Thureson-Klein (1970), during his examination of the latex, 

determined that the amount of electron dense material in the 

vesicles, and especially the amount lining their membranes, 

is decreased or absent in the plant grown under etiolating 

conditions. It must be emphasised, however, that the effect 
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of shading on alkaloid content may be mediated by affecting 

alkaloid formation, as reported by Bogdashewskaja (1958), and 

not solely on the use of these alkaloids as an alternative 

energy source. 

3. 	Alkaloid Localization in Relation to Metabolic Activity  

Because of the relatively high alkaloid accumulation in the 

meristematic shoot and root of the developing seedling, Sarkany 

and Michels-Nyomarkay (1977) suggested that they constituted 

an energy source for the plant at that stage of development. 

The accumulation of alkaloids in the stamen at the peak of 

the pollination period (El-Kheir,1975) and the accumulation 

of alkaloids in the reproductive organs during flowering and 

maturation (Michels-Nyomarkay, 1966; Aynehchi and Jaffarian, 

1973), may also be explained on similar grounds of an energy 

source during periods of high metabolic activity.  Also, 

the capsule acts as a receiver of thebaine, produced by the 

vegetative parts, which is then transformed into codeine and 

morphine in the developing capsule (Heydenreich and Pfeifer, 

1962b). The higher thebaine content of seedless capsules of 

P. bizacteatam(Czaludska et al., 1977) may be the result of 

•an absence of a metabolic sink for this product. 

In conclusion then, the above evidence proves conclusively 

that morphine is not the end-product of alkaloid metabolism in the 

poppy, but is degraded primarily by means of modifications of the 

nitrogen groups. Further, the Morphinane alkaloids and their products 

are removed from the latex, in part by binding to polymer residues, 

and from there appear to be involved in vital plant processes, 

particularly seed maturation and germination. The mode of 

action, or the nature of the degradation process of the_direct morphine 
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metabolites are as yet unclear. The proposal that they function 

as methylating agents appears to be the most plausible to date. 

2.6 Compositional Changes in  P. 4omnifeaum During Ontogeny and  

Storage  

2.6.1 Germination till Flowering  

Alkaloids are produced in all parts of the eight day old 

seedling (Massicot, 1961), although it is restricted mainly to the 

meristematic regions of the roots and shoots at this stage (Sarkany 

and Michels-Nyomarkay, 1977). At the third day after germination 

all three of the major morphinane alkaloids are present (Crane and 

Fairbairn, 1970). 

Thebaine appears as the major alkaloid in the developing seedling 

(Jindra et a/., 1976)  and increases dramatically during germination. 

In the three day old seedling it is concentrated mainly in the roots 

but by seven days small quantities are detected in the shoot (Sarkany 

et a/., 1970). Morphine and codeine are generally detected in all 

seedling tissues. 

Morphine was detected in the rosette stage(Felklova et a/., 

1976) in fairly constant amounts (Neubauer, 1964), but is concentrated 

mainly in the leaves (Aksanowski et a/., 1962). Codeine accumulates 

firstly in the roots while thebaine content was very variable in 

different tissues (Neubauer, 1964). During vegetative development 

the alkaloid content of the roots decreases while that of the leaves 

increases (Aksanowski et a/., 1962). During stem elongation morphine 

and related alkaloids accumulate in the leaves and stem while during 

bud formation they are mainly located in the stem (Penka, 1968; 

Romisch, 1958; Michels-Nyomarkay, 1966). While no detailed information 

on the accumulation of codeine and thebaine during the vegetative 

period is available, it is generally found that codeine and thebaine 
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is manufactured in the roots and translocated to the vegetative 

and reproductive parts of the plant. 

2.6.2 	Flowering till Maturity  

2.6.2.1 	Dry Matter  

Reports on the pattern of dry matter accumulation in both 

the whole plants and the individual plant components 

differ. Pfeifer and Heydenreich (1962) noted a generally increasing 

total plant (minus roots) dry matter yield up till approximately 

15 to 20 days after flowering, followed by a decrease 

of roughly 20%, after 30-35 days. The extent of this decrease was 

affected by variety. Heeger and Schroder (1959) obtained the maximum 

total plant dry weight between 10 and 34 days after flowering in 

both 1957 and 1958, followed by an average decrease of 10% by 48 

days. Laughlin (1980), under Tasmanian conditions, detected an increase 

in total plant (minus root) dry weight up till 24 days after full 

bloom, followed by a continual decrease amounting to 16% from the 

maximum by the 38th, and 40% by the 94th day after full bloom. 

In marked contrast to the above, Nikonov (1958), in_ 

the U.S.S.R., found an increase in the total plant dry weight right 

up till dry harvest maturity, which generally occurs 42 to 56 days 

after flowering. 

Little information is available regarding the individual dry 

matter yields of the stem and leaf separately, since both these 

components are generally analysed together. However, Nikonov (1958) 

stated that the only plant component to decrease in yield was the 

leaves. At 40 days after flowering (biological maturity) the leaves 

weighed as much as the capules (Heeger and Schroder, 1958). Laughlin 

(1980), on analysing the stem and leaves jointly, observed a steady 
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yield for the first 24 days after flowering, followed by a continual 

decrease resulting in a 50% loss by 94 days. 

Dry matter yields of the capsules have been more widely investigated. 

Tookey et a./.. (1976) found, when grown under glasshouse conditions, 

that the terminal capsule yield peaked at 16 days after flowering 

and remained essentially constant for the following 24 days. Similarly, 

Nash (1980) observed no change in yield of terminal or lateral capsules 

between 28 and 56 days after flowering. Bunting (1963), in a detailed 

study of three varieties grown in southern England, noted a rapid 

increase in capsule dry weight until 16 to 21 days after flowering. 

All three varieties showed a subsequent decline, until at 60 days 

the yield was 10 to 15% less than the maximum previously obtained. 

Loftus-Hills (1945) obtained similar losses under Australian Capital 

Territory conditions. The maximum dry weight attained appeared at 

approximately the same stage of development as noted by Bunting 

(1963). Under Tasmanian conditions an increase in total capsule 

dry weight was noted until 17 days after flowering, whereafter a 

continual decrease occurred. By the 59th day after flowering the 

dry matter yield was 29% less than the previously observed maximum, 

and by the 94th, 38% lower (Laughlin, 1980). The terminal capsules 

appeared to play a greater role in this decrease than the 

lateral capsules. The dry matter loss of the terminals alone by 

the 94th day amounted to 37% of the maximum observed. 

Schroder (1965), during the 1959 to 1961 European seasons, noted 

a general decrease in both terminal and lateral capsule yield after approx-

imately 30 days. However, the maximum loss varied greatly with season, 

from 29% in 1961 to a very large 68% in the 1959 season. 

2.6.2.2  Alkaloids 

It is well-documented that total alkaloid accumulation 
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in the poppy plant is most rapid from flowering onwards (Nikonov, 

1958). During this period, accumulation shifts from the 

vegetative to the reproductive organs (Neubauer, 1964; 

Michels-Nyomarkay, 1966). The alkaloid changes reported subsequent 

to flowering, however, are often contradictory. In several 

cases the reports are difficult to compare since different parameters, 

such as alkaloid yield or content, are measured. Imposed on this 

is the wide range of criteria used to gauge capsule maturity. Studies 

on the whole plant or capsule may be directly comparable since morphine 

is concentrated mainly in the capsule (Heydenreich et ca., 

1961; Romisch, 1958;Felklova et a/., 1976; Rustembekov and Argynbaev, 

1977; Laughlin, 1980), and both vegetative and reproductive parts 

tend to show similar changes (Heeger and Schroder, 1959; 

Laughlin, 1980). However, comparison of changes in yield and content 

are more difficult since there is disagreement on the changes in 

dry matter yield of the capsule during maturation (Section 2.6.2.1). 

Nonetheless, such comparisons are important, if only to illustrate 

the trend differences reported. At the end of this section several 

causes for the observed differences will be given. 

Aksanowski et  (1962) determined that the total alkaloid content 

increased progressively during development and maturation of the 

fruit. The maximum alkaloid content was attained in the "ripe" capsule 

having a moisture content of 75-80%. Michels-Nyomarkay (1966) observed 

that a decrease occurred during seed ripening. 

Several investigations have concentrated on following the changes 

in total alkaloid yield and the yield of the three alkaloid types 

in the whole plant. Thus, Pfeifer and Heydenreich (1962) on studying 

four varieties of poppy, found that the changes in total alkaloid yield 

were fairly similar for all varieties tested, in that they reached a 
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peak between 15 and 25 days after flowering, and subsequently declined. 

The changes in the secondary alkaloids (codeine, thebaine, papaverine, 

narcotine and narcotoline) showed a greater dependence on variety, 

since several showed maxima within the first ten days after flowering, 

while others attained their maxima after ten days, orin fact showed 

two maxima: These alkaloids, however, tended to concentrate mainly 

in the vegetative parts (Heydenreich et at., 1961; Aksanowski et at., 

1962). Tetenyi and Vagujfalvi (1965) studied the changes in total 

alkaloid content, and the contents of the alkaloid types (morphinanes, 

phthalidisoquinolines and benzylisoquinolines) in the whole plant 

up till maturity. In the six grougiof varieties they studied, all 

showed a generally increasing total alkaloid content till six to 

12 days after flowering (depending on variety). After this peak, 

four of •the six variety groups showed decreases. The alkaloid-types 

varied in a similar way to the total alkaloid content. 

Reports on morphine changes in the whole plant and capsule 

are numerous. Heeger and Schroder (1959), under central German conditions, 

obtained the highest morphine yield from the whole plant at 10 or 

35 days after flowering, depending on the season. A minor decrease 

was noted thereafter. Pfeifer and Heydenreich (1962), also working 

in Germany, observed a similar pattern (in whole plants minus roots) 

for four varieties, with the maximum occurring between 15 and 20 

days after flowering. Although Laughlin (1980) obtained the highest 

morphine yield at a similar stage of maturity, he found that it 

varied little until after the 52nd day when a decrease of 38% occurred 

in the following 42 days. Norphine content, in contrast to its yield, 

reached a peak between 38 and 45 days after flowering, followed 

by a slight decrease. 

With regard to morphine yield from the capsule only, Dumitrashko 

and Babilev (1975) detected little difference between the yield 
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from capsules containing 64% (biological ripeness) or 16% moisture 

(technical ripeness) during warm dry weather. In a more detailed 

study Heeger and Schroder (1959) obtained a continual increase in 

morphine yield from the capsule till maturity (50 days after flowering), 

while the capsules from plants grown in Arizona (Tookey et al., 1975) 

achieved a maximum yield within 10 days of flowering. iiley—the ,n 

e Under 

glasshouse conditions, however, Tookey et a/.(1976) •noted a rapid 

increase in the first 8 days after flowering, followed by a more 

gradual increase up till the last harvest at 40 days. In both cases 

only the terminal capsule was analysed. Heydenreich et at. (1961) 

also noted a continual increase in the terminal capsule up till 

the end of the growth stage (28 days after flowering). 

Reports dealing with changes in morphine content may be divided 

into two basic categories, those that indicate a continual increase 

up till capsule maturity (35-42 days after flowering) (Nikonov, 

1958; Miram and Pfeifer, 1959; Kopp, 1960; Tookey et a/., 1975; 

Rustembekov and Argynbaev, 1977) and those that obtained evidence 

of a maximum content in the unripe capsule, generally 7 to 24 days 

after flowering (Waistein, 1951; Romisch, 1958; Dumitrashko, 1975). 

Of these workers the latter two noted a decrease after the maximum. 

In regard to several of the detailed studies, Schroder (1965) noted 

an increase in morphine content in the capsule up till 30 to 40 

days after flowering. After the stage of seed ripeness, which he 

defined as that time at which the seed had separated from the placenta, 

a rapid loss occurred which could not entirely be accounted for 

by changes in capsule dry weight. In another season, however, the 

maximum content was maintained up till the last harvest 70 days after 

flowering. Bunting (1963) noted that with three varieties and in 
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various seasons the morphine content reached a maximum 37 to 40 days 

after flowering but "subsequently, and invariably, the content fell 

during ripening". In some seasons the loss amounted to 70%. Laughlin 

(1980) observed a very similar pattern, recording a 22% loss 50 days 

after the maximum. Heeger and Schroder (1959), working with the 

poppy variety "Mahndorfer" in Central Germany, noted a continual 

increase in capsule morphine content up till maturity. Romisch (1958) 

using the same variety but grown under Southern German conditions, 

obtained the highest capsule morphine content between five and 

ten days after flowering. A steady decline followed, resulting in 

a 57% loss. 

Considerably less information is available regarding the secondary 

alkaloids. As previously mentioned, Heydenreich et al. (1961), working 

on the whole plant, observed two maxima in the secondary alkaloids, 

one at flowering and the other at maturity. A similar trend has 

also been observed in the capsule (Aksanowski et al., 1962), but 

may not apply to all varieties (Pfeifer and Heydenreich, 1962). 

These two maxima may, in part, be due to a maximum thebaine and 

codeine yield at flowering and at maturity respectivelyy, noted 

in the whole plant (Pfeifer and Heydenreich, 1962). Dumitrashko 

(1975),  Dumitrashko and Babilev (1975) and Tookey et at. (1976) 

also noted a continual increase in codeine content and yield in 

the capsule until capsule ripeness. 

As indicated, the poppy plant frequently possesses both terminal 

and lateral capsules. In several investigations these have been 

analysed separately often with conflicting results. It is generally 

agreed that the alkaloid changes in the lateral capsules during 

maturation are similar to those occurring in the terminals (Heydenreich 

et aL, 1961; Laughlin, 1980; Nash, 1980). It is, however, the relative 

concentrations detected in these two organs that differ between 
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investigators. Hence Heydenreich et a.C. (1961), Sarkany et al. (1966), 

Hatakeyama et 01.1.. (1974) and Laughlin (1980) observed higher morphine 

contents in the laterals, while Kleinschmidt and Mothes (1958), 

Kopp (1957) and Silva (1963) observed higher morphine contents in 

the terminal capsules. However, because of the decreased dry weight 

yield of the lateral capsules, these components often contribute less 

to the total morphine yield than the terminals (Laughlin, 1980; 

Nash, 1980). Thebaine content of the laterals has been reported 

as exceeding that of the terminals (Nyman, 1980). Whether the morphine 

content of the laterals is governed primarily •by their smaller size 

is not known, since reports on the relation between capsule size 

and alkaloid content are also conflicting (Kaneshima et ca.., 1975; 

Nyman, 1980). 

2.6.3 	Some Factors Affecting Alkaloid Levels  

It is apparent from the above discussion that, even within 

the same variable there are apparently conflicting patterns. Causes 

for such variations may be divided into groups, as suggested by 

Nyman (1979). 

2.6.3.1 	Ontogenetic Variation  

The majority of the reports cited have given alkaloid 

yields based on the number of days after flowering, or visual estimation 

of the stage of maturity. However, these two estimates of maturity 

may vary with both the season and variety (Heydenreich et al., 1961), 

since under warm conditions, for example, the stage of capsule ripeness 

may be achieved considerably sooner after flowering than during 

moist seasons. Comparisons between maturity studies can be made 

only on the basis of accurate indicators of maturity, such as the 

percentage moisture content of the component being studied. For 

this reason Bunting (1963) recorded changes in this variable, and 
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found that during wet seasons the moisture content remained constant 

at 80% . till 35 days after flowering, and decreased over the 

next 27 days to a value of 10 to 15%. During dry seasons however, 

it commenced its decrease after 30 days and attained its lowest 

value over the next 15. This latter trend was also noted by Laughlin 

(1980). 

Lateral capsules tend to remain green and more moist for a 

, longer period than the terminals (Nash, 1980), but only if the point 

of flowering is determined by the average number of flowers on both 

terminals and laterals. In this situation the lateral capsules would 

mature at a later stage and therefore attain their maximum alkaloid 

content or yield at a later date than the terminals. Laughlin (1980) 

in fact did observe that the laterals achieved their peak morphine 

yield one week after the terminals. Under these conditions analysis 

of the terminals only (Kleinschmidt and Mothes, 1958; Tookey et a/., 

1975) may show a different trend. Because of its effect on the number 

of laterals produced, plant density should also be considered, for 

not only may it have a direct effect on yield per area, but also 

on the nature of the alkaloid changes. 

2.6.3.2 	Diurnal Fluctuations  

Few reports indicate at what time during the day samples 

were taken, an important consideration because of the diurnal fluctuations 

in alkaloid content (Section 2.5.1). In fact, Pfeifer and Heydenreich 

(1962) suggested that this factor, in part, may prevent the exact 

prediction of maximum alkaloid yields. 

2.6.3.3 	Genetic Variation  

The previously mentioned results of Pfeifer and Heydenreich 

(1962) and Tetenyi and Vagujfalvi (1965) have already indicated 

the effect of variety, not  on total alkaloid yield, but also 
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the nature of its accumulation. Bunting (1963) also noted a similar 

effect of variety. Baggesgaard-Rasmussen and liver (1945; cited 

Heydenreich et at., 1961) demonstrated the effect of variety very 

well by growing 13 varieties under similar environmental conditions. 

Eight of these varieties attained their highest alkaloid content 

at the half ripe stage, while in the remaining 5 varieties it was 

attained at the fully ripe stage. When comparing results, therefore, 

the variety employed must be kept in mind. 

2.6.3.4 The Modifying Effect of the Environment  

Soil texture and nutrient status would affect primarily 

the level of alkaloids attained, while climatic conditions, in particular 

after the flowering stage, has a marked effect on both the pattern 

and degree of alkaloid accumulation. There are numerous reports 

on the effects of light intensity, and duration (which has a marked 

effect on floral initiation), altitude and latitude on alkaloid 

content. For example, Lee Chang Ki and Hyung Kooh Kim (1970) were 

able to determine the locality of production of illicit Korean opium 

by its alkaloid spectrum and content. Many other workers have 

observed the very marked effect of environment on the alkaloid 

yield of the poppy (Heeger and Schroder, 1959; Daley et a., 1960; 

Musalevski and Teodosievski, 1970), and also on the alkaloid 

yield of other species (Fairbairn and Suwal, 1961). 

Of the numerous environmental factors, climate, and especially 

temperature and rainfall (or humidity), have been singled out as 

having the greatest effect. Warm, dry weather during capsule ripening 

is conducive to rapid alkaloid accumulation and high yields (Kopp, 

1957; Kleinschmidt and Mothes, 1958; Kopp et al., 1961; Schroder, 

1966; Kaicker et al., 1978). Of the examples previously mentioned, 

Schroder (1965) noted that although in the wetter seasons of 1959 
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and 1960 the morphine content in the capsule was higher 35 days 

after flowering than in the 1961 season, yet 36 days later the situation 

was reversed because of large morphine losses in the wet, cool season. 

A similar pattern in capsule yield was observed. Bunting (1963) 

also noted that in wet, cool seasons the capsule morphine content 

showed a significant decline. Not only is the yield or content affected, 

but also the pattern of alkaloid accumulation. Heydenreich et al. (1961) 

noted that under unfavourable weather conditions(notably cool, wet seasons), 

the rate of morphine accumulation was decreased, so that a lower 

maximum contentwes attained at a later stage after flowering. Excess-

ively hot weather may cause an unusually rapid cessation of growth 

and alkaloid accumulation, thereby producing the opposite effect. 

It is obvious, therefore, that variations in climatic conditions 

make it difficult to determine the stage at which maximum morphine 

levels are attained (Pfeifer and Heydenreich, 1962). 

Weather conditions, such as those mentioned, may also have 

a sufficiently strong influence to cause variations in alkaloid 

ratios. Heydenreich et al. (1961) stated that weather conditions 

favouring morphine accumulation has a lesser effect on codeine and 

thebaine, while cool, moist weather, which may cause a loss of all 

the morphinane alkaloids, stimulates the accumulation of the phthalid-

isoquinoline group..Tookey et al. (1976) and Bernath and Tetenyi 

(1979) obtained an increased codeine:morphine ratio in glasshouse-

grown crops. of P. 4omnireitum, which appeared to be mainly an effect 

of higher light intensities. Environment may also alter the relative 

abundances Of the 3 major alkaloid groups (Tetenyi and Vagujfalvi, 

1965). 

Rainfall appears to exert the greatest influence on alkaloid 

accumulation after flowering (Kopp, 1957; Kopp et al., 1961). 
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Brykin (1971) and Malinina and Ivanova (1974) found an inverse relation-

ship between morphine accumulation and content and rainfall or relative 

humidity. In Laughlin's (1980) experiment, a significant drop in 

capsule morphine content was noted 59 days after flowering, which 

coincided with a period of comparatively high rainfall. In this 

instance, capsule dry weight was not affected,although molt weather 

has been associated with decreased capsule yield (Schroder, 1965). 

Schroder (1965) summed up the situation by stating that the peak morphine 

content and yield in the capsule were maintained if the weather 

was dry in the weeks following, but fell sharply if it was wet. 

Genotype has a major effect on the response of a variety to 

the prevailing environmental conditions (Tetenyi, 1970). The variety 

may govern the response to the environment in such a way as to permit 

greater accumulation or reduce losses during unfavourable 

conditions (Kaicker et al.., 1978). The relative influence of 

climatic conditions or variety on alkaloid yield, however, 

is unclear (Tetenyi and Vagujfalvi, 1965; Sandorne, 1966). 

In summary, climatic conditions have a very strong influence 

on alkaloid accumulation. Delfel (1980) stated that factors affecting 

the yield must be fully understood before comparisons can be made 

between plants grown in different environments. Therefore the influence 

of environment and variety prevents accurate comparisons of alkaloid 

accumulation and yield, and results may be applicable to the one 

variety and season (Heydenreich et al., 1961). Despite this, it 

is obvious that moist conditions after flowering have a deleterious 

effect on alkaloid yield. 

2.6.4 Drying and Storage  

Little detailed information is available regarding alkaloid 
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changes in the field dry capsule during storage, apart from the general 

observation that dry capsules keep in dry storage without morphine 

loss, while green ones do not (Guillaume and Faure, 1946; Brekke 

et al., 1958). Climatic conditions affect morphine stability, since 

storage in a moist atmosphere may result in significant losses (Kopp, 

1957). 

On storage of green capsules in loose or compressed heaps, 

Romisch (1958) showed that the morphine content remained stable 

for two days. After this period the temperature within the heap 

increased and fermentation was evident. The morphine content dropped 

more rapidly in the compressed heaps, but by the nineth day a 95% 

loss was recorded for both heaps. Schenck et out. (1962) placed samples 

of antibiotic-treated comminuted green capsules at room temperature 

and sampled regularly. A morphine loss occurred exponentially until 

by the eighth day, when 50% had disappeared, little further loss 

was recorded. 

Since Romisch (1958) obtained the highest morphine content 

approximately ten days after flowering, he considered harvesting 

at this period, followed by drying, a practical possibility. Accordingly 

he performed .drying experiments on the green plant and found that 

on drying by hanging the plants on cords in an airflow at 20 0  to 

30°C, an 18% morphine loss occurred over 8 days. Field drying in 

a similar manner to hay resulted in a 30% loss over the same period. 

Infrared drying at a temperature of 75 °  to 95 °C took 5 hours and 

resulted in no morphine loss. The optimum oven drying temperature 

was determined to be 100 °C, taking 5 hours, and caused a 5% decrease 

in morphine content . Drying temperatures either side of this optimum 

resulted in greater losses. Material chopped into lmm lengths showed 
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greater losses on drying than whole plants or plants chopped into 

10mm lengths. 

In two other interesting experiments, Romisch (1958) determined 

that siloed green poppies maintained their morphine content over 

a period of 5 months. Also, storage of plant sap (produced by passing 

plants through a fruit press), or macerated plant material, caused 

an increase in morphine content by fermentation of up to 50% within 

one week. A decrease then occurred such that by the end of the second 

week the morphine content had returned to its original value. 

Heydenreich et al. (1961) studied in detail the effects of 

drying various plant parts in a drying oven at 95 to 100 o
C on the 

alkaloid content. They found  that the effect of drying was very 

much dependent on plant part and the stage of maturity. Secondary 

alkaloids were affected to a greater extent than morphine. For example, 

stems dried just prior to flowering generally showed an increase 

in morphine and codeine, while those dried after flowering showed 

a decrease. Thebaine content decreased in both stages. In contrast, 

on drying of green terminal capsules, a decrease in all three alkaloids 

-was noted, while a minor increase occurred on drying brown, but still 

moist capsules. Whether plant material was placed into a pre-heated 

oven, or the oven brought to operating temperature after the introduction 

of plant material, also had a significant effect on alkaloid changes. 

Further indications of the effect of drying and storage on 

the alkaloids can be gained by a consideration of opium production. 

This product is obtained by making incisions (lancing) on the green 

capsule and scraping off the air-dried latex from the capsule surface 

the following day. By this time the latex,which was originally white 

(or pinkish) has dried and turned "coffee-coloured" (Daley et al., 

1960). During the interval between lancing and opium collection, 



it is generally recognised that the morphine content decreases 

from 16-20% to 10-13% (Bentley, 1954; Daley et aL, 1960; 

Ramanathan, 1979). Subsequent storage of the aqueous opium 

for one week at 37 °C resulted in a further 25% reduction in 

morphine (Ramstad, 1959). 

Morphine losses have been noted in stored opium (Schenck, 

1970). Reports, however, are often conflicting on this point 

since Ramanathan (1980a) observed no such loss during 6 months 

storage in India. Similarly,  storage of bractium (the dry 

latex from P. Imacteatun) may result in a 20% loss in thebaine 

in 12 months (Nyman and Bruhn, 1979). 

Little detailed study, therefore, has been done to determine 

the criteria (such as moisture content of the material, 

temperature, etc.) required for safe storage of poppy material. 

Although the drying of the immature crop has been investigated, 

this has not been followed up with studies on its stability 

in storage. That morphine losses can occur is indicated by 

storage of the poppies under -moist conditions and opium 

storage. 

2.7 Alkaloid Losses During Maturation and Storage  

Losses have been attributed to four factors which may 

be grouped under the following three headings: 

2.7.1  Losses Caused by the Leaching Effect of Rain  

Loftus-Hills (1945), Poethke and Arnold (1951), Bunting 

(1963), Schroder (1965) and Nyman and Hansson (1978) have all assumed 

that rain is capable of leaching alkaloids from the poppy plant 

50 
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and may contribute to the alkaloid losses noted during wet seasons. 

To support this theory, Bunting (personal communication, cited Laughlin 

[1977]) applied overhead mist sprays to glasshouse-grown poppies 

at various times over the six week period after flowering. He found 

that the greatest decline in capsule morphine occurred during the 

period 4 to 6 weeks after flowering. The magnitude of the morphine loss, 

but not the period at which maximum loss was recorded, was found 

to be cultivar-dependent. Similarly, Loftus-Hills (1945), on applying 

the equivalent of 50mm of rain to a mature poppy crop by an overhead 

spray noted a 20% reduction in capsule morphine. In contrast to 

Bunting's results, however, Loftus-Hills obtained similar losses in 

the green capsules also. 

In neither of these experiments, however, were they able to 

collect and analyse the leachate for the presence of alkaloids, 

meaning that the involvement of leaching in the losses observed 

was only by inference. Laughlin (1977) gained more conclusive evidence 

by immersing whole capsules at four and six weeks of age for various 

periods of time and analysing the immersion water. The amount of 

morphine detected in the water increased with immersion time and _  _ 

age of the capsule. By this rather crude experiment then, the potential  

for alkaloid losses from the capsule by leaching was demonstrated. 

On account of the limited information available on poppy 

alkaloid leaching losses, it is convenient at this point to briefly 

consider results obtained in other studies. Tukey (1970) in his 

review on this topic, states that, under the appropriate conditions, 

it is conceivable that many, if not all, plant constituents can 

be leached. All the essential minerals and some other elements commonly 

found in plants, in addition to organic substances such as sugars, 

pectic substances, all of the plant amino acids, many organic acids, 



52 

growth-regulating chemicals, vitamins and phenolic substances, have 

been detected in leachates. The leaching phenomenon is widespread 

in nature, and no plant has yet been studied that cannot be leached•

to some degree at least. 

There are many factors which influence the nature and quantity 

of substances leached, including factors associated with the plant, 

and the environment. Differences in respect to leaching exist not 

only between species but also varieties of the one species, and 

similar organs of the same plant. The physiological age and vigour 

of a leaf for example, may have a marked effect on the leaching 

capacity (Tukey et a.C., 1958). Of the external factors, light, 

temperature, and the salt content, intensity, and duration of 

rain may also influence leaching losses. 

Although most of the experiments investigating leaching have 

been concerned with foliage, other plant parts are also susceptible 

to loss. Thus the stems and branches of woody plants lose nutrients 

by leaching during both the growing and dormant stage. Flowers and 

flower parts, grains, and soft fruits such as strawberry, raspberry, 

cherries, currants, etc., are also susceptible to leaching. 

Leaching of plant nutrients, then, is quite common. However, 

because it is affected by many factors, leaching of certain plant 

substances cannot be assumed on the basis of its occurrence in other 

or even the same species, and individual investigations are required 

for each situation. 

2.7.2  Chemical Degradation  

The only indicatiion of this factor being significant 

was obtained by Laughlin (1977). On incubating moist autoclaved 

ground poppies at 24 °C for 24 days an 11% loss was recorded. Enzymic 

or fungal activity was excluded by virtue of the autoclaving. Laughlin 
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(1977) supposed the loss to be due to some form of hydrolysis, since 

it only occurred in the presence of adequate moisture. 

2.7.3 	Biodegradation  

The observation made by Kopp (1957) that moist capsules 

on storage suffered a morphine loss prompted Bunting (1963) to suggest 

that metabolic breakdown may be involved. Both he and Schroder (1966) 

stated that remoistening of almost ripe capsules, even by dew, may 

cause a sufficient increase in moisture content to allow alkaloid 

degradation to commence. In Laughlin's (1977) immersion experiment 

mentioned in the previous section (2.7.1),only 25% of the morphine 

lost from the capsule was detected in the bathing solution; the 

remaining 75% was lost to chemical or metabolic conversions. 

In this regard, two factors may be involved. 

2.7.3.1 The Activity of Capsule Enzymes  

The potential of enzymes within the latex and the poppy 

plant to effect alkaloid conversions has been illustrated in Section 

2.5.1. Such conversions may involve actual degradation, as well 

as the formation of bound forms, which may render them undetectable 

by normal chemical methods (Fairbairn and Steele, 1980). 

Endogenous enzyme activity has been implicated in the morphine 

loss noted bySchenck et al. (1962) on storage of green poppy plants. 

(Microbial activity was prevented by the addition of an antibiotic.) 

The changes in alkaloid content of different plant parts on drying, as 

observed by Heydenreich et at. (1961), has also been attributed to 

enzymic activity. They stated that the main factor affecting the 

degree of change on drying, apart from the actual plant material, 

was the time required to accomplish thermal inactivation of the 

enzymes. This they considered was the reason for the differing trends 

when plant material was or was not introduced into a pre-heated 
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oven, the changes depending on the relative activities of synthesis and 

degradation. Therefore, Pfeifer and Heydenreich (1962) suggested 

that when considering the drying of green poppies,a system which 

would result in rapid thermal inactivation, such as a rotational 

dryer, would be a distinct advantage. 

Much of the research into the actual enzymology of alkaloid 

degradation has concentrated on opium, concentrating initially 

on the establishment of treatments aimed at reducing alkaloid losses 

during harvest and storage of the opium via enzyme inactivation. 

Hence heating the opium to 70-80 9C or mixing with certain inhibitory 

chemicals has been introduced (Wiechula, 1955). More recently Ramanathan 

(1980a) found that mixing "Kalanamak" (a mixture of sodium carbonate, 

sodium chloride, sodium sulphide and sodium sulphate) with the freshly 

collected latex prevented any morphine loss in the opium. Chelating 

agents such as sodium diethyl dithiocarbamate also had .a similar 

effect (Ramanathan, 1980b). 

Some doubt still exists as to the exact nature of the enzyme 

system responsible for the morphine losses noted in the capsule 

and isolated latex.  The earliest reports in this field date back _ 

to 1906, when Gonnermann (cited Wiechula, 1955) detected the presence of 

the monophenol oxidase, tyrosinase, which was capable of affecting.morphine. 

Its presence was later confirmed by True (1916,cited Wiechula,1955). In 

contrast, Abraham and Rae (1926) isolated.a peroxidase in the latex, which 

they called "opiase". Inactivation of this enzyme reportedly resulted 

in morphine stability. Nilov et ca. (1936), Ramstad (1959) and Dunnicliff 

et al. (1935) have also implicated peroxidase in the oxidative destruction 

of morphine. More. recently, Ramanathan (1980a) stated that the preservative 

effect of Kalanamak on morphine in opium was due to its inhibitive 

.effect On peroxidase. 
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In the case of morphine losses in the capsule, Moser (1948) 

reported a 50% morphine decrease in the capsule during ripening 

and attributed this effect to the activity of peroxidase enzymes. 

In support of this theory, Farkas-Riedel (1967, 1969) observed an 

inverse relationship between peroxidase activity of-the ripening 

capsule and its morphine content, which she stated, was in line with, 

but did not prove, that peroxidase is responsible for alkaloid losses 

in the poppy. 

For an enzyme to be capable of causing significant morphine losses 

in the green capsule or opium, it must be present in the latex. This 

has not been confirmed for peroxidase however (Wiechula, 1955; 

Schenck et al., 1960; Antoun and Roberts, 1975b). It is conceivable 

though, that during these investigations, the enzyme was not in contact 

with the substrate, since a latex peroxidase which is confined to a 

latex plastid has been reported (Mahlberg, 1978). It is also 

possible that the varieties employed in these investigations were 

devoid of this particular enzyme. 

This is not so with the other enzyme system 

implicated in morphine losses, however, since polyphenoloxidase has 

been detected in the latex (Wiechula, 1955; Roberts, 1971, 1974) 

and in the capsule and seedling (Kovacs et ca., 1964; Jindra, 1967; 

Asghar and Siddiqi, 1970). Its presence in the latex is also evidenced 

by its rapid browning following extrusion from the capsule. [This 

may also be evidence of peroxidase activity, since it is also capable 

of catalysing phenol oxidation and tissue browning (Essner, 1974; 

Schmid and Feucht, 1980).] 

The involvement of polyphenoloxidase in morphine losses was 

suggested by Schenck et ca. (1962) when he observed that the loss 

of polyphenoloxidase activity and the decrease in morphine content 

in stored green capsules followed very similar trends. 
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The reaction mechanism by which polyphenoloxidase presumably 

produces alkaloid losses has been studied in detail by several 

German workers. Wiechula (1955), while studying the p-cresolase activity 

of polyphenoloxidase in the presence of an opium extract and p-cresol, 

observed that 2.7 times more oxygen was used than in the presence 

of p-cresol alone. Pure morphine in similar concentrations was not 

oxidised, but as with the opium extract, pure morphine plus p-cresol 

showed a 2.7-fold increase in the oxygen uptake. Schenck •et at. (1960) 

studied this reaction in greater detail •and found that the increased 

oxygen uptake in the presence of cresol and morphine was due solely 

to the removal of the lag phase in the presence of the alkaloid. 

No morphine loss was noted. Schenck (1970) later implied the involvement 

• of this phenol in morphine degradation however. When caffeic or p-

coumaric acid was substituted for p-cresol up to 15% of the morphine 

was lost after 6 hours (Schenck et aL, 1960, 1962), but no 

• increased oxygen uptake was noted on the addition of morphine 

to the phenol plus enzyme reaction mixture (Fromming, 1960). 

Based on these and other findings, Schenck (1970) suggested 

that the following reactions take place simultaneously, 

leading to a loss of morphine during storage of opium: 

1,  oxidation of the phenols to polymeric quinones; 

2. oxidation of morphine with polyphenoloxidase and a 

carrier; 

3. linking of morphine to the oxidation products arising 

from the carrier substances. 

In similar experiments, Gober and Pfeifer (1963) confirmed the 

results of Schenck et at. (1960) and found that a similar system. 
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was capable of causing a 50% narcotoline loss in the presence of 

caffeic acid and polyphenoloxidase. 

The majority of this work has been performed on morphine using 

semi-purified enzyme preparations from green capsules. Gober and 

°  Pfeifer (1963) found that as the capsule matured the polyphenoloxidase 

activity decreased. They did not, however, perform similar experiments 

on codeine and thebaine or with the enzyme purified from dry mature 

capsules. Whether this system is capable of operating in the remoistened 

mature capsule or during storage has not been studied. 

2.7.3.2 The Activity of Microorganisms  

Low alkaloid yields and losses during maturation have 

also been attributed to fungal activity (Kopp, 1957; Kleinschmidt 

and Mothes, 1958; Miczulska, 1967). Laughlin (1977) noted that heavily 

infected capsules yielded half the expected average morphine at 

dry harvest maturity. He isolated and identified three main fungi; 

Hedinintho4pcm.Lum papaven-L4 (more correctly called 

Dend4yphion penica/atum,which is the imperfect stage of 

Neo4pma papaveizacea [Meffert, 1950]), Atteima/tia alte/Laata 

and two species of aarLio4p0A.Lum, C. macAocavum and C. 

hozbaAum. Stemp*Cium ve4ica/Lium was also detected occasionally. 

The most economically significant of these fungi 

is Dendityphion penicillatun, which is regarded as 

being one of the most serious causes of yield decreases 

of poppies in Europe (Ballarin, 1950). It is becoming increasingly 

important in Tasmania. The fungus can be seed-borne both internally 

and externally (Ekstrand, 1941; Meffert, 1950) and may cause severe 

damping off of seedlings and underground parts of the plant (Christoff, 

1930; Reinmuth, 1942; Munro, 1978). Girdling of the roots and dark 

lesions on the leaves and stem also occurs. Blue-black lesions at 
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the point of leaf attachment may develop into black necrotic lesions 

in the cortex. Sections through the diseased stem show the presence 

of necrotic areas in the tissues near the vascular bundles (Reinmuth, 

1942). Capsules •are more commonly affected than vegetative parts, 

resulting in capsule spots, and, in severe cases, partial or total 

shrinkage of the capsule (Ekstrand, 1941). Some diseased capsules, 

however, may show no external signs of infection but the seeds within 

them may adhere to the pericarp and in severe cases may be matted 

together by fungal mycelium (Gassner, 1949). The fungus may originate 

from seed infection or invasion at a later stage of growth. The 

latter is dependent upon some form of tissue damage (Girzitska, 

1928; Zambettakis, 1952). 

The fungus may overwinter by the formation of the perfect stage 

on poppy stubble and trash. Initial infection in the spring is from 

the ascospores produced, and secondary infection by the abundant 

conidia which develop on the live plant (Christoff, 1930). 

A number of European workers have investigated the relationship 

between infection and yield of the poppy plant. Gassner (1949), 

Mraz (1960) and Miska (1963) noted that even mild infection may 

lead to a more than 50% decrease in capsule and seed yields, the 

loss being proportional to the degree of infection. Similar results 

were obtained for morphine yields (Voskerusa, 1960; Miska, 1963). 

With regard to the other fungi mentioned, Miczulska (1967) noted 

a distinct correlation between the increase in infection of 

A. aiteimata and C. heAbaitam and the decrease in the morphine content 

of the capsules. Felklcva(1976) similarly found that plants heavily 

infected with A. aiteimata contained lesser amounts of codeine and 

thebaine. Under Tasmanian conditions Laughlin (1977) noted an inverse 

relationship between the level of capsule infection (gauged by 
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the percentage of the total surface area colonized by fungi) and 

the capsule morphine content. 

The above observations give little indication of the mechanisms 

by which the fungi involved cause decreases in alkaloid yield. Two 

possibilities exist; reducing alkaloid production, or a direct involvement 

in alkaloid degradation. Both methods may be involved in the maturing 

plant, but it is only the latter which can effect a decrease in 

alkaloids in the mature capsule. Since this project is particularly 

concerned with alkaloid losses in the mature crop [when significant 

losses have been noted (Laughlin, 1977)], it is the presence of 

this latter mechanism which is of interest. 

Its existence was assumed by Miczulska (1967) when stating 

that there was a distinct correlation between the increase in the 

infection of poppy capsules by A. atteimata and C. heAbaaum and 

the decrease in morphine content of the mature crop. Further 

evidence was obtained by Laughlin (1977). On inoculating powdered, 

autoclaved poppy capsules with the three major fungi and incubating 

for 24 days, he observed a 88% and 92% decrease in the morphine 

content of the DendAyphion and Atteimmia inoculated material respect-

ively, while C/ado4p0fLiam had no effect. This is a highly artificial 

situation, however, since grinding exposes a great deal of the capsule 

material to the fungus, a condition not applicable in the intact 

capsule. 

2.7.4 	Conclusions  

The capacity of the four mechanisms to cause morphine 

losses in the capsule has either been implied or demonstrated in 

vita() and their existence is not denied here. However, little is 

known of their relative ability to alter the alkaloid content in 

the capsule. Obviously the losses noted during storage of the plants. 
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(either green or dry) excludes the effect of leaching, but it does 

not indicate the degree of involvement of the remaining factors. 

The situation with opium collection and storage may be slightly 

different, in that the involvement of fungi may be restricted, particularly 

over the short-term. Similarly in the immature capsule, the absence 

of rain would exclude losses due to leaching, while still allowing 

enzymic and fungal activity to proceed because of the high capsule 

moisture content. 

The situation is entirely different when considering alkaloid 

losses from the dry unharvested capsule, however, which is the main 

consideration here. For fungal or enzymic activity to proceed in 

the capsule, its moisture content must be increased above that of 

• its dry state. Any method whereby this is achieved, even b3i dew, 

invariably subjects the capsule to losses by leaching (Tukey, 1970). 

As water entry is essential for the operation of these mechanisms 

in the dry capsule, the nature of the epicarp surface (which would 

be one of the major routes of water entry) is important, and therefore 

worth discussing briefly. Unfortunately little information has been 

published in regard to poppies so consideration of the general principles 

will be given. Since the mechanism of leaching from foliage, especially 

movement of leached substances through the cuticle, has many similarities 

to the mechanism of foliar uptake (Tukey, 1970), the principles 

are similar for both. 

The main function of the plant cuticle, which includes also 

the associated wax layer, is in the regulation of water movement 

between the plant and its environment (Martin and Juniper, 1970). 

Stomatal penetration of aqueous solutions is relatively unimportant 

and the cuticle provides the main route of entry. In addition,. the 

wax layer is the important component of the cuticle since it has 
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the greatest effect on water penetration, the thickness of the 

• cuticle proper being insignificant (Schonherr, -1976). 

Water penetration is governed by the water repellency or 

wettability of the surface; the greater the. wettability the greater 

the potential for water penetration. Wettability itself is quantified 

by the contact angle between a water droplet and the surface. In 

this case the two bear an inverse relationship to each other. Contact 

angle, and therefore leaching potential, is governed by both the 

wax composition and structure, though the latter is by far the most 

significant (Richmond and Martin, 1959). Its value may give some 

indication of the wax structure. Angles greater than 120 °C 

indicate the presence of wax in the form of rods or.  

platelets (Rentschler, 1971). A similar structure is also 

indicated by the waxy bloom which is apparent on the undamaged 

poppy capsule (Laughlin, 1977). The bloom is caused by the 

presence of wax whose dimensions are similar to the wavelengths 

of light (Skene, 1963). 

Both water penetration and leaching ability is affected 

by any treatment that alters the water repellency. Removal 

of wax by artificial means, or the use of surfactants to decrease 

hydrophoby, have caused increases in both penetration (Martin 

and Juniper, 1970) and leaching (Tukey, 1970). Wettability 

is dependent on many factors and may even vary between the 

same organ of the same variety. For example, increased moisture 

stress (Baker and Procopiou, 1980), increased incidence of 

frost (Vigh et aL, 1980), glasshouse conditions (Bleckmann 

et ct,t., 1980), variations in light duration and intensity, 

and temperature (Whitecross and Armstrong, 1972) have all been 

reported to affect cuticle structure and function. 

Many reports also,su iggest increased wettability and leaching 
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losses with increasing age of leaves or fruit. In some cases this 

may be due to an inability of the cuticle or wax layer to keep pace 

with the expanding surface (Faust and Shear, 1972). It may also be 

caused by an alteration (Faboya et a.t., 1980) or degeneration of 

the wax structure (Faust and Shear, 1972; Grill, 1973). The major 

cause however, is the effect of weathering. Damage of the surface 

may be inflicted by inter-plant abrasion, rain via waterspl ash, 

and the scarifying effect of wind-borne sand and dust. 

Laughlin (1977) reported substantial weathering of the capsule 

surface which resulted in large losses of the waxy bloom. Such damage, 

he suggested, was caused by inter-plant abrasion. More severe damage 

may result from the sharp serrated stigmatic disc. •This may 

have two direct effects: 

a. The effect on leaching potential. In a glasshouse experiment 

Bunting (personal communication, cited Laughlin, 1977) compared 

the effect of leaching on intact capsules ('non-rubbed') with 

those from which the waxy bloom had been removed ('rubbed'). 

When both groups were leached by overhead misting during the 

period two to four weeks after flowering, the rubbed capsules-

were 35% lower in morphine than the non-rubbed ones and these 

in turn were no different from their controls. 

b. Fungal colonization was observed by Laughlin (1977) to occur 

unusually early in the development of the capsule. It was immed-

iately preceded by severe and persistent wind battering, resulting 

in considerable damage to the waxy bloom and therefore a concomitant 

increase in wettability. 

The relationship between an increased wttability of the plant 

surface and fungal infection has been observed in other species 

(Dooley, 1975). For example, the infection rate of wheat by 

Pucciaia aecondita 	4p. tizitici is increased by treatments that 
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increase leaf wettability, such as rubbing, and the use of sur-

factants (Statler and Nordgaard, 1980). These treatments retained 

more water than the controls. Such considerations would only be 

applicable to those pathogens which become established via deposition 

on the plant surface by water impaction. A film of water on the 

surface may assist the adhesion of the propagules and be necessary 

for germination. In this situation, a water repellent surface may 

be an important factor in defence. Severe damage with possible exudation 

of cellular contents would provide an ideal site for fungal establish-

ment. Such occurrences were implied by Laughlin (1977) when he observed 

dark lesions on young capsules possibly caused by the oxidation 

of latex on exposure to air. 

Although D. penici.tlatum may be seed-borne and therefore established 

in the plant before flowering, its spread, particularly in the later 

stages of maturation of the poppy, is enhanced by secondary infections. 

Warm moist weather, especially after flowering, has been observed 

to dramatically increase the severity of the disease, even to the 

stage of destroying whole crops (Christoff, 1930; Reimuth, 1942; 

Bogarada et al.., 1971). This correlation indicates the importance 

of adequate moisture for the spread of propagules and/or their 

establishment in the plant. 

From the above discussion, it can be concluded that damage 

to the capsule surface may influence the magnitude of the alkaloid 

loss, particularly in the dry, unharvested capsule, through 

its effect on water repellency. Its effect may be direct, such 

as in leaching, or indirect, as is the case with pathogen establish 

ment and subsequent fungal and enzymic activity in the crop, 

permitted by its increased moisture content. Consequently, 

any investigation into these factors should also consider the 

influence of the outer capsule surface. 



3. MATERIALS AND METHODS 
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3.1 PLANT MATERIAL  

The plant species used in all experiments was a Tasmanian-developed 

variety of Papave/t 4omrulteizum (L.). Seed was obtained from crops 

grown by Tasmanian Alkaloids Pty. Ltd. specifically for that purpose. 

Special attenfion was given to weed and disease control during growth. 

All capsules were hand picked and stored undamaged until seed was 

requfred: 

3.2 GLASSHOUSE EXPERIMENTS  

3.2.1 	.Glasshouse Conditions  

All plants were grown in the one glasshouse at the 

University of Tasmania, Hobart. The airflow was controlled to provide 

a minimum of twenty changes of air per hour. 

Temperature was maintained above 15
o
C at night and below .300C 

during the day by an oil-fired furnace, or refrigeration, as required. 

Seasonal day temperatures varied from 18 °C in winter to 30 °C in 

summer, but day-time fluctuations were much smaller (±3 °C). Automatically 

controlled water sprays into the air stream maintained the relative 

humidity above 50%. The natural photon flux density in the glasshouse 

varied from 900 to 1200pEm -2 s -1 , when measured using a Lambda Ll- 

185 meter fitted with a quantum flux sensor (Clark, 1980). Screen 

temperature and relative humidity were recorded by a thermohygrograph. 

A growth/dark room directly connected to the glasshouse by . 

a trolley system was used to provide the extended daylength required 

for floral induction. Movement of the trolley was automatically 

controlled by a time clock. The plants remained in the glasshouse 

during the day and were shifted into the growth room only when 

supplementary light was required. Floral induction was achieved 

by supplying sufficient artificial light to provide a daylength 
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of 18 hours (Mika, 1955). At the end of the induction period (10 

days) the plants were removed from the trolleys and placed on benches. 

The growth room was 1.5m x 4m in size, light proof, and lined 

with aluminium foil. Temperature and humidity were maintained at 

similar levels to the glasshouse by means of a circulating fan. 

Supplementary lighting was controlled by timeclocks and provided 

by 10 Osram MCFER 40W fluorescent tubes and 2 Mazda 75W incandescent 

lamps, evenly distributed on the ceiling 2m above the plants. In 

addition, 2 Philips HLRC-N mercury vapour lamps suspended 1.5m above 

the plants were employed to provide a more even wavelength distribution. 

This lighting system provided 7511Em -2 s - ' at floor level and 

150 m2s1  at a height of lm (Clark, 1980). 

• 3.2.2 	Growing Conditions  

The potting mixture consisted of an equal mixture of coarse 

river sand and Tasmanian peat moss. Equal amounts of both dolomite 

and limil were added to raise the pH to approximately 6.5. The equivalent 

of lgm of Osmocote (3-4 month formulation, 15% N:5.2% P:12.5% K) 

was added per 400cm
3 
of mix. The mix was moistened slightly and 

steam-sterilized with an Anderson steam generator (Brookvale, Australia) 

connected to soil trough via a 30cm centrifugal pump. The soil temp-

erature was held at 60 °C for one hour. 

The seed from 3 or 4 capsules (Section 3.1) was bulked (unless 
ilrface 

otherwise stated) andx sterilized. Dusting with thiram is generally 

recommended for D. peaiciUatum control (Radulescu et al., 1961; 

Radulescu and Perseca, 1964). Because of its ability to be internally 

borne (Zarzycka, 1958), however, soaking the seed for 48 hours in 

a 0.02% solution of the fungicide was considered more appropriate. 

Incubating the treated seeds on Potato Dextrose Agar revealed a 

complete absence of fungal contamination. 



66 

Following rinsing and air drying 10 to 15 seeds were sprinkled 

onto the sterilized mix in . 15cm pots and covered With 0.5cm layer 

of mix and compacted. At the two leaf stage, all but the three healthiest 

seedlings were removed. Forty days after flowering .  they were thinned 

to one plant per pot, giving a final plant density of 50 171 2 . Floral 

induction commenced 50-70 days after germination (Mika, 1955), and 

continued for 10 days. 

To prevent lodging during stem elongation and flowering, the 

plants were staked by tying, loosely to 100 x lcm-dowling , pushed 

into the:potting mix. 

During the first 40 days of growth the seedlings were watered 

with 'a fine spray. Subsequently the pots were .connected to a permanent 

trickle irrigation system activated for six minutes , two times per day. 

Normal strength Hoagland's nutrient solution (Hoagland and 

Arnon, 1950) was supplied by spray or trickle irrigation (depending 

'on the.stage - of maturity) twice per week. 

Because of the delicate nature of the plants.after flowering, 

re-randomisation was carried out before :this period-only, -generally 

about three times. This was accomplished by numbering each pot.and 

employed:random number tables. 

.Occasionally mild infestations of red Spider mite occurred 

during the early stages of.maturity.'These were successfully controlled 

by two sprays of Plictran 50W (DOW) at the recommended rate at seven 

day intervals. 

Two Methods were employed for an accurate determination of 

the time of 50% flowering: 

A..: Just Prior to flowering the plants were arranged into four 

blocks on the basis of the stage Of bud development. The. point 
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of flowering (full bloom) of each block was determined as the • 

• date at which 50% of the plants were flowering or had finished 

flowering. Each block was then sampled at a specific stage 

of maturity with respect to flowering, rather than germination. 

B. The date of flowering of the terminal bud of each plant was 

recorded and samples taken based on these data. This method 

was employed primarily when mature capsules were required. 

3.2.3 Harvesting Technique  

The required plants were taken intact to the laboratory 

and harvested immediately prior to storage or extraction (Sections 

3.4 and 3.5). Capsules required for the analysis of wax or leaching 

potential were removed from the plant while still in the glasshouse 

and immediately placed in the appropriate apparatus, with a minimum 

of damage. All harvests were performed at 10.00 a.m. to account 

for diurnal fluctuations in alkaloid content (Fairbairn and Wassel, 

1964a). 

3.3 FIELD EXPERIMENTS  

3.3.1 	Growing Conditions  

All field experiments were established by staking out suitably 

sized plots in a uniform area of a typical commercial poppy crop. 

The location and establishment practices of the three main commercial 

crops sampled are given below: 

A.  The first field experiment was conducted in a 10ha crop at 

Colebrook (65km north-west of Hobart). The crop was sown on 

23 July 1978 at a rate of 0.75kg/ha. Superphosphate was applied 

as a basal fertiliser at 200kg/ha and lime-super (1:1) sown 

with the seed at 100kg/ha. At the six leaf stage the crop was 
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sprayed with Diquat and Diphenamid, and this was repeated eight 

days later. The stage of 50% flowering was determined as occurring 

at 20 December. 

Rainfall and screen temperatures and relative humidities 

were recorded at the trial area by a conventional rain gauge 

and thermohygrograph respectively. 

B. A 10ha area was sown at a rate of 850g of seed/ha under commercial 

conditions at Plenty, 35km north-west of Hobart,on 5-6- 

1980. 200kg/ha lime super was spread prior to sowing, and 100kg/ha 

sown with the seed. A herbicide treatment of 1.4//ha of 50:50 

reglone:neoban was applied at the six leaf stage. 50% flowering 

was reached on 4-11-80. 

C. A 10ha paddock at Sassafras (north-west Tasmania) was sown 

on 26-9-1979 at a rate of lkg/ha. 375kg/ha of 6:14:14 (N:P:K) 

fertiliser was banded beneath the seed, and 250kg/ha of lime-

super sown with the seed. The crop was sprayed at the six leaf 

stage with 0.7//ha of reglone and repeated 14 days later with 

3/./ha of reglone:nitrophen (1:2). Irrigation (40mm) was applied 

in mid-November. 50% flowering was achieved on 20-12-79. 

Tagging plants of similar vigour and maturity was performed 

in an attempt to decrease the sampling error and allow a more accurate 

determination of the date of flowering (Laughlin, 1977). The tagging 

was accomplished by stapling plastic ribbon to terminal buds in 

flower. This procedure was restricted to field plots (A) and (B). 

3.3.2 	Minimisation of Capsule Damage  

Also in plots A and B minimisation of interplant abrasion 

was required for studies dealing with changes in capsule surface 

characteristics during maturation. Two methods, depending on the 

number of plants involved, were employed: 
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I. When only small numbers were involved, each individual plant 

had a 2.5 x 2.5cm garden stake driven into the ground next 

to it. Every capsule of that plant was rigidly fastened to 

the stake by tie wire. The capsule was held at least 5cm distant 

to prevent abrasion between it and the stake. Damage to the 

stems by the wire was prevented by fastening the wire to split 

rubber tubing placed around the stem. All adjacent plants that 

were not suitable for staking were cut off at ground level. 

II. A securely-braced wooden framework made from 4 x 4cm stakes 

was placed at opposite •ends of the harvesting unit. Six lines 

of polypropylene baler twine were strung tightly across each 

unit and tied to the framework. The terminal capsules of previously 

tagged plants were attached to the twine with plastic 'quikties', 

care being taken to ensure that there was no contact between 

adjoining staked capsules (Plates 3.3.1 and 3.3.2). All unsecured 

capsules, including the laterals of the tagged plants, were 

removed from the "staked" harvesting unit. At regular intervals 

the framework was checked and the necessary adjustments made 
_ 

to maintain tension. 

3.3.3 Sample Harvesting and Transport  

Studies dealing primarily with compositional changes during 

maturation required sampling of both reproductive and vegetative 

components. To achieve this the plants were cut at ground level 

(thereby excluding the root from sampling), the capsules (including 

10cm of stem) separated from the remainder, and both components 

(pooled from each replicate) stored in sealed plastic bags to reduce 

moisture loss. The samples were transported to the laboratory as 

quickly as possible. All harvests were performed at 10.00 a.m. 



Plate 3.3.1.  

The method used to minimise capsule surface damage 

(Section 3.3.2 II). 

Key to Plate.  

A  The wooden framework placed at each end of the 

harvesting unit. 

Polypropylene twine strung between the framework. 

The plastic tags used to mark plants of similar 

age and vigour. 

Plate 3.3.2. 

Staking of the capsules. 

Key to Plate.  

The staked terminal capsule, showing a relatively 

undamaged surface. 

The removed lateral or untagged capsule. 
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When samples were required for wax analysis or leaching studies 

the capsules were cut from the standing plant and the stems placed 

directly in holes drilled in wooden blocks. The holes were spaced 

to prevent contact between capsules, and of sufficient number to 

accommodate one sampling unit per block. 

3.4 SAMPLE STORAGE  

In the initial stages of the project sample storage was required 

because the alkaloid analysis facility was not yet available. Once 

available, however, analysis was carried out immediately after harvesting. 

Seed was removed prior to storage. To prevent alkaloid losses 

due to latex exudation during this process, the green capsules were 

first frozen at -20°C. The seed was then scraped out using a fine 

spatula. Seed removal from capsules under 2 weeks of age was not 

performed because of their small size. 

Following, seed separation, the capsule material was weighed, 

and freeze-dried for three days (Section 3.5.2). The dried material 

was reweighed (to obtain the percentage of dry matter) and Stored 

_under nitrogen in heat-sealed plastic-lined aluminium bags at -20 C. 

Samples were stored in this manner for up to 6 months before -analysis 

3.5 SAMPLE ANALYSIS  

The methods employed . were, where . possible, those used by Tasmanian 

Alkaloids Pty. Ltd. to obtain compatibility of results. 

3.5:1 	Tlity Weighttletermination .  

.Tne- vegetative portions were weighed before and after drying 

at 70°C in an Unitherm forced air oven. The capsule dry weight was - 

determined by weighing approximately 5g of ground material into 
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pre-dried, pre-weighed aluminium tins, and drying at 105t1 0C in a 

Qualtex model 70 oven (Watson Victor) for four hours or till constant 

weight. The samples were then cooled in .a desiccator and reweighed. 

Because freeze-drying appeared to remove all but 5% of the 

moisture, the freeze-dried sample weight was multiplied by the 

percentage dry matter as determined from an oven-dried subsample, 

to obtain the actual dry sample weight. 

3.5.2 	Alkaloid Extraction  

The required particle size (less than lmm) for extraction 

was achieved by two means, depending on moisture content: 

(a) Capsules containing 20-30% moisture were ground in 'a cross 

beater hammer mill (Glen Creston, SK1-16-154) fitted with a 2mm 

sieve. A sample was weighed into a 250m1 Erlenmeyer flask, a portion 

of the extractant added, and the mixture homogenized with an Ultra-

Surrax blender for 1-2 minutes. Sample heating was reduced by placing 

in an ice bath. The blender was rinsed and the remainder of the 

extractant added. 

(b) Natural or artificially dried capsules were ground in the cross 

beater hammer mill fitted with a lmm sieve. For small samples, 

a micro hammer mill [Glen Creston (C580)] with a lmm sieve was used. 

In nearly all studies dealing with green or moist straw, freeze-

drying was employed with the aim of either sample storage (Section 

3.4), or, more commonly, providing adequately dry material for grinding. 

With the exception of storage studies, no other drying method was 

used. A Dynavac ED16 high vacuum freeze-drying unit was employed. 

No relatively simple extraction technique was known that provided 

total recovery of morphine, codeine and thebaine from plant material. 

Therefore Ca(OH)
2 

and acetic acid extraction (listed below), which 
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are inefficient for thebaine and morphine extraction respectively, 

were used on the same material, so that percentage recoveries could 

be determined. Thereafter, acetic acid was employed as the main 

extractant, unless otherwise stated, and a correction factor used 

to determine actual morphine content (see Section 3.5.3). 

I. 8gm of ground capsule material was accurately weighed into 

a 250m1 Erlenmeyer flask containing 2.0g of Ca(OH) 2  (AR Grade). 

100m1 of distilled water was added and the mixture shaken for 

25 minutes on a Griffin flask shaker. The mixture was filtered 

under vacuum through Whatman No. 1 filter paper until a suspension-•

free filtrate was obtained (Haantjens, 1978). 

II. 8gm of ground material was weighed, as above, and shaken for 

60 minutes with 5% aqueous acetic acid (Wu and Dobberstein, 

1977). The mixture was centrifuged in an MSE High Speed 18 

refrigerated centrifuge at 15,000g for 15 minutes, at a temperature 

of 2°C. At least 10m1 of the supernatant was filtered under 

pressure through a 0.45pm membrane filter (Schleicher and Schull) 

thus obtaining a suspension-free filtrate. 

From - this point the extraction process was similar. A 10m1 

aliquot was diluted to 30-40m1 with distilled water and the pH care-

fully adjusted to 9.2 with 1M HC1 or concentrated NH 4OH for lime 

or acetic acid extraction respectively. The samples were then trans-

ferred to a 250m1 separating funnel and the alkaloids partitioned 

into 5 x 30m1 of chloroform:ethanol 3:1 (AR Grade). Each wash was 

shaken for I minute. The combined organic fractions were evaporated 

in a 125m1 Quickfit Erlenmeyer flask using a Buchi rotary vacuum 

evaporator and a water bath set at 50 °C. The stoppered flasks were 

stored at 40C; under these conditions the dry residue was stable. 

Alkaloid analysis was performed within four days of extraction. 
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In several glasshouse experiments, where a latk of space restricted 

the sample size, only 4gm of material was available for alkaloid .  

analysis. In this situation half the volume of aqueous extractant 

was used so that the ratio of plant material:exttactant volume 

remained constant. 10m1 aliquots of the filtrate were still taken. 

3.5.3 Alkaloid Separation and Quantitation  

The alkaloids of interest (morphine, codeine and thebaine) 

were separated in a Waters Associates high performance liquid chromato-

graphic unit containing a 6000A solvent delivery, system and a Model 

U6K Universal Injector. Detection was by a Model 440 UV Absorbance 

Detector (fitted with a 280nm filter) connected to an Omniscribe 

8-5000 series recorder. During standard analyses the attenuation 

was set at 0.5 aufs and the chart speed at 12.5cm/hr. A Pye Unicam 

DP88 computing integrator was used for peak area measurements. The 

parameters were PW = 10; SS = 1500; BL = 5; TP = 60; which are 

in accordance with those used by Abbott Laboratories (Sydney, Australia). 

The HPLC unit was fitted with a p-Bondapak C18 (Waters Associates) 

column of 30cm x 4mm internal diameter held at ambient temperature. 

The mobile phase, which is a modification of that used by Wu and 

Wittick (1977), was 17.5m1 HPLC-grade acetonitrile in 82.5m1 of 0.1M 

NaH
2
PO

4' 
Distilled water and AR grade reagents were used throughout. 

Solvents were filtered under vacuum through 0.45pm millipore filters 

and degassed by stirring under vacuum for 15 minutes before use. 

Standard stock solutions containing morphine, codeine and thebaine 

were obtained by accurately weighing 100mgm of each into a 50m1 

volumetric flask and dissolving in 0.1M NaH 2 PO4 . A working standard 

solution, containing 10m1 of the stock solution diluted to 50m1 

with mobile phase, was used. The anhydrous alkaloid weight in the 
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stock solutions was determined by drying subsamples of morphine 

at 130
o
C and codeine and thebaine at 105

o
C for 3 hours. 

The sample of interest was dissolved in 50m1 of mobile phase 

(unless otherwise stated) by placing on the Griffin flask shaker 

for 5 minutes and a portion filtered under pressure through a 0.45pm 

millipore filter. 50p1 was injected using a 100p1 Hamilton syringe 

fitted with a Churney adaptor. The chromatogram obtained is shown 

in Figure 3.5.1. All samples were injected in duplicate, and 500 

of the standard injected after every two samples (i.e. four runs) 

to ensure constant response. The alkaloid content (dry weight basis) 

was determined using equation (1). 

A  Wstd  100  100 
% anhydrous alkaloid -  

50 
x  x  x 	x —T— 	•(1) 

std  p.s 

where A = area of the alkaloid sample peak 

= area of the alkaloid standard peak Astd 

= weight (mgm) of the alkaloid in the working Wstd 
standard solution 

W 5  = weight (mgm) of anhydrous capsule material 
p. 

100 
--pa= dilution factor to account for the 10m1 

aliquot of extractant 

50  
= injected a .05ml aliquot of sample from a 

.05  
total volume of 50m1. 

Where the residue was dissolved in a lesser volume (commonly 10m1) 

the ratio was adjusted accordingly. 

Peak identity was established by comparison with Wu and Wittick 

(1977) and the standard solution chromatogram, peak enhancement 

by standards addition, and finally gas chromatography-mass spectroscopy 

(GC-MS, Section 3.6). 

At the end of each day the column was flushed overnight with 

about 100m1 of 70% methanol/water to prevent precipitation of the 
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Figure 3.5.1  

HPLC Chromatogram  

Column:  pBondapak C-18 (Waters; 30cm x 4mm i.d.) 

Mobile Phase:  0.1M NaH
2
PO

4 
in 17.5% acetonitrile:water. 

Flow rate:  1.0 ml/minute. 

Detector:  UV, 280 nm. 

Attenuation:  0.5 aufs. 

Chart speed:  12.5 cm/hour. 

Sample:  Lime extracted poppy sample, 8 gm dissolved 

in 50 ml mobile phase. 

Injection volume: 50 pl 

PEAK IDENTITY.  

A  morphine 

codeine 

thebaine 
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phosphate. When separation became unacceptable, the column was flushed 

with 100m1 methanol followed by 5 x 2m1 injections of glass-distilled 

dimethyl sulphoxide, and finally flushed with an additional 100m1 

methanol. This procedure generally restored column efficiency. 

The accuracy and reproducibility of this technique was gauged 

by participating in an Australia-wide experiment aimed at comparing 

the analysis results of six standard samples of poppy material by 

six different laboratories using the same method. The experiment 

was coordinated by the Department of Science and the Environment, 

through the Australian Government Analytical Laboratories (Victorian 

Branch). 

The results are listed in Table 3.5.1 and detailed in the Appendix. 

Unfortunately thebaine comparisons were not possible because no 

other laboratories determined thebaine contents. 

A comparison of the two extraction techniques (Table 3.5.2) 

revealed acetic acid as being efficient for codeine and thebaine, 

but only 92% efficient for morphine. A similar result was obtained 

on comparison of glasshouse grown material extracted by both methods 

(Section 4.1.2). Based on these results, all - future analyses, were 

by acetic acid extraction and the morphine content obtained multiplied 

by 1.08. 

3.6 PEAK IDENTIFICATION  

On several occasions peaks of unknown identity were noted in 

the HPLC chromatograms. Identification was attempted by mass spectro-

scopy, or combined GC-MS in the following manner. 

3.6.1 Peak Isolation  

When peak separation was inadequate for collection under 

normal HPLC conditions (Section 3.5.3), separation was occasionally 
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Table 3.5.1  Comparison of results of morphine and codeine  •  

contents (% dry weight basis) of six standard  

samples of poppy capsule material by five laboratories  

using the lime extraction method as detailed in Section 3.5. 

1 	2  3  4  5  6 
Laboratory 

Morphine Content 

University  1.02  0.83  0.63  1.13  0.83  0.70 

Tasmanian Alkaloids  1.08  0.80  0.68  1.09  0.80  0.69 

A  1.17  0.99  0.65  1.27  1.04  0.71 

 

0.68  0.62  0.45  0.83  0.58  0.46 

 

1.13  0.81  0.65  1.09  0.80  0.66 

Codeine Content 

University  0.096  0.060  0.050  0.10  0.073  0.053 

A  0.13  0.10  0.070  0.14  0.105  0.06 

 

0.069  0.052  0.036  0.084  0.051  0.040 

 

0.12  0.075  0.059  0.11  0.074  0.060 

Table 3.5.2 The alkaloid contents (%, dry weight basis) of the six standard 

samples as determined by lime and acetic acid extraction  

(performed at the University laboratory only).  

Alkaloid Content 

1 2 3 4 5 6 

1.02 0.83 0.63 1.13 0.83 0.70 

1.02 0.70 0.59  ' 1.03 0.76 0.66 

4.1 2.2 5.2 3.1  • 0.8 5.2 

100 84 -  94 91 92 94  - 

0.096 0.060 0.050 0.10 0.073 0.053 

0.096 0.063 0.051 0.11 0.075 0.051 

2.8 0.9 0 2.6 1.5  • 2.2 

100 105 102 109 103 96 

0.13 0.082 0.054 0.20 0.087 0.052 

0.19 0.12 0.067 0.28 0.13 0.062 

7.7 0.49 0.90 0.35 2.1 6.7 

148 143 124 143 147  • 119 

Morphine  lime • . 

acetic acid 

coeff. var* 

% recovery+  

Codeine • lime 

acetic acid 

coeff. var. 

% recovery 

Thebaine  lime 

acetic acid 

coeff. var. 

% recovery 

* Coefficient of variation based on the acetic acid results. (Based on 3 replicates) 

acetic acid/lime 
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improved by decreasing the percentage acetonitrile in the mobile 

phase, or the flow rate (Wu and Wittick, 1977). 

The time interval between UV detection and arrival at the collection 

port was determined by by-passing the column and injecting 5p1 of 

methyl red indicator into the system. The time between UV detection 

and collection of the red dye at the collection port was found to 

be 40 seconds at a flow rate of lml/min. 

Because of the presence of the phosphate buffer, evaporation 

of the collected solution resulted in sufficient contamination to 

prevent accurate identification. Therefore the solution was partitioned 

between glass distilled chloroform:ethanol (3:1) (3 washes of similar 

volume to the aqueous phase) and the organic phase evaporated, thereby 

producing a residue free of phosphate. The samples thus obtained 

were redissolved in a minimal volume of chloroform:ethanol (3:1) 

and placed directly on the probe of the mass spectrometer or, as 

in the case of slightly impure samples, subjected to GC-MS. 

3.6.2 Gas Chromatography  

Alkaloid extraction for GC analysis was achieved in a similar 

manner to that outlined in Section 3.5.2. A 50m1 aliquot of acetic 

acid extract was used, which was washed with 1 x 100m1 of organic 

solvent followed by 3 x 50m1. Removal of all moisture from the final 

residue was accomplished by redissolving in ethanol and evaporating. 

Two columns were tested for their suitability for use in GC- 

MS: 

(a) Haantjens - (1978) recommended 'using 3% SE52 on 100-120 mesh 

chromosorb 750 and alkaloid derivatization. This packing was made 

(Materials . supplied .  by J.J.'s Chromatography Ltd., Britain), placed 

in a DMCS-treated glass column (150 .x 0.4cm internal diameter) and 

baked for several days at 280 0C in a Pye Unicam GCD gas chromatograph 
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at a carrier gas (N 2 ) flow rate of 40m1/minute. 

To a poppy extract 5m1 N,N-dimethylformamide (GC grade) was 

added and the residue dissolved by shaking. 2m1 of this was placed 

into a 5m1 volumetric flask containing 1.0m1 of hexamethyldisilazane 

(Pierce). The contents were mixed and incubated at 35 °C for 2 hours 

before making to volume with chloroform:ethanol (3:1) containing 

an internal. standard,resmethrin [(I- ) cis,trans-(5-benzy1-3-fury1)- 

methyl 2,2-dimethy1-3-(2-methyl propany1)-cyclopropane-carboxylate, 

S.B. Penick and Co.]. GC conditions, and the separation obtained, 

are shown in Appendix 3.6.2. 

(b) Furmanec (1974) used a mixed packing of SE30 and OV17 (1:1) 

on a solid phase similar to chromosorb W AW DMCS, without derivatization. 

Such a column was prepared by coating 2 portions of the above solid 

phase (80-100 mesh) separately with 3% OV17 and 5% SE30. Chloroform 

was used as the solvent for both liquid phases. Equal portions of 

the two packings were thoroughly mixed and placed in a DMCS-treated 

column as described above and baked at 300 °C at a flow rate of 30m1/ 

minute. 

The separation of an extract, dissolved in 2m1 of chloroform: 

isopropanol (3:1) with resmethrin as internal standard, is shown 

in Figure 3.6.1. Optimal alkaloid separation was achieved under 

slightly different chromatographic conditions than Furmanec (1974). 

A comparison of the two techniques revealed that the latter 

achieved better separation and produced more peaks. This, coupled 

with the fact that derivatization was not required, suggested it 

as the most suitable for GC-MS. 

Two different oven temperature programs were employed depending 

on the compounds requiring separation. These were: 



Figure 3.6.1  

Gas Chromatogram 

Column:  1:1 3% 0V17:5% SE30 on Chromosorb W AW DMCS (150x0.4cm) 

Program:  270°C isothermal for 5 minutes, 300 °C for 30 minutes. 

Flow rate: Nitrogen, 30 ml/minute. 

Attenuation: 16 x 10 

Injector temperature: 290 ° C 

Detector temperature: 290° C 

Extract: Lime extracted poppy capsules, 4gm dissolved in 

lml chloroform:i,soprpanol (3:1). 

Injection volume: 0.1p1 

PEAK IDENTITY. 

A 	Internal standard, Resmethrin. 

Codeine 

Morphine 

D  Thebaine 
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(a) 210°C to 280°C at 32°C/minute after 3 minutes 

(b) 20°C to 280°C at 16°C/minute 

3.6.3 Gas Chromatography-Mass Spectroscopy  

A VG-7070F Mass Spectrometer (V.G. Micromass Ltd., Winsford, 

England) operating at 70eV and 4kV accelerating voltage, was used. 

It was connected to a VG DS2235 data system and a Byrans XY plotter 

26000 A4 which produced all of the spectra. The mass range was from 

500 to 20 scanned exponentially downwards at 1 second/decade (occasionally 

3 seconds/decade). The volume of sample placed on the probe was 

1-2p1. 

A Pye Unicam 204 Gas Chromatograph was connected to the mass 

spectrometer by glass-lined tubing and contained •an all glass jet 

separator. The chromatographic conditions were: 

Column : 50:50 3% OV17 : 5% SE30 on Chromosorb W AW DMCS 
(150 x 0.4cm) 

Flow Rate : Helium 25m1/minute 

Injector Temperature : 250 °C 

Detector Temperature : 250°C 

Injection Volume : 1-5p1, depending on sample -concentration 

Attenuation : dependent upon sample concentration 

Oven Temperature : See Section 3.6.2 

3.7 ANALYSIS OF CAPSULE SURFACE CHARACTERISTICS 

3.7.1 Wax Analysis  

3.7.1.1. Wax quantity per unit area of the pericarp  

Thirty capsules were individually dipped in an 80m1 bath 

of chloroform for 10 seconds and rinsed in a second bath for a further 

5 seconds (Baker and Martin, 1967; Baker and Procopiou, 1980). In 

very mature capsules the valves directly below the stigmatic disc 
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were sealed with silicone glue to prevent chloroform from entering 

the capsule. 

The two chloroform washes were combined, filtered and evaporated 

to dryness in a preweighed 250m1 round-bottomed flask using a Buchi 

rotary vacuum evaporator with a water bath at 50 °C. •The residual 

chloroform plus water was removed by heating the flask in an oven 

at 65 °C for 1 hour, and finally placed in a desiccator to cool before 

weighing. 

To determine the surface area the stigmatic discs and placentae 

were removed, the pericarp cut into quarters and its area determined 

using a Paton electronic planimeter. Dry capsules were remoistened 

•prior to component removal. 

Because of the time-consuming nature of the measurements, replicate 

samples were not possible. 

One assumption in this measurement, that the stigmatic disc 

contributed little to the total wax yield, or that its contribution 

varied little with maturity, was made because its bulk and shape 

would have made surface area determinations very laborious. This 

assumption-was justified based on the absence of the typical wax 

structure on the stigmatic disc (Section 4.2.5.2). 

3.7.1.2 Scanning Electron Microscopy (SEM)  

The delicate nature of the wax structure produces several 

problems when considering SEM. Because tissue fixation was not possible, 

surface distortion of green capsule material by dehydration during 

coating and microscopy may have occurred (Plate 3.7.1). Freeze-drying 

did not reduce the problem. Carbon replica techniques were considered 

unsuitable because of the many artefacts they may produce (Baker 

and Parsons, 1971). Also, the heat sensitivity of the wax often 

resulted in its distortion during coating and examination under 



Plate 3.7.1 

The pericarp of a green capsule showing possible distortion 

that may have occurred during coating and examination. 

Bar = 50pm 

Plate 3.7.2 

Distortion of the wax crystals caused by heating during 

coating and possibly examination. Bar = 3pm 

Plate 3.7.3  

Micrograph showing the unsatisfactory coating achieved 

using an evaporative coater.Bar = 3pm 
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sub-optimal conditions (Baker and Holloway, 1971) (Plate 3.7.2). 

Evaporative coating also produced unsuitable results (Plate 3.7.3). ' 

•After suitable experimentation, the following procedures were 

found to produce accurate micrographs, and were thus adopted for 

routine analysis: 

0.5 x 0.5cm sections of the pericarp were mounted onto SEM 

brass stubs with the external walls exposed, using electroconductive 

cement (Dotite). Specimens were then gold-coated in a Dynavac 

model SC150 Sputter Coater. The specimen was held 5cm below the 

gold plate and coated for 3 x 15 seconds at 20mA. The three coatings, 

at one minute intervals, gave adequate specimen coating and prevented wax 

distortion. Lesser degrees of coating produced inferior 

micrographs. The specimens were examined in a  JEOL JXA 50-A scanning 

electron microscope at an accelerating voltage of 15kV (Baker and 

Holloway, 1971), a current of approximately 2 x 10
-11

A, and lens 

aperture of 200A. All micrographs were recorded on Polaroid types 

52 or 107 Polaplan film at a scan duration of 50 seconds. 

Specimens were examined within 12 hours of harvest. 

3.7.2 Indicators of Surface Wettabilityard Water Repellency 

3.7.2.1 Contact angle analysis  

The contact angle between a water droplet and the outer 

pericarp was determined by the tilting plate method of Gray (1965). 

The capsule section was held on a plate supported on the graduated 

rotating stage of a geological microscope with the stage held in 

the vertical position. A water droplet was placed on the capsule 

surface with a pipette and the stage rotated until the droplet was 

just advancing. It was then rotated gently in the opposite direction 

until the drop was static and the contact point between the droplet 
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and the capsule surface photographed. After development the negatives 

were placed in a photographic enlarger and the contact angles measured 

with a protractor. At least five representative measurements were 

made per harvest, from at least three capsules. 

3.7.2.2 Rhodamine treatment  

Treatment of the whole capsule with rhodamine dye provided 

a more general view of capsule wettability. The method was adapted 

from Dybing and Currier (1961). 

Representative capsules were cut in half and "floated" on a 

bath of 0.5% rhodamine. Care was taken to ensure that, while the 

outer capsule surface was fully immersed, no dye spilled into the 

interior of the capsule. After 30 minutes the capsules were removed, 

rinsed in running water and photographed with a Tessovar photomacroscope 

(Zeiss) fitted with a type C-35 CS-matric camera. Kodak Ektachrome 

Professional film was used. 

The degree of staining was taken as an indication of the surface 

wettability. Although this method was not quantitative, it did allow 

comparisons to be made regarding the relative wettability of different 

areas of the capsule, and also capsules of differing maturity. 

For comparison, staked capsules (Section 3.3.2) whose wax had 

been removed by chloroform washing, were also treated as above. 

All traces of chloroform were removed before treatment. 

3.7.2.3 Water penetration studies  

Changes in the ability of water to enter and penetrate through 

the capsule during maturation, and in the presence and absence of 

wax, was gauged by using a metallic cation as a marker. Both techniques 

detailed below relied on the assumption that the extent of ion movement 

through the wall was indicative of the ease of water entry and movement. 
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Therefore, although these methods did not give a direct measure 

of the depth of water penetration, they did allow comparisons to 

be made between treatments. 

(a) Iron  

Capsule halves were floated on a bath of 10% ferric sulphate 

(Section 2.7.2.2) for periods of up to 2 hours (Dybing and Currier, 

1961). After removal and rinsing, the capsules were cut into 1cm 2  

blocks and infiltrated under vacuum with 10% potassium ferrocyanide. 

Penetration was complete when the blocks sank on release of the 

vacuum. They were then partially fixed by soaking overnight in 5% 

formalin. Thin sections were cut on a Leitz base sledge microtome 

fitted with a cryogenic stage cooled by liquid carbon dioxide. 

These were examined under a light microscope and micrographs recorded 

on Kodak Plus X Pan film. The presence of the ferric ion was indicated 

by the prussian blue precipitate. 

Controls, which had not been treated with iron, showed no 

precipitate formation. 

This technique was employed on mature capsules only, to give 

a general view of the type and nature of ion penetration. 

(b) Manganese  

This method was based on the detection of the metal ion by 

energy dispersive X-ray analysis (EDX analysis). Manganese was chosen 

because of its absence in the X-ray spectrum of untreated capsules 

and the position of its Ka line,which permitted easy correction 

for the background. 

Since the method was to be used on a regular basis, adsorption 

of Mn onto anionic sites within the wall was considered a possible 

error. However, the amount of Mn ion in the bathing solution was 
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estimated as being approximately 100-times greater than the total 

exchange capacity (based on that of roots; Menary, personal communication) 

within the capsule. Hence any Mn adsorption would have a minimal 

effect on the total available for translocation. In addition, since 

this technique was of a comparative nature only, any adsorption 

would manifest itself as a standard error (assuming, quite reasonably, 

that the exchange capacity varied little with age). 

Capsule halves were floated on a bath of 0.1M MnSO 4 .7H 20 as 

described (Section 2.7.2.2). When necessary the capsule wax was 

removed with chloroform. After the appropriate time, the halves 

were removed and rinsed in running water for 30 seconds. 2 x 5mm 

sections were cut from - the soaked material and immediately freeze- 

dried (Section 3.5.2). Four such sections per treatment were mounted 

on brass stubs with Dotite cement to allow EDX analysis of the longest 

wall cross section. The specimens were then vacuum-coated with carbon 

and analysed. 

Capsules at all stages of maturity were treated with manganese 

for 90 minutes. A 45 minute treatment was introduced from 35 days 

onward because of the high degree of penetration observed with some 

treatments at 90 minutes soaking. Damaged sections were not analysed 

until 35 days because of their scarcity before this period. Likewise 

undamaged sections were obtained from staked capsules from 63 days 

onward. Prior to this period damaged and undamaged sections were 

obtained from the one capsule. The four sections per treatment were 

obtained from individual capsules. 

When analysed, stigmatic discs were similarly floated 

on the manganese bath. After an appropriate period, 

sections were made to expose cross sections of the ridges and valleys 

and treated as for the pericarp. 
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The analyses (80 seconds analysis time) were carried out in 

a JEOL JXA 50-A scanning electron microscope fitted with an EDAX 

707B multichannel analyser. An accelerating voltage of 25kV, and 

an aperture of 600R were used. The count rate of approximately 1400 

*sec
-I 

was maintained by making appropriate adjustments to the beam 

current.: 

The X-ray spectrum is presented as a histogram, where the number 

of X-ray quanta in each 0.02keV band (channel) of a relevant part 

of the spectrum is shown. The windows, consisting of nine channels 

each, were chosen to include most of the counts in .a peak. Hence 

centroids were taken as the Ka levels of the elements concerned, 

rounded to the nearest 0.02keV. The integrated counts under the 

peaks of the Ka lines of manganese (5.411keV) was recorded, as well 

as chromium (5.893keV) and nickel (7.471keV) so that background 

correction could be made as described in Section 4.2.4. 

Although it was realised that sample geometry may affect X- 

ray generation (Huett, 1979), simple sectioning of the soaked material 

with a new razor blade prior to freeze-drying appeared to give 

_ satisfactory_results. Any irregularities in section thickness or 

density were in part compensated for by correction of the total 

peak area ferthe background (Buttrose, 1978; Lott et al., 1978). 

3.8 LEACHING STUDIES  

3.8.1 Experimental  

In the design of a "leaching apparatus" to study the potential 

for alkaloid losses from the capsule by leaching ("the leaching 

potential"),. two criteria were considered important: (a) the capacity 

of the apparatus to accept the whole plant, yet only collect the 

leachate from the capsule, and (b) the use of a sufficiently small 
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volume of water to allow alkaloid analysis of the whole leachate. 

This latter point was considered important in light of the low quantities 

of alkaloids that may be leached. 

Based on these criteria, the apparatus illustrated in Plate 

3.8.1 was constructed. The principle of operation was that an impeller 

pump sprayed a fine mist of water onto the capsules through a manifold 

containing nine misters. The funnels collected the leachate, returned 

it to a reservoir from where the pump recirculated it. A cooling 

jacket was required to reduce leachate temperature. The minimum 

volume of water required was 500m1. It was aimed to collect the leachate 

after the required period and reduce the volume by evaporation to 

allow solvent extraction of the alkaloids. 

This apparatus, however, had several disadvantages: 

(a) A sufficiently fine spray could not be achieved without the 

risk of leachate loss by spray drift. Increasing the funnel size 

to prevent such losses was considered impractical. 

(b) Continual use of the same solution may increase its alkaloid 

content sufficiently to adversely affect the concentration gradient 

between it and the capsule. 

(c) The time required to incorporate the plant into the apparatus 

and its small capacity excluded its use from large scale experiments. 

(d) Alkaloid decomposition occurred, presumably due to turbulence 

and/or heating in the apparatus, or heating during leachate concentration 

by evaporation. 

3.8.2 The Leaching Apparatus  

The apparatus finally employed in the leaching studies consisted 

of two Steiner oil heater atomisers (rated as delivering 4.5 litres 

oil/hour) connected to the mains water supply by high pressure hose. 



95 

Plate 3.8.1.  The experimental leaching apparatus. 

Key to Plate. 

A - Impeller pump. 

B - A manifold containing 9 misters. Flow rate was controlled by a 

gate valve. 

C - 30cm plastic funnels into which the capsule (still attached to the 

plant) was placed by means of a slit in the funnel. 

D - A reservoir into which the leachate drained. 

E - A cooling jacket, which also acted as a bypass. 

All tubing was of nylex connected by brass pressure fittings. 

The height of the manifold and the funnels could be adjusted to the 

height of the capsules. 

Plate 3.8.2.  Leaching Apparatus I. 

Key to Plate. 

A - One of 20 4cm plastic funnels into which the capsule plus 30cm 

stem was placed. 

B - Funnel drain for the collection of the leachate. 

C - Perspex sheet on which the funnels were mounted. This was 

slightly inclined to facilitate rapid runoff of the water. 

The apparatus was placed in the perspex covered frame shown 

in Plate 3.8.4. 
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The atomisers were mounted in one half of a 260 x100 x 80cm frame 

with the top and the upper half of the sides covered in perspex 

which reduced spray drift. This equipment was kept in a glasshouse•

cooled by Aquacool GLF240/1 fans, and heated by Derby 83 sealed 

bar heaters. These maintained diurnal temperature fluctuations to 

between 13 and 26 °C. Relative humidity ranged from 30 to 70%. 

Two designs of "capsule-holding trays" were constructed and 

placed in the perspex frame 70cm below the atomisers. 

I. Capsules plus 30cm of stem were placed in one of 20 4cm funnels 

mounted in a perspex sheet (Plate 3.8.2). The funnels were of such 

a size as to collect only that water which had been in contact with 

the capsule, thereby preventing unnecessary leachate dilution. The 

stems were sealed to the spout of the funnel with GE silicone 

construction sealant, taking care that the capsule did not contact 

the funnel. The leachate was drained from the funnel via rubber 

tubing attached to its side and collected in 2.5 litre glass containers. 

The main purpose of this "tray" was for analysis of glasshouse-

'grown capsules in respect of alkaloid losses by leaching and trans- 

_  location down the stem. Since it could only accept one harvesting 

unit per run, all units received approximately similar leaching 

treatments. The disadvantage was, however, that three weeks was 

required to complete the experiment on material that was assumed 

to be of similar age. 

II. A perspex framework containing nine 28 x 18 x 8cm compartments 

was constructed (Plate 3.8.3 and 4). The capsules were held in place by 

the stems projecting through a shelf containing 40 holes drilled 

3.5cm apart and held 4.5om above the floor of the compartment. The 

leachate draining into the bottom of each compartment was collected 

in separate 10 litre glass jars via rubber :tubing attached to the 



Plate , 3.8.3. Leaching Apparatus II.  Plate 3.8.4. Leaching Apparatus II in operation. 

Key to Plate.  Key to Plate.  

28 x 18 x 8cm compartment into which each  One of two atomisers. 

harvesting unit was placed.  B - Leaching tray II in position. The tray was 

B  The perforated shelf,  tilted to facilitate leachate drainage from 

C - The floor of the compartment onto which the  each compartment. 

leachate drained.  C - The perspex frame. 

D - The drainhole, which was connected to 10 1  Polythene enclosing the bottom section of 

glass containers by plastic tubing. 	 the framework. 
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bottom corner. The entire apparatus was tilted at an angle to ensure 

rapid drainage of the compartments. All compartments were sealed 

with GE silicone construction sealant and constantly checked for 

leaks. After every leaching run the apparatus and the glass jars•

were disinfected with 10% hypochlorite solution. 

This design had the greater capacity and ease of operation 

required for detailed analyses of field-grown capsules. It was designed 

so that each field harvesting unit could be placed into the individual 

compartments and therefore also be a discrete "leaching unit". The 

stem was not included on the basis of previous investigations with 

capsule holding tray (I) (Section 4.3.5.1). 

The major disadvantage of this design was that the compartments 

did not receive equal volumes of water. This error was minimized as much 

as possible by adequate atomiser placement. In addition, the outer 

frame was completely sealed with black plastic to prevent spray 

drift caused by the glasshouse ventilation system, and whitewashed 

to reduce radiation heating. The error was reduced further by assigned 

compartments receiving similar volumes to one of three blocks. 

The volume of leachate collected per capsule per day for each 

design was approximately 300m1 and 130m1 respectively, which is 

equivalent to 24m and . 10mm of rainfall per day. 

3.8.3. Analysis  

In both cases the leachate volume was determined each day 

for three days and an aliquot immediately analysed for alkaloids. 

Two different extraction techniques were used for apparatus I and 

II respectively. 

I.  The pH of a 150m1 aliquot of the leachate was adjusted to 9.2 

with 10% NH OH. The alkaloids were then partitioned into 5 x 150m1 
4 
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of chloroform:ethanol (3:1).This quantity of organic solvent, being 

in a similar ratio with the aqueous phase as in the standard alkaloids 

extraction (Section 3.5.2), was assumed to attain 100% recovery. 

II. Because of the greater number of analyses involved in the field 

experiment, a more economical extraction procedure was required. 

Therefore a 100m1 aliquot of leachate was adjusted to pH 9.2 as 

above and partitioned between 4 x 50m1 of chloroform: ethanol (3:1 

This method, on testing by standards addition (Appendix 3.8.3), 

extracted 94% of the morphine, 97% of the codeine and 96% of the 

thebaine. The calculations were therefore adjusted accordingly. 

The organic fractions were evaporated (Section 3.5.2) and the 

residue dissolved in 10m1 HPLC mobile phase (Section 3.5.3). The 

injection volume, normally 500, was increased (up to 1m1) where 

necessary in order to obtain accurate determinations. Despite this, 

several leachates, although recording very small peaks, did not 

produce an area determination for codeine and particularly thebaine. 

Therefore a 'nil' recording for that alkaloid was not indicative 

of its absence, but of its non-detection. This situation was confined 

only to the leachates obtained from green capsules. 

Alkaloid stability in the leachate was demonstrated by analysis 

directly after leaching and after storage for one day under similar 

glasshouse conditions. 

At the end of three days the capsules were removed and• 

aired for six hours followed by freeze-drying. Where applicable, 

all but 5cm of the stem was removed from the capsule and analysed 

separately. The seed was separated after freeze-drying and the dry 

weight and alkaloid content of the remaining material determined 

(Section 3.5). 
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3.9 ANALYSIS OF ENDOGENOUS METABOLIC ACTIVITY 

3.9.1 Enzyme Studies  

All methods described below were concerned primarily with 

the preservation and detection of polyphenoloxidase (o-diphenol 

oxygen oxidoreductase EC 1.10.3.1). 

3.9.1.1 Enzyme preparation and purification  

Acetone powders were used as the basic enzyme source. Mature 

capsules (minus seed) were previously ground in a hammermill while 

immature capsules were cut into quarters. The material was blended 

. in a stainless steel Waring Omnimixer with pre-chilled acetone (1:10 

w/v) for 1-2 minutes, followed by filtration under vacuum. The marc 

was resuspended in an additional volume of acetone and the procedure 

repeated three times or until the acetone washings were colourless 

(Dizik and Knapp, 1970). The final marc - a fine white or very light 

brown powder from immature and mature capsules respectively - was dried 

under vacuum and stored in sealed bottles at -20 °C for periods of 

up to a year without appreciable loss in activity. All operations 

were performed at 0 0C. 

Enzyme solutions of differing purity were obtained as follows. 

(a) Crude enzyme  

The acetone powder was suspended in 0.1M sodium phosphate buffer 

at pH 6.8 (1:20 w/v) and stirred slowly for two hours at room temperature 

(Kahn, 1975). The mixture was filtered through two layers of cheese 

cloth and centrifuged at 15,000g x 20 minutes in a MSE High Speed 

18 centrifuge set at 2 °C. The supernatant was then filtered through 

a cotton wool plug to provide the crude enzyme. The higher ratio 

of powder to buffer was required because of the low activity in 

the mature capsule. 
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(b) PVP-treated enzyme  

The enzyme solution was prepared as above with the exception 

that 1% polyvinylpyrrolidone (PVP, insoluble, Sigma) was added during 

rehydration of the acetone powder (Prabha and Patwardhan, 1980). 

This treatment reportedly removes enzyme -inhibiting phenolics by 

adsorption (Jones and Hulme, 1961). 

(c) Partially purified enzyme  

Solid (NH4)2SO4 (BDH, specially low in heavy metals for enzyme 

work) was slowly added with stirring to the crude enzyme solution 

at 20C until 60% saturation was achieved (Asghar and Siddiqi, 1970). 

The quantity of (NH4 ) 2SO4  was determined by the nomogram of Dixon 

(1953). The solution was stirred for a further 90 minutes before 

centrifuging at 15,000g for 15 minutes (2 °C, Kahn, 1976). The residue 

was resuspended in a minimal volume of 0.05M sodium phosphate buffer 

pH 6..8 and dialysed for 18 hours against four changes of 40 volumes 

of the same buffer (Asghar and Siddiqi, 1970). Cellulose casing 

dialysis tubing (Union Carbide, flat width, 10mm) was used. The 

solution was then centrifuged at 15,000g for .15 minutes (Interesse 

et al., 1980) and the supernatant used directly as the partially 

purified enzyme. 

These enzyme solutions when stored at 4 °C, maintained activity 

for at least three days. 

Enzyme activity against the alkaloids was measured by an indirect 

and a direct method. 

3.9.1.2 Warburg manometry  

Initially it was hoped to use the spectrophotometric method 

of Kahn (1975) which is based on the increased absorbance at 410nm 

caused by quinone formation. However, repeated attempts with varying 
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concentrations of enzyme and phenolic substrate failed to produce 

a satisfactory straight line when absorbance was plotted against 

time. Therefore Warburg manometry was used on a routine basis. 

All Warburg analyses were performed at 30 °C (Asghar and Siddiqi, 

1970) and at a pH of 6.8, which is within the reported optimum range 

for poppy polyphenol oxidase (Gober and Pfeifer, 1963; Asghar and 

Siddiqi, 1970). A B. Braun Meslungen Warburg apparatus equipped 

with 12 manometers was used. Two thermobarometers were included, 

placed in the third and ninth position, to increase the accuracy 

of measurement. The first five manometers were corrected for temperature 

and pressure fluctuations using the first thermobarometer, and the 

remaining five manometers using the second. Gas exchange was monitored 

for 50 to 90 minutes, allowing 10 minutes equilibration time before 

commencement. 

Enzyme activity was indicated by the slope of the straight 

portion of the plot of gas uptake against time. Slopes were calculated 

by regression analysis. 

In all analyses a total reaction volume of 3.3m1 was used. 0.05m1 

enzyme solution was placed in the side arm to allow greater quantities 

of the less soluble substrates to be placed in the main flask compart-

ment. The concentrations of substrates and inhibitors used are given 

in Table 3.9.1. All were made up in 0.05M phosphate buffer, pH 6.8. 

All phenolic substrates and inhibitors were AR grade. Salts 

of the alkaloids were used because of their greater solubility. 

Codeine sulphate was supplied as such, while morphine and thebaine 

hydrochloride were prepared from their bases by the method outlined 

in Appendix 3.9.1. All were purified by recrystallization from the 

appropriate solvent. The thebaine conversion was not completely 

successful as evidenced by its low solubility. 
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Table 3.9.1.  Substrates and inhibitors used in Warburg manometry 

Compound 
Concentration 

.(Molar) 

Volume 
added 
(ml) 

Final concentration 
in reaction 

mixture (Molar) 

Substrates: 

p-cresol 

catechol 

caffeic acid 

p-coumaric acid  • 

dopa* 

morphine NC] 

codeine SO 
4 

thebaine'HC1 +  

Inhibitors: 

DIECA** 

.4-chlororesorcinol 

3.3x10
-2 

(1.65x10 -1 ) 

3.3x10
-2 

3.3x10
-2 

3.3x10
-2 

3.3x10
-2 

1.65x10
-2 

3.3x10
-2 

1.08x10
-5 

10
-2 

10
-2 

1 

(0.2) 

1 

1 

1 

1 

2 

1 

2 

0.1 

0.1 

10
-2 

10
-2 

10
-2 

10
-2 

10
-2 

10
-2 

10
-2 

-6 
7.24x10 

3.03x10
-4 

3.03x10
-4 

*D,L-3,4-dihydroxyphenylalanine 

"diethyldithiocarbamate 

+
A saturated solution was used and the concentration determined 
by HPLC. 



A concentration series of p-cresol was produced by making 1.65 

-1 
x 10 M and 1.65 x 10

-2
M solutions and adding the appropriate amounts 

to achieve the desired concentration in the reaction solution. When 

the gas exchange of the combined phenol-alkaloid was studied, 0.2m1 

of a 1.65 x 10
-1
M solution of the phenol was used. 

Because phenol oxidation by polyphenol oxidase does not involve 

CO
2 
evolution (Law, 1955), KOH was not added to the centre well 

of the flask. 

3.9.1.3 Alkaloid losses in enzyme solutions  

The method described below was developed by consideration 

of literature reports, the requirements for alkaloid analysis, previous 

Warburg analysis, and trial experiments. 

The enzyme solutions were prepared as in Section 3.9.1.1 with 

the exception that extraction from the acetone powder was for 12 

hours at 4°C with no stirring (Dawson and Magee, 1955). This 

method was preferred, with the aim of preventing alkaloid losses 

before commencement. 15ml of this enzyme solution was used and the 

total volume of the incubation mixture made to 18ml by addition 

of substrate, inhibitor or phosphate buffer (0.1M, pH 6.8). 

3m1 of 10
-1

4 substrate was added, giving a final concentration 

of 1.7 x 10
-2
M. Where inhibitors were included, a similar quantity 

was used. 

• Occasionally the components removed during acetone powder production 

(acetone washings) were required. These were obtained by collecting 

the acetone washings and evaporating to dryness. The residue was 

dissolved in a sufficient quantity of phosphate buffer such that 

3m1 contained the equivalent in acetone washings as that removed 

from 15ml of enzyme solution. 
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Enzyme inhibition by boiling was carried out with careful consider-

ation to the possibility of alkaloid concentration by evaporation 

Hence the beaker was covered with a watch glass and the volume of 

enzyme solution recorded before and after boiling. 

In crude enzyme solutions prepared from mature capsules, the 

endogenous alkaloid content was sufficient for accurate analysis. 

Therefore the alkaloid content of enzyme solutions from immature capsules 

was adjusted to that of the above enzyme solution by addition of 

the appropriate quantities of the alkaloid bases. 

Incubation was carried out in 50m1 beakers placed in a Qualtex 

Model 72 laboratory oven set at 25 o
C, for a duration of 22 hours. 

Because immediate alkaloid analysis was not possible on all samples, 

a proportion were covered with parafilm and placed at 4 °C or -20oC. 

The latter were placed in 4
o
C to thaw the evening before analysis. 

Samples were stored for no longer than 24 hours. 

Prior to alkaloid analysis the volume of the incubated solution 

was determined to compensate for alkaloid concentration due to evapor-

ation. 15m1 was then centrifuged at 15,000g for 15 minutes at 2 C. 

10m1 of the clear supernatant was diluted to 30-40m1 with distilled 

water, the pH adjusted to 9.2 with 10% NH 4OH and alkaloids separated 

as previously described (Section 3.5.2). The residue was dissolved 

in 10m1 of mobile phase and the individual alkaloid quantities deter-

mined by HPLC (Section 3.5.3). 

3.9.1.4 Protein determination  

The method of Lowry et al. (1951) was used. A new standard 

curve was produced for each protein determination by forming the 

appropriate dilution series from a stock solution containing 500pgm 

protein/ml. Bovine serum albumin produced different standard curves 



depending on the age of the stock solution. Therefore human albumin 

was used on a routine basis because of its greater stability at 

the stock concentrations used. 

3.9.2 Enzymic Alkaloid Losses in the Intact Capsule  

Ripe capsules from glasshouse-grown plants were employed 

because of their relative freedom from fungal infection. Capsule 

age was determined by the method outlined in Section 3.2.2.B. 

Because of the possibility of affecting capsule enzymes, internal 

disinfection was not done. Surface sterilization of the capsules 

was accomplished by dipping for 20 seconds in 10% sodium hypochlorite 

followed by a brief rinse in autoclaved distilled water. Inactivation 

of plant enzymes where required, was achieved by sterilization with 

propylene oxide (Section 3.10.4.). 

Treated capsules were incubated at 20 °C in the sterilized humid-

ification equipment described in Section 3.10.4. The capsules were 

arranged to ensure no contact between them by placing their stems•

through a perforated shelf. Just before incubation the interior 

of the capsule was filled with sterilized water using a syringe. 

After 14 days the seed was removed, the capsule material freeze-

dried, weighed and alkaloid content determined (Section 3.5). 

3.10 FUNGAL STUDIES 

3.10.1 General  

Fungi were isolated from surface-sterilized fungal lesions 

of infected capsules, or by direct isolation offungal propagules 

produced on moist, incubated capsules. Identification was made either 

by the Commonwealth Mycological Institute at Kew (U.K.) or by using 

the Key of Barnett and Hunter (1972). 
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Two basic media were used: 

(a) Potato dextrose agar (PDA, Oxoid) made as per directions. 

The pH was adjusted to 6.5-7 with 4N NaOH. 

(b) Poppy decoction (PD) + 2% glucose at pH 6.5-7.8 has been found 

to be the best medium for growth of Denobtyphion per -Licata-tam 

(Barbacka,1935; Meffert, 1950). 

Production was based on the method used for potato decoction. 

70gm of mature powdered capsule and 1000m1 of distilled water were 

boiled for 30 minutes. After cooling it was filtered through two 

layers of cheese cloth and centrifuged at 15,000g for 30 minutes. 

The supernatant was diluted to 1000m1 and 20gm D-glucose and 15gm 

agar (Oxoid) added. After boiling, the pH was adjusted to 6.5-7.0 

with 4N NaOH and autoclaved for 35 minutes. 

3.10.2 Fungal Inoculum 

To restrict nutrient carry-over in the inoculum, it was necessary 

to attain maximum coverage of the culture plates by the fungal mycelium. 

This was best achieved by growing DendAyphion and 6mbotti4ia on 

PD and the remaining fungi on PDA. Thick nutrient plates were required 

to prevent complete desiccation over the incubation period. A minimum 

of 14 days at 22 °C was required to produce adequate coverage. After 

this period 5m1 of autoclaved distilled water was aseptically added 

to the plates and stirred with a sterile "hockey stick". The inoculum 

was then transferred to a sterilized media bottle and used within 

two hours. 

3.10.3 Nutrient Solution Studies  

The solution used (Table 3.10.1) was adapted from that used 

by Cruickshank (private communication) for Sc./.e.Aotthia culture. 
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Table 3.10.1 	The fungal culture medium 

Compound Weight  (mgm)- % 	(w/v) 

KNO
3 

200 1 

NaH 2 PO4 .2H 20 25 0.13 

Na
2
HP0

4'
12H

2
0 34.5 0.17 

MgSO4 .7H 20 10 0.05 

D-glucose* 200 1 

morphine* 20 0.1 

codeine* 2 0.01 

thebaine* 0.8 0.004 

distilled water  (ml) 20 

*May be excluded, depending on treatment. 



11 1 

The sodium phosphate buffered the system to pH 7. The relative 

alkaloid quantities used were based on those in the capsule. 

15m1, containing the above nutrients except glucose, was placed 

in 125m1 Erlenmeyer flasks stoppered with paper plugs and autoclaved. 

On cooling an equivalent of 200mgm glucose in 3m1 autoclaved distilled 

water was added. (This was done to prevent complexing of the glucose 

during autoclaving.) 2m1 of the fungal inoculum (Section 3.10.2) 

was then added and the solution incubated at 229C for 21 days. 

Following incubation the culture medium (including the mycelia) 

was homogenised in a Sorvall Omnimixer for 1 minute. (The fungal 

mycelia was included [Abe et al., 1970], since preliminary investigations 

revealed that 40%, 25% and 15% of the morphine, codeine and thebaine 

was confined to the mycelial mat.) The resultant mixture, plus the 

rinsings from the omnimixer, was transferred to a 150m1 beaker. 

The pH was adjusted to 9.2 with 5% NH 4OH (Abe et al., 1970) and 

the alkaloids extracted as previously described (Section 3.5.2). 

The residue was dissolved in 10m1 mobile phase and the alkaloid yield 

determined (Section 3.5.3). 

3.10.4 Whole Capsule Studies  

Mature field-grown capsules relatively free offungi and 

of even size were dewaxed (by dipping briefly in a bath of chloroform) 

to ibcrease wettability and therefore adhesion of the fungal inoculum. 

[This treatment did not affect the alkaloid content.] The capsules 

were then freeze-dried for three days and the dry weight recorded. 

Each sampling unit Was placed in.15cm aluminium dishes in metal 

boxes measuring 30 x 50 x 21cm fitted with a glass lid. Both the 

boxes and the capsules were sterilized by the addition of propylene: .  

Oxide at.a rate of lcc/litre volume of the box (Hansen and Snyder, 

1947;.  Goth and Ostozeski, 1965). Since this fumigant probably acts 
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by the replacement of labile hydrogen atoms of free carboxyl, phenolic, 

primary amino and sulphydral groups of protein with hydroxypropyl 

groups (Kereluk, 1971), plant enzymes would also be inactivated. 

[Previous investigations showed no propylene oxide effect on alkaloid 

content.] The boxes were sealed and left for two days at room temp-

erature. The residual fumigant was removed by flushing with compressed 

air filtered through a cotton plug for four hours, and finally standing 

in a laminar flow cabinet with the glass lid removed for one hour. 

The sterilized capsules were inoculated (in a laminar flow 

cabinet) by dipping in the appropriate fungal inoculum (Section 

3.10.2) for 5 seconds, shaking off the remainder, and replacing 

in the aluminium tray. Controls were dipped in autoclaved water. 

Sterilized capsules requiring infection with air-borne fungi were 

simply left exposed to the air for 48 hours. 

A tray of water was placed in the bottom of each box and the 

boxes connected to the humidification equipment illustrated in Figure 

3.10.1. This apparatus maintained the relative humidity above 95% 

(as measured with an Assman hygrometer), which encouraged fungal 

germination and growth. The flow rate (700m1/minute) provided 1.3 

air changes per hour. All glassware and tubing was autoclaved and 

the air filtered through cotton wool plugs before entering the boxes. 

The whole apparatus was placed in the glasshouse (Section 3.2.1) 

to take advantage of natural light conditions and diurnal temperature 

fluctuations. The boxes were kept in the shade to prevent radiation 

heating. 

After 21 days incubation the seed and capsule material were 

separated, components freeze-dried and the dry weights recorded. 

The alkaloids were extracted from the capsule material as described 

in Section 3.5.2 and their content determined by HPLC (Section 3.5.3). 



113 

Figure 3.10.1  

The humidification equipment used in the enzyme and fungal studies (Sections 3.9.2 and 3.10.4). 

Key to Figure.  

A  Highflo Model C pumps (Medcalf Bros., U.K.). 

Sterilized plastic tubing. 

500 ml Erlenmeyer flasks containing sterilized water. 

A 1000 ml Erlenmeyer flask, acting as a manifold, and containing sterilized 

water. 

Cotton wool plugs. 

Metal boxes, measuring 30 x 50 x 21 cm, with a perforated shelf and a 

glass lid. 



Treatments were restricted to individual boxes, since the error 

introduced by having treatments in possibly different environments 

was preferred against the risk of treatment contamination. 

3.11 STORAGE STUDIES 

3.11.1 Changes During Commercial Storage  

A very uniform area of a commercial poppy crop was sectioned 

into 12 5.4m x 24m plots. Samples were harvested so that the same 

replication was taken at approximately the same time during the 

day. Seed extraction was attempted using a custom built extractor 

(Kingston Engineering, Smithton, Tasmania) comprising two fluted 

rollers set 3m apart,and a rotating sieve. However the supple nature 

of the pericarp decreased the efficiency of the process. All samples 

were stored in sealed plastic-lined hessian bags during transport 

and storage. A storage period of four days (at 4 °C) was required 

before all samples were artificially dried. 

3.11.1.1 Capsule Drying  

The drying oven was identical to that of Doe and Menary 

(1979) (Figure 3.11.1). Air speed was set at 52m 3min -1  and the temp-

erature varied according to treatment. The initial moisture content 

of a subsample was determined (Section 3.5.1) and the weight of 

the entire sample at the required moisture content of approximately 

15% calculated. The drying process was monitored by regular weighing 

of the sample. On attaining the required weight the material was 

removed from the oven, thoroughly mixed and immediately placed in 

the same plastic bags and stored as above. 

3.11.1.2 Storage and sampling  

The seed was efficiently separated from the dry capsule 
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Figure 3.11.1.  

The drying oven used in Section 3.11.1.1. (Adapted from Doe and 

Menary, 1979.) 

Key to Figure.  

A - Vertical working section of 0.61 m square-by 1 m long. 

B - Fan. 

C - 30 kW electric finned tubed heater bank. 

- Flap valve to obtain partial recirculation of the exhaust air. 

- Glass-fibre gauze basket containing the sample. 
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by the above apparatus and the capsule material placed in 60 x 60 

x 100cm sample cells made of fibre glass fly wire. A standard zipper 

at the top of each cell allowed samples to be taken. These sample 

cells were designed to permit free air movement between the sample 

and the surrounding material, while still maintaining the sample 

as a discrete unit. 

The cells were buried at least 1.5m deep in a large heap of poppy 

straw stored under commercial conditions at Tasmanian Alkaloids Pty. Ltd., 

Westbury, Tasmania. At regular intervals the cells were uncovered 

and approximately 50gm of material subsampled. This was placed in 

heat-sealed plastic-lined aluminium bags for transport to the laboratory. 

On receipt the samples were stored at 4 °C until dry weight and alkaloid 

determinations (Section 3.5) could be performed (within two days). 

Undried (control) samples were freeze-dried in a Dynavac FD16 high 

vacuum freeze-drying unit before analysis. 

3.11.1.3 Temperatures during commercial storage  

Six Foxboro Dynatherm Resistance Bulb thermometers connected 

to a Foxboro Electronic Recorder (Type ERB712-30-34F, Yokogawa Electrical 

Works, Japan) was used to record temperatures within the same commercial 

poppy heap as above .(Section 3.11.1.2). Probes were placed with 

minimum disturbance at various depths within the pile. The recorder 

was controlled by a HPM autotimer time clock such that recordings 

were taken for one hour at four hourly intervals. [The chart speed 

was 25mm/hour.] 

3.11.1.4 The effect of freeze-drying and 4 °C storage  

Immature 42 day old capsules obtained from a different 

crop were separated from the seed by passing them through a cross 

beater hammer mill with all sieves removed. Moist capsules were ground 
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by the method outlined in Section 3.5.2.(a). Oven drying was carried 

out in a Unitherm forced air oven, and samples freeze-dried as above 

(Section 3.11.1.2). Where required, samples were stored in plastic 

garbage bags at 4 °C. Alkaloids were analysed as per Section 3.5. 

3.11.2 Sorption Isotherm 

3.11.2.1 Sample preparation and treatment  

Because of its bulk, analyses of the intact capsules would 

have required large capacity equipment. It was therefore decided 

to conduct the measurements on macerated capsules. The material 

was obtained from the commercial processing plant just after passing 

through a 4-5m cutter. This offered two advantages: (a) the average 

particle size (approximately 3mm) was sufficient to allow adequate 

sampling, but not too fine to adversely affect the results (Pixton, 

private communication), and (b) the material analysed was identical 

to that stored under commercial conditions. 

The method of sample preparation was based on that of Pixton 

and Warburton (1971). 

A.-- Adsorption -  - 

The moisture content of a bulk sample (6kgm) was slowly reduced 

to be An equilibrium With a relative humidity of 10-20%. The required 

Amitture content-Was pre-determined by equilibrating a similar sample 

with a saturated Solution of potassium acetate till constant weight. 

The. bulk sample was dried in a Qualtex Model 72 oven at a temperature 

-of. '40 °C. This higher temperature was required to obtain 

the 'desired moisture.cOntent. The dried straw was allowed to equilibrate 

in plastic-lined 20 litre sealed tins for 2 weeks at 2 °C before 

its moisture content was determined (Section 3.5.1). Ten subsamples 

of 230gM each were then taken and their individual moisture contents 
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adjusted by the addition of calculated amounts of distilled water, 

to cover the expected relative humidity range 20 to 90%. The samples 

were then equilibrated in sealed glass containers for 28 days at 

a storage temperature was 2 °C to reduce microbial activity. The 

samples were thoroughly mixed (and returned to the containers as 

quickly as possible) eight times during the storage period. 

B. 	Desorption  

The moisture content of a similar bulk sample was increased 

to an expected equilibrium relative humidity of greater than 95% 

(determined by equilibrating with a saturated solution of disodium 

hydrogen phosphate) by spraying onto the sample the appropriate 

amount of distilled water. The material was placed in a plastic-lined 

20 litre tin and equilibrated for 14 days at 2 °C with occasional 

mixing. Ten 230gm subsamples were taken and dried at 40 °C to pre-

determined weights to cover the equilibrium relative humidity range 

of 20 to 90%. The subsamples were placed in sealed glass containers 

and equilibrated for 28 days at 2 °C with occasional thorough mixing. 

3.11.2.2 Determination of equilibrium relative humidity (erh)  

The system used (Plate 3.11.1) consisted basically of 

a pump, a sample tube at a controlled temperature, and a relative 

humidity (r.h.) meter. This method was found to be relatively rapid 

and sufficiently accurate (Gough, 1975). 

A Dymac MKII diaphragm pump (Charles Austin Pumps, Ltd.) regulated 

to a flow rate of approximately 700m1/minute, circulated the air 

through a 3cm diameter glass U tube measuring 45cm long and 22cm 

high. This sample tube was capable of holding about 120gm of material. 

A 3cm diameter stainless steel filter was placed between the sample 

and r.h. meter to remove any dust from the system. The flow rate 
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Plate 3.11.1.  

The equipment used for the measurement of the sorption isotherm. 

Key to Figure.  

A  -  Dymac MKII diaphram pump 

B  -  A bypass, controlled by a Hoffman Clamp, to  control  the flow 

rate without pressure buildup. 

C  -  The sample tubes, 3cm diameter glass, 45cm long  and  22cm high. 

D  -  3cm diameter stainless steel filter. 

E  -  Model 911 Dew-All Digital Humidity Analyser. 

F  -  Glass bore flowmeter. 

G  -  Water bath temperature control unit. 

H  -  Water bath. 

I  -  Heidolph Type PIII water stirrer with a Heidolph contact 

thermometer. 
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was measured by a glass bore Flowrator (F & P. Co.). This was removed 

from the circuit once the correct flow rate had been achieved. 

The water bath was heated or cooled as required by a Coolnics 

CTA-1A unit equipped with a Coolnics circulator CTE-1A (Komatsu 

Electronics Inc., Japan). A Heidolph (West Germany) contact thermo-

meter controlled the temperature to within 0.1 °C. A Heidolph Type 

PIII stirrer provided additional water circulation. Temperature 

was monitored to within 0.1 °C with a Zeal precision mercury bulb. 

thermometer. Air temperature was maintained 1 °C above that of the 

sample by a Kelvinator 1082 air conditioner to prevent water 

condensation in the tubing at high relative humidities. 

• The r.h. meter used was a Model 911 Dew-all Digital Humidity 

Analyser (E.G. & G. Instruments, U.S.A.). The dew point was recorded 

directly (-+ 0.3
o 
 C) by utilizing the chilled mirror dew point condensation 

principle, and relative humidity obtained by equation (2). 

R .H. = 
saturation vapour pressure at the dew point temperature  x  100 ...(2)  

saturation vapour pressure at the dry bulb temperature  1 

The dry bulb temperature was indicated by the water bath (= 

sample) temperature. Values of saturation vapour pressure were obtained 

from the Smithsonian Meteorological Tables (6th Edition, 1951). 

When dew points were below 0 °C the saturated vapour pressure over 

ice was used (Pixton, personal communication). 

In order to obtain rapid response to relative humidity changes, 

4mm internal diameter teflon tubing was used, which has very low 

hygroscopicity. Connections to the r.h. meter were by 3mm internal 

diameter copper tubing welded onto brass fittings. Connections between 

the copper and teflon tubing were achieved with brass compression 

fittings. The system, particularly the pump and U-tube connections, 

were continually checked for leaks. 
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Because the pump employed produced too high a flow rate, a 

by-pass was included in the circuit to provide the optimum flow 

rate through the r.h. meter. A direct suppression of the flow was 

undesirable because of the risk of leaks developing due to increased 

or decreased pressures. 

The pressure of the circulating air may have an effect on the 

saturation vapour pressure as determined by the dew point. Although 

a slight positive pressure in the circulating air just before entering 

the r.h. meter was noted, calculations based on Dalton's Law 

indicated  little effect on relative humidity determinations. 

The temperature of the circulating air was recorded as 21 °C. 

Placement of a chromel-alumel thermocouple inside the sample U-tube, 

however, showed the sample temperature to be 20.0 °C, which is the 

critical factor (Doe, personal communication). 

The accuracy of the system was checked by bubbling the circulating 

air through saturated solutions of AR grade salts dissolved in distilled 

water. To allow comparisons with published data, the water bath 

(and therefore sample) temperature was set at 20.0 °C. The values 

obtained - here showed good correlation with those reported in the 

literature (Appendix 3.11.2.2) over the relative humidity range 

10% to 90%. 

Sample Analysis  

The samples were tightly packed into the U-tubes to prevent 

channelling and allowed to equilibrate in the water bath' for at 

least 12 hours. Each tube was connected in turn to the apparatus 

and dew point determinations made at 10 minute intervals. Samples 

were analysed for at least 90 minutes to ensure that there was no 

consistent change in the dew point reading. Consistent readings 
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were generally obtained after 15 minutes. At least five readings, 

varying by no more than - + 0.1
o 
 C, were taken. Duplicate 5gm samples 

were taken before and after analysis and the moisture content (Section 

3.5.1) obtained and averaged. 



4. RESULTS AND DISCUSSIONS 
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4.1 COMPOSITIONAL CHANGES IN THE CAPSULE DURING MATURATION 

4.1.1 	Introduction  

Although there is general agreement regarding the changes 

in alkaloid content in the vegetative parts of the plant during 

growth, this is not the case for the reproductive organs during 

maturation. Workers have reported the highest morphine content in 

the immature capsule (Loftus-Hills, 1945; Waistein,1951; Romisch, 

1958; Dumitrashko, 1975) or the ripe capsule (Nikonov, 1958; Miram 

and Pfeifer, 1959; Kopp, 1960; Tookey et aL, 1975), followed by 

a decline (Romisch, 1958; Dumitrashko, 1975) or constancy (Loftus-

Hills, 1945) after attaining its highest value. The apparent contra-

dictions have been attributed mainly to the influence of variety 

and environmental conditions on morphine accumulation (Loftus-Hills, 

1945; Bunting, 1963). 

The following experiments were conducted with the aim of determining 

the pattern of morphine accumulation in the capsules during maturation 

of a commercial Tasmanian variety grown under Tasmanian conditions. 

Climatic conditions, and particularly rainfall, were recorded to 

permit comparisons. In addition, codeine and thebaine, which have 

received little attention in this regard, were also monitored. A 

similar experiment was conducted under glasshouse conditions to 

observe the effect of a "rain-free" maturation period on accumulation. 

It was also aimed during these experiments to gain an appreciation 

of factors which may be contributing to undesirable compositional 

changes in the capsules. 

4.1.2 	Treatments  

4.1.2.1 	Experiment 1  

Material was obtained from field trial A (Section 
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3.3.1). At flowering 1000 plants were tagged and three replicates 

of nine plants each were harvested at 7 day intervals thereafter 

for 91 days. Approximately 100 plants were staked (Method I, Section 

3.3.2) and harvested 84 and 91 days after flowering in the usual 

way. All capsules, giving an average of 15 per sample, were analysed. 

Morphine and codeine were extracted with Ca(OH) 2 , and thebaine 

with acetic acid (Section 3.5.2). 

Statistical analysis was based on a replicated design. 

4.1.2.2 Experiment 2  

Under the conditions of field trial B (Section 3.3.1) an experiment 

was conducted which included three blocks of five harvests in a split 

plot design. 40 plants were tagged per harvesting unit and the terminal 

capsules only harvested at 14 day intervals after flowering. Since 

this comprised the T o  (unstaked) treatment of an experiment concerned 

with leaching losses, a full description of the design and treatments 

are included in that section (4.3.3.2). 

Statistical analysis was based on a split plot design. 

4,1.2.3 Experiment 3 

Seeds were sown on 13-6-1978 under glasshouse conditions 

(Section 3.2). Long-day treatment commenced 49 days after sowing. 

Plants were arranged into four blocks of 35 plants each based on 

flowering date (Section 3.2.2) and three plants harvested from each 

block at 14, 28, 35, 42, 49, 56, 63, 70, 84, and 98 days 

after flowering. Because of the larger number of 

lateral capsules produced only the upper three or four, plus the 

terminal capsule (a total of about 12 per sample) were analysed. 

Morphine and codeine were extracted with Ca(OH) 2  and thebaine with 

acetic acid (Section 3.5.2). The experiment was analysed as a complete 
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randomised block design. 

4.1.3 	Results  

All results in this section have been based on the 5% 

significance level unless otherwise stated. 

4.1.3.1 	Experiment 1  

The rainfall and the mean maximum and minimum relative 

humidities and temperatures for the week preceding each harvest 

day are given in Table 4.1.1. 

Less than 16mm rainfall per week was recorded before 70 days 

after flowering. Between 77 and 91 days the total rainfall was 47mm, 

approximately equal to the total during the preceding 56 days. Also, 

the minimum relative humidity was greater than 50% in six days out 

of the last 14, and maximum relative humidities were 90% or higher 

for 11 of these days (Table 4.1.2). 

Because of the short period of measurement, and the absence 

of weekly average rainfall, it is difficult to make accurate comparisons 

regarding the "abnormality" of the season. However, it is interesting 

to note that on comparing the average monthly rainfall of the experi-

mental area (Colebrook) (Appendix 4.1.3.1) more rain had fallen 

in the first three weeks of March in 1979 than is normally received during 

that whole month. 

A. 	Changes in physical appearance of the capsule during maturation  

Prior to 63 days after flowering the majority of the capsules 

showed no external evidence of fungal colonization. Thereafter 

fungal activity was obvious on a number of capsules. The problem 

did not become serious until the 84th day, at which stage the majority 

of the capsules were heavily infected. 

By 91 days after flowering capsules, particularly toward the 



Table 4.1.1 Time of harvesting, meteorological data for the week preceding each harvest, and visual capsule development. 

Days after 

flowering 

Date of 

harvest 

Rainfall 

(mill) 

Relative Humidity Temperature °C Visual Capsule Development 

Maximum Minimum •  Maximum -Minimum 

27 Dec.  78 - - - Terminals finished flowering, laterals 

flowering 

14 3 Jan.  '79 - - Laterals approaching end of flowering 

21 10 Jan. 9.8 

28 17 Jan. 0.7 Terminals losing green colour. 

35 24 Jan. 15.2 92 36 26 11 Terminals semi-dry, laterals green 

42 31 Jan. 1.8 83 34 26 12 Terminals mature, laterals semi-dry 

49 7 Feb. 5.6 71 33 29 12 All  capsules mature 

56 14 Feb. 0.0 83 33 25 11 

63 21 Feb. 7.6 84 44 18 10 

70 28 Feb. 10.8 90 39 25 12 

77 7 Mar. 4.5 91 36 23 9 

84 14 Mar. 24.6 91 42 22 10 

,-, 
NJ 

Capsules moist, due to rain  al 

91 21 Mar. 22.6 89 53 19 11 All  capsules dry 
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Table 4.1.2 The daily maximum and minimum temperatures and relative 

humidities during the last 14 days of analysis.  

Date 
Relative Humidity.  Temperature °C 

Maximum Minimum Maximum Minimum 

7 March 98 20 23 9 

8 March 96 23 25 10 

9 March 95 34 22 3 

10 March 95. 49  • 18 -  7 

11 March 93 58 .  21  ' 10 

12 March 90 31 26 .14 

13 March 87 . 78 15 • 13 

14 March 90 . 82 13 11 

15 March 84 50 15 11 

16 March 92 54 19 13 

17 March 92 62 23 10 

18 March 90 38 21 10 

19 March 92 44 22. 8 

--20 - March .  ' -80 -  42  • 23  . 16 - 



apex,were an uncharacteristic dark brown colour and possessed numerous 

sporulating fungal lesions (Plate 4.1.1). The fungi identified were 

DendAyphion pen.Lciitatum, Alteimaitia dlteimata, Clado4maium 

cl.ado4poitioide4, and a hitherto unreported pathogen .  

6mbelLiAia sp. (Section 4.4). 

Scanning electron micrographs of the two distinct areas taken 

during EDX analysis (Section 4.2.5,6) revealed, on sectioning, the 

considerably greater cellular integrity of the Tower portions of 

the capsule as compared with the upper, discoloured areas (Plates 

4:1.3 and 4.1.4). 

Staked capsules of similar age generally showed less evidence 

of fungal activity or disColouration and a more intact waxy bloom 

(Plate 4.1.2). 

During the 12th harvest, taken 84 days after flowering, a fine 

drizzle was.falling steadily and light-brown coloured water droplets 

were noted adhering to the pericarp (Plate 4.1.5). This was less 

evident on the staked capsules. 

B. 	Percentage dry matter 

The percentage dry matter of the vegetative portions and the 

capsule were similar during the full period of the-analysis (Figure 

4.1.1). Little change occurred until after the 28th day after flowering, 

when a rapid increase resulted in a maximum value of about 90% by 

56 days for both parts of the plant. The dry matter content remained 

fairly constant over the next 37 days, except for the large decrease 

at 84 days caused by the rains received prior to and during that 

period. 

The percentage dry matter of the staked capsules was not significantly 

different from that of the "unstaked" controls at the 84th day. 



Plate 4.1.1  Plate 4.1.2 

The mature capsule showing brown colouration 
 

The mature, staked capsule. Damage to the 

and numerous fungal colonies after a period of 
 

'waxy bloom was less severe, and discolouration and 

constant rain (Experiment 1). 
 fungi less prominent (Experiment 1). 
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Plate 4.1.3 

Cross section through those areas of the capsule where 

discolouration and fungal activity were minimal. Little 

disruption to the cell walls had occurred. Bar = 100pm. 

Plate 4.1.4  

Cross section through the discoloured areas of the 

mature capsule. (See Plate 4.1.1.) Cell wall integrity was 

greatly reduced. Bar = 50pm. 

Plate 4.1.5 

The mature capsules during a period of consistant rain. 

Note the brown coloured water droplets adhering to the 

capsule surface. 
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Figure 4.1.1  

The effect of maturity on the percentage dry 

matter (wet basis) of the capsule (0) and the vegetative 

portions (0 ). Experiment 1. 

(•) = staked capsules. 
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C. .Capsule yield  

The dry matter yield per capsule tended to increase between 7 and 

14 days after flowering, though not quite significantly (Figure 

4.1.2). It then exhibited two periods of significant decrease - 

between 14 and 35 days and 77 and 91 days after flowering, with 

little change between them. The first period of decrease accounted 

for 20% of the total dry weight loss per capsule and the latter, 

13%. 

The total sample yield showed a significant increase between 

the first two harvests and a significant decrease during the last 

14 days of analysis. 36% of the sample dry weight was lost between 

21 and 91 days after flowering. 

The staked capsules differed in their yield per capsule only 

at the 84th day. However, both total yield and yield per capsule 

decreased significantly between 84 and 91 days. 

D. Yield of seed and vegetative portion  

The dry weight of the vegetative parts of the plant (minus 

. roots) steadily decreased during maturation, until by the last 

,harvest 51% of the dry matter present 7 days after flowering 

had disappeared (Figure 4.1.3). The majority of the loss appeared 

to occur before 42 days after flowering, and after 70 

days. 

The wet weight of seed obtained per sample remained constant 

between 14 and 35 days after flowering, but decreased significantly 

within the following seven days. Yields then remained constant until 

during the last seven days, when a significant decrease was observed, 

for both unstaked and staked plants. 
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E. Morphine content and yield  

The significant decrease in morphine content detected during 

the 2nd week after flowering was followed by •a rapid increase, reaching 

a maximum value of 1.57% at 35 days (Figure 4.1.4). No significant 

change was observed until after 77 days, when during the ensuing 

14 days, a significant (p < 0.01) decrease of 35% was 

detected. 

The morphine yield of the capsules followed a similar trend 

but did not exhibit the initial decrease during the 2nd week. By 

91 days the capsule yield had decreased 57% from its highest noted 

(equivalent to 25.1mgm/capsule at 35 days). 

The only significant difference in the staked capsules was 

in their higher morphine content at the 84th day after flowering. 

F. Codeine content and yield  

The codeine content showed a similar decreasing trend in the 

first 21 days and increased until 35 days after flowering, reaching 

a maximum of 0.10% (Figure 4.1.5). Although no significant decrease 

occurred between consecutive harvests, the .codeine content 91 days 

after flowering was 32% lower than the highest detected, constituting 

a significant decrease (p < 0.01). Most of this decrease occurred 

during the 14 day period after 35 and 77 days. 

The codeine yield, however, remained constant for the first 

21 days, then increased significantly, reaching its highest detected 

value (equivalent to 1.7mgm/capsule) at the 35th day. Significant 

decreases occurred between 35 and 70 days, and again from 77 days 

onwards, resulting in a total decrease of 61% from its highest value. 

The codeine content or yield of the staked capsules was not 

significantly different from the "unstaked" capsules of similar 

age. However, they did show significant (p < 0.01) decreases in 
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both content and yield during the last week. 

G. 	Thebaine content and yield  

The highest thebaine content of 0.31% was detected in the 7 

day old capsules, decreasing thereafter (Figure 4.1.6). The only 

exception was between 21 and 28 days after flowering, when a significant 

increase occurred. The greatest decrease was noted within the first 

14 days (p < 0.01). 

The yield also decreased during this period (p < 0.01), but 

did not show an increase between 21 and 28 days. A significant decrease 

was again noted 56 days •after flowering. The highest yield (detected 

7 days after flowering) was equivalent to 4.1 mgm/capsule. 

Significant decreases were not noted in either content or yield 

during the last 14 days of analysis. The lowest recorded thebaine 

content and yield, detected at 70 and 91 days after flowering respectively, 

corresponded to decreases of 58% and 65% from the highest observed. 

In both cases the staked capsules recorded higher values at 

84 days only, with significant decreases occurring during the next 

seven days. 

4.1.3.2 Experiment 2  ' 

All detailed data are listed in the appendices dealing 

with-leaching studies (Appendix 4.3.5.2.B.C). 

'Rainfall was the only climatic factor monitored and -these are 

recorded. in Table 4.1.3. The only large amount of rain received 

during the dry capsule. stage was between 42 and 56 days after flowering. 

Comparisons with the average, monthly rainfall (Appendix 4.1;3.1)  . 

suggests below average rainfall during the experimental period. 
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Table 4.1.3. Time of harvesting, rainfall for 14 days preceding each harvest, and visual capsule development.  

Days after flowering Date of harvest Rainfall  (mm) Visual capsule development (terminals) 

14 17 Nov.,  80 4 Flowering completed. 

28 • 1  Dec.,  80 27.6 Seed and capsules beginning to dry. 

42 15 Dec.,  80 5.2 Seed and majority of capsules mature. 

56 29 Dec., 80 10.6 Dry capsules. 

70 12 Jan.,  81 5 Dry capsules. 
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A. Changes in physical •appearance of the capsule during maturation  

Capsules remained green till approximately 28 days after flowering. 

By the next harvest (42 days) all terminal capsules had commenced 

ripening and the majority were dry. At 56 days the process was complete. 

During the whole period of analysis very little fungal colonization or 

abnormal discolouration was observed. 

B. Capsule yield  

The capsule yield showed no significant variations with maturity. 

The mean weight per capsule was 1.66gm. 

C. Morphine content and yield  

Morphine content and yield of the terminal capsules increased 

continually, reaching a peak of 1.47% and the equivalent of 21.8mgmi 

capsule respectively (Figure 4.1.7) 42 days after flowering. No 

significant losses were noted after this maximum, despite the obvious 

trend. 

D. Codeine content and yield  

The codeine content _showed_little change in_the,first 28. days.. 

After this' point two significant peaks were detected, one 42 days 

after flowering (0.052%), and the Other at 70 days (0.067%) (Figure 

4.1.8). This latter increase occurred in the, dry capsule. 

The codeine yield showed no significant change during the first 

56 days after flowering. In the following 14 days, however, a 

significant increase was noted, resulting in a yield equivalent 

of 1.03mgm/capsule. 

Large variations in both variables were noted, but the high 

levels detected in the 70 day old capsules (caused by the apparently 

significant increase in the dry, mature plant), was not significantly 

higher than the levels detected in capsules 42 days old. 
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E. 	Thebaine content and yield  

The highest thebaine content of 0.053% was detected 14 days 

after flowering (Figure 4.1.9). A significant decrease occurred 

in the following 14 days with another occurring in the two week 

period after 42 days. 

The thebaine yield followed a similar trend, but with no significant 

change after the 28th day. The maximum yield was equivalent to 0.95mgm 

thebaine/capsule. 

4.1.3.3 Experiment 3  

The average day and night time temperatures and relative 

humidities before and after flowering are recorded in Table 4.1.4. 

A. 	Plant growth and development  

Seed germination was evident within the relatively short period 

of four days. All seedlings possessed very long, slender. hypocotyls, 

rendering them susceptible to lodging. This became more severe during 

stem elongation at which stage staking became necessary. 

- Stem elongation was noted four days after the cessation of 

the -Yong daY treatment aild buds were evident 10 days later. The 

terminal.buds of the plants in block I commenced flowering 91 days. 

after sowing and continued over an eight day period, with the stage 

of 50% flowering occurring on 25 September, 1978. The last block 

reached this stage of flowering 17 days later. Plate 4.1:6, taken 

99days after flowering, shims the differing stages of development 

between blocks. 

Lateral buds were still being produced 28 days after flowering. 

As illustrated in Plate 4.1.7, plants often had upwards of 10 capsules, 

which wereAenerally smaller than those obtained under field conditions. 

Plants ranged in height from 100 to 170cm, the tallest occurring 

in the 'latest flowering block (4). 
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The effect of maturity on the thebaine content (%, dry matter 

basis) (9) and the thebaine yield (mgm) per sample (9) of the 

capsule. Experiment 2. 



Table 4.1.4.  Temperature and relative humidity in the glasshouse during growth (Experiment 3).  

Before flowering: 

Maximum day Range Maximum night Range 

Temperature ( °C) 22 19-25 16 14-18 

Relative humidity (%) 80 85-90 57 50-65 

After flowering: 

Temperature ( °C) 27 25-29 20 18-22 

Relative humidity (%) 87 84-91 51 46-55 
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Plate 4.1.6  

Glasshouse plants (Experiment 3) 99 days after flowering. 

From left to right; block 1 to 4. Each block occupies half 

a bench. 



Plate 4.1.7  Plate 4.1.8 

The mature, glasshouse grown poppy plant 
 

Deformed glasshouse grown capsules showing 

(Experiment 3). Plants often had 10 or more 
 

splitting of the pericarp and oxidation of the 

capsules, and, even 98 days after flowering,  exuded latex. 

still possessed green stems. 
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The presence of PeAono4poAa sp. on the occasional leaf was 

the only evidence of fungal activity noted. Of greater significance, 

however, was the often severe capsule deformity, noted particularly 

in the laterals. The obvious symptoms were splitting of the stem 

and the pericarp, with a subsequent browning of the affected area 

(Plate 4.1.8). No fungi were found associated with this deformity. 

B. Percentage dry matter  

The capsule dry matter content remained constant at about 20% 

till 35 days after flowering (Figure 4.1.10).  Within the next 21 

days it had risen to 85-90%, the level characteristic of the mature 

capsule. The dry matter content of the vegetative portion, however, 

showed only small changes between harvests. No significant block 

effects were detected. 

C. Capsule yield 

Capsule dry matter yield remained essentially constant during 

the period of analysis, with no block effect. Yields were equivalent 

to approximately 1.3gm/capsule. 

D. Yield of seed and vegetative portion  

The dry matter yield of the vegetative portions of the glasshouse-

grown plants increased continually during the analysis period, 

the most significant being recorded between 35 and 42 days after 

flowering (Figure 4.1.11). At no stage was a significant decrease 

-recorded. 

The wet weight of seed attained its highest recorded 28 days 

after flowering. It decreased till 49 days but remained constant 

thereafter (Figure. 4.1.11). 

Plants taking longer to flower (blocks 1 to 4) produced more 

vegetative matter and seed. 
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E. Morphine content and yield  

The capsule morphine content increased steadily during maturation 

Until 56 days after flowering, when a content of 1.80% was recorded 

(Figure 4.1.12). Thereafter no significant changes were noted between 

consecutive harvests, although the morphine content of 98 day old 

capsules was estimated as being higher than those 70 days old. 

The morphine yield also increased up till 56 days after flowering, 

but tended to remain relatively constant after that point. The highest 

yield per capsule, recorded at 98 days, was approximately 24mgm. 

F. Codeine content and yield  

The codeine content remained constant during the first 42 days, 

but within the next 7 increased significantly (p < 0. 01) to a maximum 

level of 0.16% (Figure 4.1.13). During the following period significant 

changes occurred, resulting in a decreased content at 56 days, an 

increased content at 63 days, and again a decreased content at 98 

days. None of these latter changes, however, were significant at 

the 1% level. 

Codeine yield followed a similar trend during capsule maturation, 

with a maximum recorded yield per capsule of approximately 2mgm. 

A significant block effect indicated that plants taking longer 

to flower (block 4) produced capsules significantly higher in codeine 

content and yield. 

G. Thebaine content and yield  

The highest thebaine content (0.59%) was detected in immature 

14 day old capsules (Figure 4.1.14). It decreased during 

maturation, but remained relatively constant after 35 days. Again 

a significantly higher thebaine content was detected in 70 day old 

capsules than those 56 and 98 days old. 
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The highest thebaine yield (6mgm/capsule) was also detected 

in the immature capsules and decreased as they matured. After 35 

days little significant change was noted. 

Again plants obtained from block 4 produced capsules with the 

highest thebaine content and yield. 

A summary of the maximum contents and yields of the alkaloids 

observed in the three field experiments is given in Table 4.1.5. 

The point to note is that while the morphine contents and yields 

are fairly similar, there is a large variation in the secondary 

alkaloids, particularly •thebaine. This is also reflected in the 

ratios of the alkaloid content. 

4.1.4 	Discussion 

The effect of maturity on percentage dry matter content 

of field (experiment 1) and glasshouse capsules were similar and 

were a reflection of the obvious changes in colour during maturation. 

Although the dry matter contents were not followed in experiment 

2, the colour changes of the capsule with respect to days after 

flowering were identical, and may therefore be assumed to have followed 

a similar trend. 

Bunting (1963) and Laughlin (1980) observed a similar pattern 

in dry matter content. Likewise, under the conditions of Romisch 

(1958), mature capsules were obtained after approximately 42 days. 

Heeger and Schroder (1959) and Heydenreich et a.1. (1961) observed 

a slightly slower rate of dry matter increase in the whole plant 

and capsule respectively. On the other hand, Tookey et oa. (1976) 

obtained dry terminal capsules under glasshouse conditions 40 days 

after flowering. This discrepancy with the results obtained here 

may be, in part, due to the fact that they provided water in accordance 
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Table 4.1.5. The maximum alkaloid contents (dry matter basis) and  

yields per capsule (mgm), and dry matter yield per  

capsule (gm), obtained from the three experiments.  

Experiment 

*
35 days after flowering 

X
42 days after flowering. 

+56 days after flowering 
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with the plants requirements. Changes in the percentage dry matter of the 

vegetative portions (stem + leaves) in the field, though similar to those 

observed by Laughlin (1980), were in marked contrast to that observed 

under glasshouse conditions. 

The continual decrease in the dry matter yield of the vegetative 

portions was similar to that noted by Loftus-Hills (1945) and Laughlin 

(1980), and also to that of the whole plant (Heeger and Schroder, 

1959; Pfeifer and Heydenreich, 1962). The reported stage of maturity 

at which the decrease commences, however, has differed, varying 

from immediately after flowering to 20 days after. Laughlin (1980) 

observed a similar decrease in yield of 54% over a 94 day analysis 

period. Such decreases may be partly the effect of losses of the 

dry, brittle leaf material in the field and during handling. 

The dry matter yield under glasshouse conditions followed an 

opposite pattern to the field-grown crop. A similar increasing yield 

has been noted by Nikonov (1958), but only up till the stage of 

dry harvest maturity (generally 42 to 56 days after flowering). The 

large number of lateral shoots, which were still developing after 

28 day§, -was the main contributing factor to this continual increase. 

The maximum wet yield of seed from the glasshouse experiment 

appeared to be produced at a slightly later stage of development 

than under field conditions. The major difference, however, was 

in the last weeks of analysis. The loss noted under field 

conditions may have been accelerated by capsule 

dehiscence which is often facilitated by a wetting 

and drying cycle, such as that observed during 

the latter stage of the field experiment (1). Laughlin (1980) 

obtained constant seed yields for 40 days after the 50th during 

a drier season. 
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The differing patterns of capsule dry matter yield observed 

between experiments 1 and 3 may be attributed to different growing 

conditions. The differences between the two field experiments is 

not so readily explained and may be a combination of a drier climate 

during maturation and the fact that only terminal capsules were 

• analysed in experiment 2. 

Such a consistency in capsule yield with maturation has not 

been reported •in the literature. The generally recorded pattern, 

which is similar to that observed in experiment 1, is for an initial 

increase in the first 10 to 20 days after flowering, followed by 

a fall (Schroder, 1965, Tookey et al., 1976; Laughlin, 1980). The 

degree and duration of the decrease is controlled largely by variety 

and environment. 

The increase in capsule weight per sample observed in experiment 

1 was effected by two factors. The first, an increase in weight 

per capsule is suggested by the data obtained, and the similar results 

of Bunting (1963) and Rybalova et al. (1980). As supporting evidence, 

Fairbairn et al. (1974) estimated that the pericarp volume increased 

by a factor •of 10 over a 14 dayperiod from petal fall. (Petal fall 

generally, occurs four to seven days after the commencement of flowering.) 

Bunting (1963) and Rybalova et al. (1980) similarly observed that 

the maximum total capsule volume was attained 15 to 20 days after 

flowering. The greater increase in yield per sample compared with yield 

per capsule suggests lateral organ development as the second factor. 

These generally produce flowers seven days after the terminals. 

For example, Laughlin (1980) found that at 10 days after flowering 

the lateral capsule contributed only 20% to the total capsule yield, 

while at 17 days it had increased to 34%. Over the same period the 
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lateral and terminal capsules had increased in yield by 166% and 

28% respectively. 

• The yield reduction that followed, particularly on a per capsule 

basis, was also noted by Bunting (1963). In one year he noted that 

the weight loss per capsule of 10% was restricted to the period 

between 18 and 30 days after flowering. Loftus-Hills (1945) observed 

a similar pattern on a per plant basis. The results of Laughlin 

(1980) also suggested a decrease in kg/ha of 27% between 17 and 

38 days after flowering, which 21 days later had decreased by only 

2%. 

This stage of development at which a capsule dry matter loss 

is most frequently observed appears to coincide with the stage of 

seed maturation. Loftus-Hills (1945), Bunting (1963) and Laughlin 

(1980) observed that the dry matter yield of seed continued to increase 

up till 30 to 40 days after flowering, the time at which capsule 

dry matter losses often cease. Seed dry matter yields were not analysed 

in the investigations reported here, but because both Bunting (1963) 

and Laughlin (1977) observed similar trends regarding percentage 

dry matter changes in the seed, it was considered justified to use 

the results of Laughlin (1977), obtained under Tasmanian conditions, 

to convert the wet seed yields obtained to dry seed yields (Table 

4.1.6). 

Based on these calculations the dry seed yield followed a similar 

trend to that observed by other workers. 

Evidence therefore suggests that the developing seed, drawing 

on reserves from the capsule may, at least in part, contribute to 

the capsule dry weight losses during this period (Schroder, 1965). 



Table 4.1.6.  Conversion of wet seed  yield to dry seed yield using the percentage dry matter of seed 

obtained by Laughlin (1977). 

% Dry matter*  Dry seed yield/sample Days after flowering Wet seed yield/sample 

14 53.49 27 14.44 

21 56.34 41 23.10 
, 

28 51J02 52 26.53 

• 35 50.40 • 68 34.27 

42 • 38.44 82 31.52 

49 36.37 87  • 31.64 

56 37.11 90 33.40 

*From Laughlin (1977) 
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The observation of Fairbairn and El-Masry (1968) that radioactive 

substances derived from morphine were transferred from the latex 

to the developing seed, may be viewed as supporting evidence. Loftus-

Hills (1945) stated that such losses in dry weight of seed-containing 

organs as a result of the translocation of reserve materials to 

the developing seed, is probably quite common. For example, the 

dry weight of the pods from the garden pea suffered a 40% decrease 

from the 21st to the 35th day after pollination. 

The fact that the increase in dry seed yield between the 21st 

and 35th day exceeds that lost by the capsule implies that either 

the capsule is an effective sink for photosynthates produced by 

the leaves or stem, or it is an efficient photosynthetic organ in 

itself. The work of Prokoflev and Godneva (1957) suggests that both 

processes are essential for normal capsule and seed development, 

but do not contribute equally. For example, placing the capsules 

in light-tight boxes two days after flowering resulted in a rapid 

loss of capsule chlorophyll and seed. Excluding only the leaves 

from light, however, produced no effect on capsule or seed for at 

least 15 days. Jernstedt and Clark (1979), when working with the 

closely related species of 64ch4cho-L3ia cati4o/mia found that the 

total photosynthesis by the immature capsule and seed more than 

balanced respiratory CO 2  losses. They concluded that these structures 

did not "constitute a major carbon sink for the plant during daylight 

hours". Applying these results to the above discussion, it may be 

theorised that the capsule was capable of producing sufficient assimilate 

during this period, but thereafter relied on the translocation of 

assimilates from the leaves. If this was insufficient to fulfil 

the deficit, then the required nutrients will be obtained at the 

expense of the capsule. It is interesting to note in this regard 
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that Pontovich and Karimov (1960) found a decreased protein content 

in the capsule at the commencement of seed maturation, as a result 

of a mobilisation of amino acids. 

That the above pattern was not observed in the glasshouse 

may be a reflection of a lack of competition between the developing 

seed and capsule under the more favourable growing conditions. 

The vegetative portions of the plant (experiment 1) also showed 

evidence of a more rapid dry matter loss during the 21 to 35 day 

period, which may also have been due to a transfer of reserve material 

to the developing seed (Loftus-Hills, 1945). 

Capsule dry matter losses after 35 days have been observed 

by several investigators (Schroder, 1965; Laughlin, 1980), but not 

by others (Loftus-Hills, 1945). In experiment 1, such losses only 

occurred after 70 to 77 days after flowering when rainfall and relative 

humidity were considerably higher than during the preceding weeks. 

This correlation between dry matter losses and climate has also 

been observed by Schroder (1965). In other studies, Danasoury et 

A 

at. (1971) noted a two-times greater dry weight loss on drying Berseem 

hay during moist seasons as compared to drier seasons. 

In experiments 2 and 3 the individual alkaloids were apparently 

shown to occasionally increase significantly (p < 0.05) in the capsule 

after 56 days after flowering. Such increases, however, are believed 

to be due to the sampling error, because the physiological age of 

the capsules at this stage would render such a real increase very 

improbable. Also, increases of this nature are not in conformity 

with previously published data. With regard to the glasshouse experiment 

(3), space necessitated the use of a sub-optimal number of plants 

per harvesting unit, and , on account of the very large plant to plant 

variation in alkaloid content (Pfeifer and Heydenreich, 1962; Tetenyi 
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and Vagujfalvi, 1965; Nyman, 1979) a large sampling error was to 

be expected. Also, the increased codeine content in experiment 2 

is contrary to the trend noted in the T o  (staked) capsules of that 

experiment (Section 4.3.5.2). 

Ignoring these apparently aberrant results, the effect of maturity 

on both content and yield of the individual alkaloids prior to 70 

days after flowering was very similar in the three experiments. 

The only major difference, that maximum morphine and codeine levels 

were attained approximately 14 days later in the glasshouse experiment, 

may be attributed to the extended growing period permitted by the 

water availability. It can therefore be summarised that the morphine•

and codeine content and yield increases with maturity, to reach 

a maximum in the semi-dry or dry capsule, while that of thebaine 

is highest in the very immature capsule and decreases with maturity. 

Analysis of the terminal capsules only (experiment 2) did not 

appear to affect the stage of maturity at which maximum capsule 

morphine and codeine contents were detected. This is in line with 

the observation of Laughlin (1980), that the lateral and terminal 

capsules attained their maximum morphine levels at the same stage 

after flowering. 

The initial decrease in the morphine content detected in experiment 

1 was unique among this set of experiments. The analysis of terminal 

capsules only in experiment 2 may have prevented its detection, 

since Laughlin (1980) noted this trend in the lateral capsules only. 

However, the fact that an analysis was not performed seven days 

after flowering in experiments 2 and 3 would have been the major 

factor. A similar trend was also observed, through not commented 

on, by Bunting (1963) in one variety in one year. The elimination 

of this decrease on a yield basis suggests that the decreased content 
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was a dilution effect, the morphine production not being able to 

keep pace with the rapidly increasing size of the capsule. A similar 

pattern was noted in the codeine content, but this too was eliminated 

on a yield basis. 

The attainment of maximum morphine content in the 35 to 42 

day old semi-mature or mature capsule has been observed in similar 

investigations (Heeger and Schroder, 1959; Bunting, 1963; Schroder, 

1965; Rustembekov and Argynbaev, 1977; Laughlin, 1980). Attainment 

in the semi-mature or mature capsule before or after this period 

has also been reported (Nikonov, 1958; Miram and Pfeifer, 1959), 

but may be attributed to the differing rates of maturation of the 

variety under those conditions. These reports are, however, in contrast 

to those that state a maximum content in the green, immature capsule 

(Waistein, 1951; Romisch, 1958; Dumitrashko, 1975). 

Laughlin (1980) noted that, while the morphine content of the 

capsule reached its peak 35 to 42 days after flowering, its maximum 

yield (kg/ha) was achieved 17 days after flowering because of the 

rapid increase in capsule dry matter. Similar yield trends have 

been reported by Loftus-Hills (1945) and Tookey et al. (1976) on 

a mgm/capsule basis, Heeger and Schroder (1959), kgm/ha from the 

whole plant, and Pfeifer and Heydenreich (1962), mgm/whole plant. 

•That similar changes were not noted here (on a mgm/sample basis) 

reflects the fact that the increase in content more than compensated 

for the decrease in capsule dry matter yield, particularly in 

experiment 1. 

The effect of maturity on codeine content and yield observed 

under the present conditions are in agreement with several similar 

investigations. Hence Dumitrashko (1975) and Dumitrashko and Babilev 

(1975) reported the highest codeine content and yield respectively 
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in capsules containing 80% dry matter. Heydenreich et at. (1961) 

analysed capsules up till 28 days after flowering (49% dry matter) 

and found the codeine content and yield still increasing. Pfeifer 

and Heydenreich (1962) showed that the codeine yield (mgm/plant) 

followed a similar trend to that of morphine, tending to reach a 

maximum 20 to 30 days after flowering at the, stage of "half-maturity". 

Unfortunately no data regarding the percentage dry matter changes 

were given. The only contradictory observation was that no significant 

change in codeine yield of terminal capsules (mgm/capsule) after 

eight days after flowering was noted by Tookey et at. (1976). 

Likewise, with thebaine, Heydenreich et ca. (1961) observed 

its highest content and yield in the very immature fruit, after 

which stage it generally decreased. Similar trends have been observed 

in yield from the whole plant (Pfeifer and Heydenreich, 1962). In 

the closely related genus of P. bizacteaturn the thebaine content has 

also been detected at its highest in the 10 day old capsule (Fairbairn 

and Helliwell, 1977), although this appears to be variety and/or 

environment-dependent(Aynehchi and Jaffarian, 1973). 

At this stage it is - interesting to compare the relationship 

between alkaloid accumulation and stage of growth in other species. 

In hemlock (Conium macu.tatum L.), the alkaloid content of the pericarp 

(to which they are restricted), increases with its development 

(Fairbairn and Suwal, 1961). Similarly, the capsaicinoid content of 

Cup4icum annuum var. annuun was observed to increase during fruit 

development, being restricted mainly to the placenta (Iwai et al.., 

1979). These results, plus the changes in morphine and codeine content 

in the capsule as observed here, are consistent with the view that 

alkaloid content is generally related to growth activity. Similar 

observations have been made with AtAopa bettadona (Bhat, private 
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communication), and Dub0414ia sp. (Luanratana and Griffin, 1980). 

This is not universal, however, since Delfel (1980) observed an 

inverse relationship between plant growth and alkaloid content in 

Cepha,lotaxu4 haA4ingtonia. 

It is improbable that the decreasing thebaine content in the 

developing capsule was due to its translocation out of this.organ, 

since during the period of expansion at least, there is a very rapid 

movement of the latex into the capsule (Fairbairn et al., 1974). 

Also, Heydenreich and Pfeifer (1962b)observed the movement of thebaine 

from the roots to the capsule during this period. The coincidence 

of the thebaine decrease and the increase in capsule and seed dry 

weight and morphine and codeine contents suggests two other means 

by which the decrease may be effected. The first, that the alkaloids 

may constitute an energy source,particularly for the developing 

seed, was postulated by Fairbairn and El-Masry (1968). This may 

be mediated through the production of bound forms (Fairbairn and 

Steele, 1980) or by direct breakdown (Hodges et aL, 1977). 

The second means, that of thebaine conversion to codeine and 

morphine, is in accordance with the known biosynthetic pathway. 

Indeed, Heydenreich and Pfeifer (1962b), on finding that decapitated 

plants accumulated thebaine, suggested that the conversion of thebaine 

to codeine and morphine takes place primarily in the immature fruits. 

It should be noted, however, that the increase in morphine yield 

alone is four times greater than the thebaine decrease in the period 

7 to 21 days after flowering in experiment 1. This, plus the fact 

that morphine continues to accumulate after 21 days despite  steady 

thebaine levels,suggests that capsule morphine is derived from 

either a source in the vegetative organs, a capsule thebaine pool 

that is continually replenished by translocation or capsule synthesis, 

or a.combination of both.• 
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Another way of explaining the observed alkaloid trends is 

by a consideration of substrate availability and enzyme activity. 

Delfel (1980) noted that alkaloid synthesis in Cephoutotaxu4 

haimingtonia ceased during periods of rapid growth, which he attributed 

to a channelling of the normal alkaloid substrates into plant growth. 

In the poppy, a similar  situation may exist during the first 20 

days after flowering, when the capsule and seed yields show their 

greatest increase, and the thebaine yield its greatest decrease. 

If the rate of conversion of thebaine to codeine and morphine remains 

unaltered during this period, then a decrease in thebaine production, 

possibly caused by substrate scarcity, may result in a decrease 

in the overall thebaine pool. On cessation of rapid seed and capsule 

development, substrates may again become available to equalise 

thebaine production and degradation. Codeine and morphine 

would continue to accumulate if production exceeded degradation. 

Heydenreich et a-1.. (1961) also attempted to explain 

alkaloid changes onthe basis of enzyme acivity. The simultaneous 

decrease in morphine content and increase in codeine content 

in the developing capsule, they suggested, was a result of a 

reduced capacity of the codeine demethylating system. Assuming 

these theories to be true, it serves as an interesting 

illustration of the varietal differences in alkaloid accumulation 

mediated through differing enzyme activities. 

With regard to alkaloid levels, a comparison of Table 4.1.5 

and 4.1.7 shows that the morphine content and yield per capsule 

obtained in the present investigation were generally far greater 

than those reported. Codeine levels were within the average reported 

range, while thebaine also appeared to be above average. No doubt 



Table 4.1.7. Maximum morphine, codeine and thebaine contents (dry weight basis) and yields reported by various researchers. 

Morphine Codeine  Thebaine 

Content (%)  Yield  Content (%)  Yield  Content (%)  Yield 
f  

Laughlin (1980) x  1.08  13.29kgm/ha 

Bunting (1963)  0.25-0.85 

Loftus-Hills (1945)  0.50  14mgm/capsule 

Schroder (1965)  0.46  8.7mgm/copsule 

Tookey et a/. (1975)  25mgm/capsule 

Tookey at al. (1976)  15mgm/capsule 

Heeger and Schroder (1959)  '0.47-0.70  4.7-5.2kgm/ha 

Heydenreich et at. (1961)*  0.3  4gm/capsule  0.017  0.4mgm/capsule  0.035  0.35mgm/capsule 

Bernath and Tetenyi (1979)  0.68  0.05  0.03 

Aksanowski et at. (1962)  1.1 

Dumitrashko (1975)  0.76  0.89-0.12 

Dumitrashko and Babilev (1975)  0.64  2.89kgm/ha  0.45kgm/ha 

Heltmann and Arslan (1978) +  0.31  0.55  0.32 

Lorincz and Tetenyi (1970)  0.6-0.8 

Musalevski and Teodosievski (1970) 0.22-0.55 

Rustembekov and Argynbaev (1977) . 	0.59  0.13  0.78 

Waistein (1951)  3.3 

Kleinschmidt and Mothes (1958)  0.4-1.0 

Daley at at. (1960)  0.42-0.53 

x
A Tasmanian variey grown under Tasmanian conditions 

Approximate averages for terminal and lateral capsules 

+Specially selected high codeine,'thebaine/low morphine variety. 

Author(s) 
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variety plays an important role in producing these higher yields, 

since considerable breeding by the Tasmanian industry has been under-

taken for just such a purpose. The effect of environment must not 

be neglected, however, since it can have a very marked effect on 

yields. For instance, a Spanish variety of poppy, generally yielding 

1.2 to 1.8% morphine in the ripe capsules, only produced 0.6 to 

1.0% under Swedish conditions (Nyman, 1979). 

The greatest variations in the individual alkaloid contents 

between the three experiments occurred with codeine and thebaine 

(Table 4.1.5). The morphine:codeine ratios were within the normal 

range reported by Nyman and Bruhn (1979). Thebaine is generally 

reported as being a tenth that of morphine, but the 

stage of development at which this applies was not given. 

If it applies to the mature capsule, then the ratio of thebaine 

(which generally decreases 50% during maturation), to morphine, 

in experiments 1 and 3, is within the expected range. 

The higher proportion of thebaine detected in glasshouse-grown 

plants compared to those grown in the field, may have been an environ-

mental effect. Tookey et al. (1976), for example, obtained a very 

high codeine:morphine ratio of 0.42 under controlled conditions, 

and have noted ratios as high as 1.35. Bernath and Tetenyi (1979) 

found that the major factor affecting the morphinane alkaloid ratios 

was light intensity; a high light intensity favoured the accumulation 

of the methylated alkaloids thebaine and codeine. This they, reasoned, 

was due to the saturation of the codeine demethylating enzyme by 

the larger quantities of codeine produced at higher light intensities, 

which may then result in an accumulation of the precursors. The 

response to light intensity was observed to be variety dependent. 



174 

The higher content and yield of codeine and thebaine, but not 

morphine, in the later flowering plants (block 4) suggested that 

such a mechanism was just operating. In blocks 1, 2 and 3 codeine 

synthesis may have been at such a rate so as to maintain the codeine-

demethylating system marginally below saturation level. The greater 

vegetative production in block 4 may have permitted sufficient 

codeine production to saturate this system, thereby encouraging 

an accumulation of the immediate precursors, with minimal effect 

on morphine levels. 

The unusual growth habit observed under glasshouse conditions, 

namely numerous secondary capsules and tall thin stemmed plants, 

may have been caused by the combined influence of a number of 

factors. For example, a higher light intensity produces tall plants 

with a higher vegetative yield, a greater number of larger capsules, 

and a higher alkaloid content (Bernath and Tetenyi, 1979). A higher 

plant density encourages the development of tall thin stemmed plants 

with few lateral capsules. High day temperatures stimulate morphine 

accumulation (Brykin, 1971), while the number of leaf nodes produced 

is directly related to—the capsule weight (Mika, 1955). By consider= 

ing these facts,the observed growth habit may have been produced 

as follows: The taller plants are produced by a high plant density, 

and the greater vegetative yield by the higher photon flux densities 

under glasshouse conditions. The increased moisture availability during 

the maturation period allowed the development of the numerous lateral 

capsules. The decreased capsule weight may have been a result of 

the long day treatment being given too soon after germination, so 

that the number of nodes produced were lower than usual. Its 

discontinuation after induction may have produced a similar effect (Mika, 

1955). Finally, the higher alkaloid content could have been effected by 

the higher day temperatures produced under glasshouse conditions. 
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The causative factor(s) of the capsule and stem deformity noted 

under glasshouse conditions is not clear. Nutritional factors may 

have been involved, since boron deficiency has been suspected of 

causing stem splitting, capsule deformation, and capsules with little 

or no seed (Anon, 1978b). This, however, is improbable on account 

of the regular supply of a complete nutrient (Hoaglands) solution 

to the plant. The discolouration of the affected areas was due to 

oxidative browning of the exuded latex. 

The most important difference in alkaloid trends between the 

three experiments was the significant decrease in morphine and codeine 

contents and yields and capsule yield after 77 days after flowering 

in experiment 1, when above average rainfall was recorded. In 

experiment 2 rainfall was below average, and no loss occurred. 

In an average season, therefore, a slight decrease in alkaloid 

content may be expected, as was observed by Laughlin (1980) 

in north-west Tasmania. 

Similar effects of moist weather have been recorded on other 

occasions. Heeger and Schroder (1959) observed a 35% 

morPhine yield (kgm/ha) between 35 and 50 days after flowering, 

but none in the following year. Bunting (1963), although detecting 

losses in all five years, obtained the greatest losses in morphine 

content, in one instance up to 70%, in the wet seasons. Schroder 

(1965) likewise noted a 60% loss in both yield per capsule 

and morphine content in a wet season, but only a 16% loss in 

yield per capsule, and no morphine loss, in a dry season. 



4.2 Changes in Capsule Surface Characteristics During Maturation 

4.2.1  Introduction  

It has frequently been observed that the alkaloid 

content or yield of the dry mature poppy capsule decreases 

after attaining a maximum during the semi-ripe stage, usually 

35 to 42 days after flowering (Bunting, 1963; Laughlin, 1980). 

Such a pattern was observed in the 1978/79 season (Section 

4.1.3.1). Three theories have been proposed to account for 

these losses: (1) leaching (Loftus-Hills, 1945; Bunting, 1963; 

Schroder, 1965; Nyman and Hansson, 1978); (2) the activity 

of endogenous plant enzymes (Bunting, 1963; Laughlin, 1977); 

and (3) microorganisms (Laughlin, 1977). The latter two mechanisms 

may be grouped under the general heading of biodegradation. 

The rate of water entry into the capsule governs, to a 

large degree, the effectiveness of these mechanisms. In the 

case of leaching losses, this is a direct effect. With biodegradation 

its effect is by virtue of the fact that some remoistening _  _ 

of the mature capsule is required to increase the water activity 

sufficiently to allow these mechanisms to act (Ayerst, 1965), 

and the lower the rate of water entry, the longer the remoistening 

time required. 

Previous results (Section 4.1.3.1) regarding changes in 

staked capsules, indicated a relationship between the degree 

of alteration to the pericarp, primarily by inter-plant abrasion, 

and the susceptibility of the capsule to alkaloid and dry matter 

losses. It was therefore considered important to gain an appreciation 

of the nature of the changes to the pericarp surface during 
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maturation, and their effects on water repellency and penetration. 

Scanning electron microscopy was employed to determine 

the nature of the capsule surface directly. The contact angle 

between a water droplet and the plant surface, which may give 

an indication of wax structure, was also determined. Changes 

in the mass of wax per unit area of capsule surface were followed 

to give an indication of whether the changes involved actual 

wax removal from the capsule. 

Two methods were used to provide a more direct indication 

of wettability and penetration. The first involved soaking 

the capsules in rhodamine dye and recording the degree of staining 

of the pericarp. The second, that of noting the degree of penetration 

of manganese through the pericarp of a capsule floated on a 

bath of manganous sulphate by EDX analysis, was used to determine 

the "relative"  changes in the ease of water penetration through 

the pericarp during maturation. A similar but less detailed 

study using iron was also conducted. 

	

4.2.2 	Material  

All material was obtained from a field-grown crop 

(Section 3.3.1.A) or plants grown under standard glasshouse 

conditions. 

	

4.2.3 	Terminology  

In this section the following terminology will be 

used: 

Undamaged  - those capsules, or areas of the capsule, which 

have not suffered any visible damage, as indicated by an intact 

waxy bloom. Such capsules were generally obtained by staking 

(Section 3.3.2.1) or growing under glasshouse conditions. 



Damaged - those capsules, or areas of the capsule, which had 

suffered some form of damage as evidenced by an incomplete 

waxy bloom. These capsules were obtained from plants grown 

under normal field conditions. 

- Wax - those capsules whose wax had been removed by chloroform 

washing. 

4.2.4  Presentation of Manganese Data  

If an element is present in biological material in 

sufficient quantity, a peak will appear in the X-ray spectrum 

corresponding to its principal emission line (Huett, 1979). 

The direct presentation of X-ray spectra have been used to 

demonstrate the location of elements in a specimen (Lott and 

Buttrose, 1977) and visual estimates of peak heights used to 

indicate location and relative concentrations (Chino and Hidaka, 

1977). However, such estimates with biological material is 

open to considerable error because the varying sample geometry, 

so often present in biological material, may affect X-ray generation 

_(Huett, 1979). 

Several workers, including Buttrose (1978) and Lott et a/. 

(1978), estimated the background levels of the element of interest, 

which was then subtracted from the total integrated count under 

the peak, and the result divided by the background. This peak 

minus background to background ratio, according to Lott et a/. 

(1978), compensates for variations in sample thickness and 

differences in sample density. An additional advantage of this 

method is that numerical data may be presented, thereby increasing 

the ease of data interpretation and giving a more accurate 

estimate of relative element concentration. 
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In the present study the data have been used mainly for 

qualitative analyses to determine the presence or absence of 

manganese at various depths in the pericarp. However, corrected 

integrals for the manganese peaks obtained from the outer surface 

of the capsule were recorded, and where large differences existed, 

were used as an indication of concentration differences between 

the treatments. 

The choice of manganese as the marker ion greatly simplified 

calculations of the corrected integral. As Plate 

4.2.1 illustrates, its absence in the untreated material, and 

its position in the X-ray spectrum, provided a relatively easy 

and accurate means of determining the manganese background. 

This was achieved by calculating the regression equation of 

the chromium and nickel integrals against the energy of their 

respective Ka lines. Neither of these elements are present 

in the untreated or treated specimen, and were therefore assumed 

to be indicative of the background. The background level corresponding 

to manganese was then determined by substituting the energy 

of its Ka line into the regression equation. This figure was 

then subtracted from the total manganese integral to provide 

the peak minus background. This method provided greater accuracy 

in background level determinations than the monitoring of a 

single adjacent non-peak area (Buttrose, 1978; Huett, 1979), 

because of the often sloping nature of the background. 

Prior to performing the above calculations, all the recorded 

integrals were adjusted to a chromium level of 1000. This had 

a similar effect as obtaining the peak minus background to 

background ratio in that it allowed more accurate comparisons 

between spectra containing different background levels. 
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Plate 4.2.1  
EDX spectrum of an untreated (white) and manganese-

treated pericarp obtained from field-grown capsules. The 

identity of the peaks are given. 
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4.2.5 	Results  

4.2.5.1 	The Waxy Bloom 

The waxy bloom on the pericarp had not fully developed 

until several days after flowering, by which time they had 

acquired a silvery-grey appearance. Under normal field conditions, 

the bloom was gradually replaced by a shiny surface, until 

by 70 days after flowering, only those areas at the base of 

the capsule and directly under the stigmatic disc, possessed 

the original bloom. 

The staked and glasshouse capsules showed little change 

in the bloom during the full period of analysis. 

4.2.5.2 	Scanning Electron Microscopy  

A. 	Structure  

The external surface of the pericarp obtained from the 

capsule still in the bud stage (Plate 4.2.2) contained numerous 

stomata in an apparently very wrinkled surface. At this stage 

there was no evidence of the typical wax structure as observed 

on the more mature capsules, -61though depotits of unknown composition 

were present (Plate 4.2.3). Just prior to flowering, the pericarp 

surface apparently lost some of its wrinkled appearance (Plate 

4.2.4). 

By the seventh day after flowering, the external appearance 

of the undamaged field and glasshouse grown pericarp was changed 

drastically (Plate 4.2.5) by the development of an almost complete 

covering of a crystalline wax layer. The wax consisted of a 

dense layer of acicular or rod-shaped crystals without order 

or orientation (Plates 4.2.7 to 4.2.10). Their dimensions varied 

considerably depending on origin, but generally ranged from 
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Plate 4.2.2  

The pericarp of a very immature capsule (in the bud 

stage) showing it's highly wrinkled surface. Bar = 100vm 

Plate 4.2.3  

High magnification of Plate 4.2.2, showing the presence 

of scattered deposits of unknown composition. Bar = 3pm 

Plate 4.2.4 

The pericarp surface just prior to flowering, showing 

decreased wrinkling and numerous stomata, but no wax 

component. Bar = 100pm 

Plate 4.2.5  

The surface of the seven-day-old pericarp showing the 

complete covering of wax crystals. Numerous stomata, generally 

devoid of wax, were present. Bar = 60vm 
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2-5pm in length and 0.3-0.5pm in diameter. Washing the surface 

with chloroform removed all evidence of the above structure 

(Plate 4.2.6). 

The apparent inability to observe the cuticle through 

the wax layer may be taken as an indication of its thickness. 

More conclusive evidence was obtained by examining the pericarp 

cross-section obtained by fracturing. Although it was difficult 

to obtain high quality micrographs, Plates 4.2.7 and 4.2.8 

do indicate that its thickness may exceed 7pm. These also illustrate 

the completely random array of the crystals. 

As mentioned above, the dimensions of the wax crystals 

vary considerably, ranging from short, thick (Plate 4.2.18), 

to longer, often very thin and delicate forms (Plates 4.2.9 

and 4.2.10). Such structures were observed on both field and 

glasshouse-grown capsules, though the more delicate structure 

was generally observed on the latter. The full range of structures 

was occasionally observed on the one capsule, with the longer 

crystals being concentrated toward the apical end of the capsule, 

or around stomata (Plate 4.2.22). 

In addition to the usual wax crystals, other structures, 

presumably of similar composition, were occasionally observed. 

These appeared to be sheets of wax (Plates 4.2.11 and 4.2.12) 

and agglomerated crystals (Plates 4.2.13 and 4.2.14). 

Asa rule, the stomata were devoid of wax and were clearly 

visible l on the capsule surface (Plate 4.2.5). Occasionally 

however, they were found to be either partially or completely 

occluded with wax, usually long and thin in structure (Plates 

4.2.15 and 4.2.16). 
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Plate 4.2.6  

The mature pericarp surface following washing 

with chloroform. The typical wax structure has been 

destroyed. Bar = 20pm 

Plate 4.2.7  

Micrograph of a fractured portion of the pericarp, 

giving some indication of the structure of the wax layer, 

and it's thickness. Bar = 3m 
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Plate 4.2.8  

Micrograph of the fractured portion of the pericarp 

obtained using the homomorphic filter. This confirms the 

structure observed in Plate 4.2.7 and illustrates the 

random array of rod shaped wax crystals. Bar = 3pm 

Plates 4.2.9 and 4.2.10  

Micrographs illustrating the varying dimen -Sions of wax 

crystals observed. The curled tips of the wax in Plate 4.2.9 

may be an artifact caused by heating during analysis. 

Bar = 3pm 
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Plate 4.2.11  

Micrograph illustrating what appear to be sheets or 

platelets of wax protruding through the typical wax layer. 

A stomate, whose guard cell is devoid of wax, is seen at 

bottom left. Bar = lOpm 

Plate 4.2.12  

Masses of wax apparently resting on the layer 

of wax crystals. These are smaller in size to those observed 

in Plate 4.2.11. Bar = 3pm 

Plate 4.2.13  

Very long, thick wax deposits interspersed with the 

normal wax crystals. These often appear to be aggregates of 

crystals aligned in the same direction. Bar = lOpm 

Plate 4.2.14  

An unusual structure (bottom left) which appears to be the 

result of a partial melting or agglomeration of the wax. Note 

the typical wax crystals at left. Bar = 6pm 
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Plates 4.2.15 and 4.2.16  

Micrographs showing varying degrees of stomatal covering

•by wax crystals. The origin of the crystals, whether from the 

guard cells or the surrounding cells, is difficult to 

determine. Bar = 3pm 
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B. 	Changes During Maturation  

Under glasshouse conditions, little change in the pericarp 

surface was noted following the development of the typical 

wax structure. At no stage was a decrease in wax integrity 

observed. 

• 	Under field conditions, however, the situation was entirely 

different. Already at seven days of age, the pericarp had suffered 

damage in the form of long scratches (Plate 4.2.17) which resulted 

in the apparent fusing of the crystals (Plate 4.2.18). In 21 

day old capsules, surface damage had increased to the stage 

where large areas had been altered (Plate 4.2.19). The crystals 

of the damaged area were generally aligned in the same direction. 

In certain areas, either the wax had fused to form a smooth 

surface, or damage was severe enough to expose a smooth surface 

beneath (Plate 4.2.20). 

The severity of the damage continued to increase with 

age. Several areas of 42 day old capsules showed a loss of 

the typical wax structure accompanied by deep striations (Plate 

4.2.21). Such alterations appeared restricted primarily to 

the raised areas of the pericarp, since sunken areas, such 

as the stomatal regions, still possessed undamaged wax (Plate 

4.2.22). Similarly for those regions immediately below the 

stigmatic disc, or at the very base of the capsule. 

At this stage of maturity also, an area was observed where 

the wax crystals showed no common direction, but were simply 

"thinned out", such that the cuticle was seemingly exposed 

(Plate 4.2.23). Scratches or striations were also absent in 

these areas. 

By 49 days after flowering approximately 50% of the capsule 
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Plate 4.2.17  

The outer surface of the pericarp of a seven-day-old 

field grown capsules .Note the generally intact wax layer with 

occasional scratches. Stomata are numerous and slightly 

sunken. Bar = 100pm 

Plate 4.2.18  

Higher magnification of a striated portion of Plate 4.2.17. 

The affected wax crystals have been smeared, resulting in 

their fusion and a subsequent decrease in surface roughness. 

Bar = 3pm 
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Plate 4.2.19 

The 21-day-old capsule showing a darkened area of 

damaged wax adjacent to an area possessing the typical 

wax structure. Bar = 20pm 
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Plate 4.2.20  

High magnification of the dark area of Plate 4.2.19. 

Note the general alignment of the wax crystals and small 

areas (bottom left) apparently devoid of the crystalline 

wax covering. Bar = 3pm 
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Plate 4.2.21  

Micrograph of the 42-day-old capsule showing an area 

of severe structural damage of the wax layer. There appears 

to be numerous deep scratches in the pericarp surface 

Bar = lOpm 

Plate 4.2.22  

High magnification of the stomata] region of Plate 

4.2.21. Damage, probably caused by smearing or rubbing, 

resulted in a complete loss of wax structure. Such damage 

was not observed in the sunken areas of the pericarp, such 

as the stomata (upper right). Note the longer and more 

delicate wax crystals surrounding the stomate. Bar = 3pm 
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surface had lost its typical wax structure (Plate 4.2.24) and 

this figure increased to roughly 80% by the 63rd day (Plate 

4.2.25). 

In the 70 to 80 day old capsules, damage had increased 

to the extent that small cracks were visible on the outer pericarp 

surface (Plate 4.2.26), These appeared to continue through 

both the wax layer and the cuticle proper (Plate 4.2.27) to 

produce structures resembling free or "floating" portions of 

cuticle or wax. During the last 14 days of analysis; dramatic 

changes were noted. The relatively smooth appearance was replaced 

by a rough, almost tesselated texture (Plate 4.2.28). Large, 

deep cavities and numerous fine cracks were also evident (Plate 

4.2.29). At this stage also, fungal conidiophores, covering 

large areas of the capsule (Plate 4.2.30), caused considerable 

disruption to the pericarp surface (Plate 4.2.31). 

Despite all these changes, the typical wax crystals 

were still observed, but restricted mainly to the underside 

of the capsule. In other areas, however, it appeared to have 

- partially—melted -and -fused (Plate 

Staked field-grown capsules possessed a similar wax structure 

but showed little of the structural damage during maturation 

described above. 

C. 	The Stigmatic Disc  

The stigmatic disc consists of a series of ridges radiating 

from a central point, interspersed by valleys (Plate 4.2.33). 

During the full period of analysis (21 to 90 days), the ridge 

top, on which the stigmata were attached during the flowering 

• period, was completely devoid of the usual epidermis and cuticle, 

such that no protective layer between the atmosphere and the 
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• 	 Plate 4.2.23  

An area of the 42-day-old capsule possessing an atypical 

wax layer. Several aggregates of wax are present as well 

as completely bare areas. Bar = lOpm 

Plate 4.2.24  

Micrograph of the 42-day-old capsule showing a diminished 

wax covering. Bar = 60pm 

Plate 4.2.25  

The surface of the 63-day-old capsule. Approximately 

80% of the wax covering has been removed. Bar = 100pm 

Plate 4.2.26  

Cracks observed in the pericarp surface of the 70i 

80-day-old capsule. The typical wax covering was still 

present (upper right) in restricted areas. Some surface 

charging was evident. Bar = 100pm 
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Plate 4.2.27  

The 70 to 80-day-old capsule showing deep cracks and 

portions of cuticle and/or wax which have become detached 

from the main body. Areas of bare cuticle are exposed. 

Bar = 20pm 

Plate 4.2.28 .  

The very rough surface, containing numerous cavities and 

fungal conidiophores (bottom) on the 84 to 91-day-old 

capsule. Bar = 100pm 

Plate 4.2.29  

High magnification of the cavities in Plate 4.2.28. 

These appear to be extensive and are surrounded by numerous 

smaller cracks. Bar = lopm 
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Plate 4.2.30  

Fungal conidiophores, which often covered large areas 

of the capsule, protruding through the outer pericarp wall. 

Note the occasional oval shaped fungal conidium still 

attached to the conidiophore. Bar = lOpm 

Plate 4.2.31  

High magnification of the protruding conidiophore and 

the associated damage to the pericarp wall. It's collapsed 

appearance is presumably an artifact due to dehydration during 

coating and examination. Bar = 6m 

Plate 4.2.32  

The wax structure observedon 91-day-old capsules, 

which resembles a partial melting of the wax, and 

subsequent fusing. Bar = 6pm 



206 



Plate 4.2.33  

Top view of the stigmatic disc showing the ridges (R) 

and valleys (V) radiating from it's apex (bottom middle) 

Bar = 200um 
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Plate 4.2.34  

Fractured cross-section of the stigmatic disc ridge. 

No protective layer, such as an epidermis or cuticle, was 

observed on the upper portions of the ridge. Bar = 200um 
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cells beneath existed (Plate 4.2.34). Occasionally deep cracks 

were observed originating from the ridges (Plate 4.2.35), particularly 

in the more mature capsules. 

The cuticular structure in the valleys was in marked contrast 

to that of the pericarp, in that the typical rod shaped wax crystals 

were not observed at any time during the analysis period. What 

was noted, however, appeared to be a deep, regular (Plate 4.2.36) 

or irregular (Plate 4.2.37) cracking of the surface, seemingly 

caused by a contraction process. 

4.2.5.3 Wax per Unit Area  

The average weight of wax on the capsule was approximately 

0.09mgm/cm 2  (Figure 4.2.1). The regression of wax deposit against 

maturity was not significant, nor was the regression coefficient 

significantly different from zero. However, the trend of a 

decreasing wax deposit with age was obvious. The deposit on 

the undamaged capsules 91 days after flowering was the highest 

detected. 

4.2.5.4 Contact Angle Analysis  

The contact angles of the damaged and undamaged areas 

of the pericarp showed no consistent change with maturity. 

Hence all values for the two different areas were considered 

as part of two samples; the means and standard deviations were 

161'1- 5 °  and 131 1- 24°  for undamaged and damaged areas respectively. 

The contact angles of the apparently undamaged areas were higher 

and considerably less variable than those obtained from the 

damaged areas. In several instances, the values obtained from 

the latter varied up to 30 0  either side of the mean. 

Although the contact angles of the two areas changed little 



Plate 4.2.35  

Micrograph showing the occasional deep cracks originating 

from the ridges on the stigmatic disc. Bar = 200pm 
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Plate 4.2.36  

Micrograph obtained from an area to the right of Plate 

4.2.35 showing the contraction of the surface to produce 

a fairly regular pattern of cracks and subsequent disruption 

to the cuticular integrity. Bar = 30pm 

Plate 4.2.37  

Micrograph obtained from an area to the left of Plate 

4.2.35 showing deep cracks in the surface. These cracks 

do not appear to extend into the epidermal cell layer, 

and therefore may indicate the thickness of the cuticular 

(including wax, if present) layer. No acicular wax crystals 

on the stigmatic disc were observed. Bar = 30pm 
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FIGURE 4.2.1 

The effect of outurity on the weight (Kin) of wax per unit area (sCi.cm.) of the pericorP 

(c)) fnan field-grown capsules. 

(D) = staked ccrsules. 

— 	= regression line (excluding the staked ca)sules). 



with time, the proportion of the damaged areas on the pericarp 

increased continually during maturation. Thus, 7 days after 

flowering, no damaged areas were visible, while 70 days later 

this situation was almost reversed. 

Contact angle measurement of the staked and glasshouse-

grown capsules was virtually impossible because of the difficulty 

of getting water droplets to remain on the capsule surface. 

This in itself indicated very high contact angles. No damaged 

areas were present on these capsules. 

4.2.5.5 	Rhodamine Analysis  

The presence of the waxy bloom over stained areas, 

as shown for example in Plate 4.2.44, gives the impression 

of a reduced adsorption of the dye. Therefore interpretations 

are based on the area of staining, and not it's intensity. 

Very little staining of the green capsule occurred (Plate 

4.2.38). In the semi-dry capsule (35 days after flowering), 

some staining, restricted mainly to the raised areas of the 

middle_portion,of the pericarp, was noted (Plate 4.2.39), with the 

damaged and -wax pericarp showing similar amounts. At 42 days 

the -wax pericarp showed increased staining on its upper portion, 

which was not noted on the damaged pericarps (Plate 4.2.40). 

By 49 days, however, both treatments were heavily stained, 

but -wax still showed the greatest (Plate 4.2.41). It was 

still restricted to the upper portions and, particularly in 

the damaged treatments, to the raised inter-placental regions. 

The staining pattern changed little during the remainder of 

the analysis period (Plate 4.2.42), with the -wax pericarp 

always exhibiting the highest degree of staining. 

It was noted also, that staining of the damaged pericarp 

213 



Plate 4.2.38 

Rhodamine treatment of the 21 day old capsule. Little 

staining was observed in either the -wax (left) or the damaged 

(right) capsules. Note the loss of the waxy bloom on the 

exposed areas of the damaged capsule. 

Plate 4.2.39  

Rhodamine treatment of the 35 day old capsule. Very little 

difference in the staining intensity was noted between the 

-wax (left) and the damaged (right) capsule. 
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Plate 4.2.40  

Rhodamine treatment of the 42 day old capsule showing 

less staining on the damaged (right) than on the -wax (left) 

capsules. 
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Plate 4.2.41  

The rhodamine treated 49 day old capsule. The -wax capsule 

(left) had the highest degree of staining, which was mainly 

restricted to the upper portions of the capsule. The damaged 

capsule (right), though possessing a waxy bloom, was also 

stained. 
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Plate 4.2.42  

Rhodamine treatment of the 77 day old capsule. The -wax 

capsules (left) showed considerably greater staining. Staining of 

the damaged capsules (right) also occurred, even in areas where 

a waxy bloom was present. 
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Plate 4.2.43  

The mature damaged capsule following rhodamine staining. 

Staining was generally confined to the raised areas and apparent 

scratches in the capsule surface. 
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was not always uniform, but often tended to concentrate along 

certain lines which appear to have been scratched in the surface 

(Plate 4.2.43). 

Staining of the undamaged (staked) 63 day old pericarp 

was minimal, although still present (Plate 4.2.44). In the staked 

-wax pericarp of the same age, however, staining was very similar 

to the unstaked capsules, but did not exhibit the same "scratchy" 

appearance. Glasshouse-grown capsules likewise showed little 

staining (Plate 4.2.45). 

The mature stigmatic disc, when soaked in rhodamine dye, 

also showed considerable staining, particularly of the ridge 

and the valley portions close to the apex (Plate 4.2.46). 

4.2.5.6  Penetration Studies 

A.  Iron  

Studies were conducted on the mature damaged 56 day old 

capsules only. Penetration of iron after 30 minutes soaking .  

(as indicated by the dotted line) was restricted to the first 

four layers of cells (Plate 4.2.47), but most often confined 

to the epidermal cells (Plates 4.2.48 and 4.2.49). With 60 

minutes soaking the depth of penetration increased to typically 

four cells (10-16% of the total pericarp section, Plate 4.2.50), 

and  with 105 minutes soaking,, to approximately eight cells 

(25-35%, Plate 4.2.51). 

-Wax sections on average showed greater penetration, occasionally 

up to 50% of the section thickness, but results were often 

variable. 

The above micrographs illustrate that penetration did 

not occur over the entire pericarp surface, but was restricted 



Plate 4.2.44 

Rhodamine treatment of the undamaged field grown capsule. 

Although staining of the -wax (left) capsule was similar to it's 

unstaked component, little staining of the undamaged (right) capsule 

occurred. 
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Plate 4.2.45 

Rhodamine stailing of the mature glasshouse grown capsule, 

showing comparitively little staining. 
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Plate 4.2.46 

Rhodamine treatment of the stigmatic disc. Staining  was  confined 

mainly to the ridges. 



Plate 4.2.47 

Iron penetration into the damaged 56-day-old capsule 

treated for 30 minutes. Penetration, as indicated by the 

dark staining, was most intense in the epidermal cells, but 

extended to a total depth of four cells. Penetration is 

marked by the dashed line. Bar = 50pm 

Plate 4.2.48 

Typical staining obtained on soaking a damaged 56- 

day-old capsule in an iron solution for 30 minutes. 

Penetration of the outer epidermal wall only was generally 

observed. Note that the stomata and the surrounding area 

is not stained. Bar = 50pm 
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Plate 4.2.49 

Iron penetration of a 56-day-old capsule soaked for 30 

minutes. Penetration was very localized and shallow. 

Bar = 50pm 
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Platae 4.2.50 

Iron treatment of the damaged 56-day-old capsule for 

60 minutes. Depth of penetration was approximately four 

cells. Bar = 50pm 





Plate 4.2.51  

Iron treatment of the damaged 56-day-old capsule for 

105 minutes. Penetration extended to eight cells below the 

cuticle. There was heavy localized staining at certain 

points on the epidermis. Bar = 50pm 
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Plate 4.2.52 

Iron treatment for 30 minutes, illustrating the localized 

nature of penetration and the variability in the depth of 

penetration. Bar = 50pm 
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to isolated, and apparently unrelated, areas. No regular staining 

of stomata or stomatal regions was observed. 

Only average results have been presented since results 

were often variable. For example, within the same section soaked 

for 30 minutes, depths of penetration were found to vary from 

cuticular to six cells (approximately 20% of the pericarp section, 

Plate 4.2.52). 

B. 	Manganese  

During the soaking process a Silvery sheen was noted on 

the undamaged capsules which was accompanied by a downward-

pointing mOniscus. Such characteristics were not observed on 

the remaining treatments. Also, the suppleness of the soaked 

mature capsules was greatest in the absence of wax, and were 

the easiest to section. A similar effect was noted with 90 

minutes as.compared to 45 minutes soaking. 

Plates 4.2.53 to 4.2.57 illustrate the typical spectra 

obtained at the pericarp wall for varying concentrations of 

manganese. It was generally observed that the.height of the 

manganese and the calcium and potassium peaks varied inversely, 

such that an increase in the former was associated with a decrease 

in the latter two. 

A comparison of the data averages reveals that the integral 

and depth of penetration show similar variations with treatment 

(Table 4.2.1). Integrals were higher with the 90 minutes soaking 

(except for -wax pericarps), while depth of penetration remained 

fairly constant. 

With regard to treatment effects, undamaged pericarps 

showed lower integrals and decreased depths of penetration, 



Plates 4.2.53 to 4.2.57 

EDX-spectra of cross-sections of the pericarp soaked 

in manganese solution, showing different manganese integrals. 

Plate Corrected manganese integral 

53 636 

54 2756 

55 8194 

56 12500 

57 182537 

Note that, as the manganese peak height (and therefore it's 

integral) increases, so the peak heights of calcium and 

potassium decreases. 
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Table 4.2.1.  Manganese integral at the pericarp surface, and depth of penetration directly below the point of the recorded integral (in 

% of total pericarp cross section) of capsules soaked in 0.1M MnSO 4  for 45 and 90 minutes at various stages of maturity.  

Days after 

flowering 

Undamaged . Damaged - Wax 
Average 

45 Minutes 90 Minutes 45 Minutes 90 Minutes 45 Minutes 90 Minutes 

Integral Depth Integral Depth Integral Depth Integral Depth Integral Depth Integral Depth Integral Depth 

7 0 0 

14 0 0 488 30 

21 1287 100 148 6 

28 1053 100 282 25 

35 27 2 492 8 387 2 6056 73 478 11 3286 86 1788 30 

42 645 6 761 1 4381 77 506 5 3266 50 2153 33 1952 29 

49 1501 10 1724 20 4857 96 2843 36 3035 47 3527 63 2914 45 

56 5353 94 3368 59 7726 100 7600 66 9024 82 2603 51 5946 75 

63 2462 10 767 6 7283 60 6988 99 6567 82 1364 79 4238 56 

70 614 12 3107 65 11626 74 11587 100 7599 89 9120 100 7275 72 

77 6183 78 3408 68 10604 77 15536 100 8993 66 8226 100 8825 81 

91 2784 44 10733 100 12415 100 13323 100 7795 84 9601 78 9441 84 

Average* 2446 32 3045 41 7409 73 8054 72 5844 64 4985 74 

*Average of 35 to 91 days only. 
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while damaged pericarps were the highest. 

The unusually high results obtained with the 56 day old 

pericarps was the only factor which interrupted the pattern 

of increasing integral and depth of penetration with increasing 

age of the pericarp. 

The individual data, however, showed large variations 

from this general pattern, particularly in the undamaged treatments. 

For example, depth of penetration apparently changed from 0 

to 100% from 14 to 21 days after flowering. In the 21 and 28 

day harvests the integral was highest on •the inner pericarp 

wall, a phenomenon not noted during any other analysis. 

Despite these discrepancies several trends emerged. No 

manganese was detected on 7 day old sections. At 14 days 

undamaged and -wax sections showed 0 and 20% penetration respectively. 

This treatment difference increased in magnitude during maturation. 

The damaged sections, not .analysed until the 35th day because 

of their relative scarcity, showed similar values as the -wax 

sections at this time. In subsequent analyses, however, the 

former was associated with greater manganese penetration and 

adhesion. 

At the last three analyses the integrals were still considerably 

lower on the undamaged sections, but depth of penetration was 

similar to the remaining two treatments. 

Table 4.2.2 lists the results obtained for the stigmatic 

discs. The only factor showing a response to length of penetration 

was the valley integral, which increased for the 90 minute 

soaking. Both integral and depth of penetration increased with 

the maturity of the sample. 100% penetration in the valleys 

was not noted until 91 days after flowering. Integrals were 



Table 4.2.2. Manganese integral at the outer surface of the stigmatic disc,and the depth of penetration (mm) directly below the point 

of the recorded integral of material soaked in 0.1M MnSO4 for 45 and 90 minutes at various stages of maturity. The  

percentage penetrtion is given (in parentheses) for the valleys only.  

 

Ridge  Valley 
Days after 

flowering 
Average 45 Minutes 90 Minutes 45 Minutes 90 Minutes 

Integral Depth Integral Depth Integral Depth Integral Depth Integral  Depth 

21 5397 3.5 - 2434 1.0(100%) 

49 8054 1.8 4770 2.3 4998 0.6(75%) 6714 0.6(82%) 6134 1.3(78%) 

70 8029 1.5 6843 1.4 7486 0.4(37%) 11041 0.6(86%) 8259 1.0(61%) 

91 7721 3.3 6726 3.0 7871 0.5(100%) 9165 0.5(100%) 7870 2.4(100%) 

Average* 7935 2.2 5993 2.2 6785 0.5(71%) 8973 0.6(89%) 

*Averages of 49 to 91 days only. 
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generally lower than those on the pericarp. The depth of penetration 

was always greater from the ridges as evidenced at 49 and 77 

days after flowering. 

It is interesting to note that again at 21 days, unusually 

high penetration was observed, although the integrals were 

as expected. 

4.2.6  Discussion  

The deposits observed on the very immature capsule 

may represent the beginnings of the "mature" wax covering, 

since similar deposits were observed by Grill (1973) and Winstel 

and Rentschler (1975) on very immature leaves. Grill (1973) 

first observed this immature wax structure on the needles of 

NIcea abi_e4 following the loosening of the bud scales - a similar 

situation to that observed with the poppy capsule. 

Similar wax structures on plant surfaces have been observed 

by Baker and Parsons (1971) on Ta.apa, 6uca4ptu4 c.Cobutu4 and 

Jaa44ica oleaacea, by Baker and Holloway (1971) on 6qui4etam 

_ a/wet/4e, by _Hanover and_Reicosky (19711, on Picea.pun9en4_ 

by Rentschler (1971), on Taifraum aepen4 and Chelidonium maw4 

and by Minstel and Rentschler (1975) on Dac4t.L114 glomeaata. 

These, however, tended to be finer in nature, and as a rule 

did not completely cover the cuticle. Baker and Holloway (1971) 

and Grill (1973) did observe a thick layer of wax rods or rodlets 

on Papavea cm-Lea-tel.2e capsules and the needles of Ri.cea abie ,J 

respectively, very similar to that present on P. 4omm4eaurn 

capsules. 

There Was considerable variation in the actual dimensions 

of the wax crystals, even on the same capsule. The longer wax 
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crystals observed around the stomatal region also occur on 

the needles of Ricea ahie4 (Grill, 1973), and suggests that 

the nature of the cuticle and/or cells beneath have a direct 

effect on structure. 

It is difficult to determine whether the larger wax deposits 

observed were a result of direct synthesis or alteration of 

the existing wax structure. The fine nature of the wax platelets 

(Plate 4.2.11) and their presence in Plumopi4 tamaAugo interspersed 

with wax rods (Hull and Bleckmann, 1977), suggests their direct 

synthesis. The remaining structures appear to be alterations 

caused by aggregations of crystals or localized melting. Such 

structures, although similar to those observed by Baker and 

Holloway (1971) on melting by the electron' beam, are not of 

this origin because of the relatively large area over which 

they were observed. 

The absence of structural alterations indicative of an 

abrasive action suggests the pattern observed in Plate 4.2.23 

to be a result of a decreased crystalline wax production. The 
^ 

composition of the smooth areas, whether wax or cutin, is not 

known. In this regard Baker and Holloway (1971) observed a 

thin wax film on the cuticle surface of the P. 0e-I-tale capsule 

beneath the layer of wax rodlets, and the smooth appearance 

of these areas suggests a similar composition. 

This form of stucture may also be the result of a regeneration 

process. In the early stages of capsule development, abrasion 

may have reduced the wax structure to a smooth layer, as indicated 

by SEM. Subsequent wax deposition only partially restored the 

original structure. The observation that an abraded plant surface 

may produce a new wax layer, though not necessarily of the 



same form (Rentschler, 1971), lends support to this alternative. 

If this type of surface were a consequence of altered 

synthesis, its detection on the 42 day old capsule only must 

be considered a result of inadequate sampling, and not directly 

a result of capsule age. 

The yield of wax (mgm/cm
2
) was well within the range generally 

reported for plant components (Richmond and Martin, 1959; Whitecross 

and Armstrong, 1972; Baker et al., 1975; Giese, 1975; Baker 

and Procopiou, 1980), and is probably slightly above average. 

Sampling error was probably the major factor effecting 

the large variation in results, but the decreasing trend observed 
0 

agrees well with other observations. During maturation, simple 

rubbing of the pericarp should have produced a glossy surface 

(see below). Its absence, particularly in the last 10 to 20 

days of analysis, suggests either wax removal or degradation. 

The former may have been mediated via abrasion with plant components 

other than the capsule, or by a "casting off" process (Rentschler, 

1971). 

Changes in the wax yield/area during maturation have been 

noted by several workers and the pattern appears to be partly 

species-dependent. Baker et al. (1975) detected an increase 

in yield/area of fruit of lemon, mandarin and orange in the 

first two months of growth. Decreases were also observed, which, 

in the case of the lemon leaf, amounted to 58% over a two month 

period. This was attributed mainly to weathering. 

The leaf contact angle, which is inversely related to 

wettability, has been shown to vary between and within species, 

leaves of different ages on the same plant, and the adaxial 
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and abaxial surface of the same leaf. It may even exhibit diurnal 

variations (Holloway, 1969 ). Knowledge of the influencing 

factors have enabled certain conclusions to be drawn from its 

measurement. 

The contact angle gives a measure of the hydrophoby of 

the plant surface. Angles between 90 0  and 1100indicate the 

presence of a smooth layer of wax. Above 110 0  surface roughness 

is involved (Richmond and Martin, 1959; 

Rentschler, 1971), which is due to the crystalline nature of 

the wax (Holloway, 1969 ). Above 120 0  a rod or platelet structure 

is present, while above 145 0  the surface is so densely covered 

by the wax that contact of the water droplet with the cuticle 

is prevented (Hall et al.., 1965; Rentschler, 1971). 

Thus the presence of wax, and particularly its structure, 

are the major factors governing contact angle. The values obtained 

for the undamaged capsule are comparatively high (Holloway, 

1969 ), and are indicative of a sufficiently thick layer of 

wax crystals to prevent contact between the cuticle and water. 

Similar values were obtained - for the lower leaf surface of 

P. 4omn4eAum. The decreased contact angle of those areas devoid 

of a waxy bloom is a result of at least a partial destruction 

of the wax structure, its large variability indicative of varying 

degrees of damage (Rentschler, 1971). Its average value, however, 

indicates that the loss of the waxy bloom does not necessarily 

indicate complete destruction of the wax structure. It may 

be that the undamaged wax remaining in the low lying areas 

of the capsule are sufficient to produce such a contact angle. 
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The presence of a waxy bloom has previously been associated 

with a rodlet wax structure (Skene, 1963) and very high contact 

angles (Martin and Juniper,1970). These relationships were 

confirmed here. The bloom itself, produced by light scattering, 

signifies the presence of waxy deposits whose dimensions are 

similar to the wavelength of light. 

The gradual loss of the bloom with maturity correlated 

well with SEM analysis and observations made during contact 

angle measurements. 

Several of the changes with age observed by SEM were similar 

to those noted by Grill (1973) on the needles of Picea abie4. 

The wax structure, formally very similar to that on the capsules, 

degenerated with age, resulting in a decrease in thickness 

and structure. In the process, irregular aggregates of wax 

were formed, very similar to that illustrated in Plate 4.2.32, 

leading finally to a smooth wax surface by six years of age. 

Grill (1973) attributed the alterations to atmospheric conditions, 

but obviously more intensive factors were involved in the present 

case. 

The nature of the wax damage on the capsule, such as its 

smearing, and its disappearance mainly on raised areas and 

the associated scratches on the surface, all point to a rubbing 

or abrasive action. Similar wax destruction has been obtained 

with a fine wire or brush, resulting in aggregation or smoothing 

(Baker and Holloway, 1971; Rentschler, 1971; Hull and Bleckmann, 

1977). Skene (1963) also observed that destruction of the waxy 

bloom by rubbing or polishing "crushed the wax elements together, 

giving a much smoother reflecting surface". He, and Winstel 
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and Rentschler (1975), observed a similar process during aging 

of the plant structures. Most of the visible damage was caused 

by inter-plant abrasion,as indicated by the staked capsules. 

A fluorescent dye, such as rhodamine, was used by Dybing 

and Currier (1961) to determine the primary sites of entry 

into the leaf. Its application here was slightly different, 

but the principles were similar. Comparisons between the degree 

of staining of the green and dry capsule as an indication of 

the relative penetrability may be complicated by the different 

adsorption capacities of the two surfaces. Relative degrees 

of staining in the dry capsules, however, were considered as 

being valid indicators of differences in surface wettability. 

Hence this analysis illustrated that, under normal field conditions, 

wettability increased markedly by 56 days. This was not only 

dependent on changes in wax structure, as indicated by the 

-wax capsules, but also alterations to the cuticle or epidermal 

cells. The latter was not dependent upon inter-plant abrasion. 

Manganese analysis suggested a similar effect, and may have 

been the result of minute cracks in the surface, as noted at 

a later stage of maturity. 

The intact wax layer was a very effective water repellent 

medium. The damaged wax was also effective, but to a lesser 

degree. Such findings are in accordance with predictions based 

on contact angle. Dybing and Currier (1961) and Statler and 

Nordgaard (1980) also observed increased staining and water 

retention on abraded areas. Greater suppleness of the -wax 

compared to the damaged capsules following rhodamine and manganese 

soaking leads to a similar conclusion. 
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The apparently large discrepancies in the manganese results 

are due primarily to sampling error from two sources. One was 

the large variation between capsules with regard to the structure 

and thickness of the wax. The second, as suggested by iron 

analysis, was the often isolated nature of the penetration, 

which occasionally resulted in 0 and 100% penetration being 

observed in the one section. 

The study did, however, illustrate several important points. 

Firstly, and most significantly, the presence of wax, particularly 

prior to 60 days after flowering, reduced penetration by virtue 

of its decreased wettability, thus supporting the conclusions 

drawn from rhodamine analysis. It also suggested a reduced 

efficiency of the wax as a water repellent layer with age, 

a phenomenon not indicated by the contact angle. Perhaps the 

alterations required to increase penetration were too subtle 

to be detected by contact angle analysis or visual appearance. 

Features such as cracks in the wax layer, as shown in Plate 

4.2.27, may have produced this effect. Lateral movement of 

the manganese from - a damaged area may also be involved, but 

such movement must increase with maturation in order to agree 

with the observations. Either of these two mechanisms is illustrated 

by the rhodamine staining which appeared beneath the waxy bloom, 

particularly toward the apex. 

A second point, as indicated by the greater penetration 

of the damaged as compared to the -wax sections, represents 

an unusual situation. Three possible causes exist: 

(a) Sufficient chloroform may have remained on the capsule 

to reduce water and manganese penetration. It was considered, 

however, that adequate precautions were taken to prevent this. 



243 

(b) The chloroform treatment was less effective in causing 

wax damage or removal than damage under normal field conditions. 

Both systems were capable of causing complete destruction of 

the wax structure, as suggested by SEM. Only chloroform has 

been shown conclusively to remove the wax from the capsule, 

although the removal may not be complete. 

(c) Damage under field conditions resulted in more than simple 

alteration of the crystalline wax structure. Severe rubbing 

or scratching by the sharp edges of the stigmatic disc may 

have effected actual wax removal and damage to the cuticle 

proper. This cuticle damage may not have a great effect on 

penetration, since it is the wax component of the cuticle which 

has by far the greatest influence of permeability (Schonherr, 

1976; Schonherr et a,L, 1979). It may affect the manganese 

integral on the capsule surface, however, which appears to 

be the greatest difference between the damaged and -wax treatments. 

Some evidence of scratching was obtained from SEM and 

the pattern of rhodamine staining occasionally observed. 

The results of the iron penetration study did not indicate 

the same degree of penetration as with manganese, perhaps because 

of it's lower sensitivity. It did indicate the localization 

of penetration, presumably associated with the more damaged 

raised areas. The other point of interest was the absence of 

penetration through the stomatal region. The entry of chemicals 

by this route has been a contentious issue, but evidence now 

suggests that, because of surface tension effects, such a route 

has little significance (Franke, 1967). 

The above discussion illustrates that the various analyses 

tend to support the same conclusions. The undamaged pericarp 
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possessed a thick layer of rod-shaped wax crystals (waxy bloom, 

SEM, contact angle), which provided a very water repellent 

surface (contact angle). Penetration was still possible, however 

(manganese analysis). Destruction of the wax layer, either 

by inter-plant abrasion (staked and glasshouse capsules) or 

chloroform washing, increased wettability (contact angle) and 

allowed greater penetration (rhodamine and manganese analysis) 

through the cuticle (iron analysis). The most significant change 

during maturation was the increasing degree of surface damage 

(contact angle analysis) resulting in a gradual loss of the 

waxy bloom, and an increase in total water penetration (rhodamine 

analysis). A gradual decrease in the effectiveness of the apparently 

intact wax layer with age (manganese analysis) may also have 

been a contributing factor, but the comparatively large area 

of the pericarp devoid of the wax layer, and the numerous cracks 

and cavities in the mature capsule, would have ensured that 

any increased entry through the intact wax layer was of minor 

effect. 

Analysis of the stigmatic disc by manganese and rhodamine 

revealed that the ridge offered little resistance to water 

entry. The valleys, however, appeared to be more water repellent, 

despite the fact that no definite wax layer was detected. This 

organ, therefore, cannot be rejected as a possible site of 

water entry into the capsule. But the discolouration and the 

fungal activity restricted to the apical region of the capsule 

was a consequence of that region's greater wettability (rhodamine 

analysis), and not primarily because of water entry via the 

stigmatic disc, as originally supposed. 



4.3 LEACHING STUDIES 

4.3.1 Introduction  

One of the mechanisms thought to be involved in the reduction 

of the capsule alkaloid content and yield of the poppy during 

wet periods is a leaching effect of rain. This theory has received 

wide acceptance (Loftus-Hills, 1945; Poethke and Arnold, 1951; 

Bunting, 1963; Schroder, 1965; Lauchlin, 1977; Nyman and Hansson, 

1978). 

The fact that leaching losses of plant constituents has 

been demonstrated in practically every species examined (Tukey, 

1970), illustrates the wide occurrence of this phenomenon. Little 

detailed study has been conducted on the poppy, however, despite 

its potential economic significance. Loftus-Hills (1945) and Bunting 

(private communication, Laughlin, 1977) implicated leaching because 

of a decreased capsule morphine content following overhead irrigation. 

Laughlin (1977) obtained further evidence by immersing capsules 

in water and detecting morphine in the bathing solution. These 

experiments were not conclusive, and did not provide an accurate 

indication as to the stage of maturity at which the leaching potential 

was greatest. 

Thus, two experiments were conducted in which direct alkaloid 

analysis of the leachate was performed. The first involved mature 

glasshouse-grown plants relatively free of capsule damage and 

disease. The second was conducted under field conditions to ascertain 

at which stage during maturation the leaching potential was the 

greatest, and the effect of the epicuticular wax layer on leaching 

losses. 
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4.3.2 Material 

 

4.3.2.1  Pilot Study  

Capsules were obtained from 63 to 91 day old plants 

grown under glasshouse conditions (Section 3.2). Natural daylength 

(13 hours) was sufficient to induce flowering. 

 

4.3.2.2  Field Study  

Material was obtained from a commercial crop (Section 

3.3.1.B). 

4.3.3 Treatments 

4.3.3.1  Pilot Study  

At dry harvest maturity plants were randomly divided 

into four treatments of three replications each. Each harvesting 

unit contained six plants. The four treatments were as follows: 

To••  Samples were analysed immediately to determine the morphine, 

codeine and thebaine content of the capsule and stem before 

leaching. 

Undamaged: The epicuticular wax layer on the capsule showed no 

visible damage, as judged by the waxy bloom. 

-wax: The wax structure was completely destroyed by rubbing with 

a finger (Statler and Nordgaard, 1980). 

capped: The wax layer of the pericarp was undamaged but the stigmatic 

disc was sealed with GE silicone construction cement. 

The terminal, plus one or two of the largest lateral capsules 

were used, giving a total of 15 or 16 capsules per harvesting 

unit. 

The alkaloid content and yield of T o  was determined immediately 



and the remaining treatments leached in Leaching Apparatus I as 

described in Section 3.8.2. Leaching of the capped treatment was 

performed 21 days after the analysis of To . 

4.3.3.2  Field Study 

The experimental design, based on a split plot with 

respect to harvest, is detailed in Figure 4.3.1. 

The treatments were as follows: 

Maturity: Leaching analyses were performed on capsules 14, 28, 

42, 56 and 70 days after flowering. 

To  (unstaked): A control of unstaked capsules analysed immediately 

to determine the morphine, codeine and thebaine content 

of the damaged and -wax capsules prior to leaching. 

Damaged: Capsules grown under normal field conditions, such that 

interplant abrasion was possible. 

-wax: Grown under similar conditions as the damaged capsules, 

but the wax structure was completely destroyed prior to 

leaching by rubbing with a finger. 

To  (staked): A control of staked capsules analysed immediately 

to determine the morphine, codeine and thebaine content 

of the undamaged capsules prior to leaching. 

Undamaged: Capsules which, because of staking (Section 3.3.2.11), 

possessed a relatively undamaged waxy bloom. 

Table 4.3.1 summarizes the treatments applied during growth 

and following harvest. For convenience, reference will be made 

in the text to leached and unleached, staked and unstaked treatments 

when these show similar trends. The actual treatments referred 

to by these notations can be obtained from the table. 
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A 

2 1 4 3 2 

4 2 5 1 4 

3 3 2 5 3 

1 5 1 4 5 

5 4 3 2 1 

block 2 
A 

3 2 5 4 1 

5 1 4 5 3 

2 4 3 3 2 

1 3 1 2 4 

4 5 2 1 5 

block 3 
A 

3 1 4 4 

2 5 2 3 3 

5 4 4 5 2 

1 5 1 1 

4 1 3 2 5 

Figure 4.3.1 

The experimental design used in the Field Study. Each block was 7.5 x 19m, and each 

subplot 1.5 x 3m. lm buffer zones were placed between each block and plot. 

Plot.(maturity) 

Key to Figure 

Subplot Treatment Days after flowering 

A 14 1 To (unstaked) 

B 28 2 Damaged 

C 42 3 	- -Wax 

D 56 4 T
o
(staked) 

E 70 5 Undamaged 

1m 
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Table 4.3.1. Treatments applied during growth and following harvest  

in the Field Study on leaching losses. 

Treatment Name 
 

During Growth  After Harvest 

T
o 

(unstaked)  unstaked*  unleachee 

Damaged  leached 

-wax 

 

T (staked)  staked**  unleachee 

 

Undamaged  leached 

*Grown under normal field conditions. 

**See Section 3.3.2.11. 

+
Alkaloid content determined immediately after harvest. 

4.3.4 	Calculations and Statistical Analysis  

Manipulation of the data obtained from the capsule and 

leachate was performed as detailed below to gain a clearer understanding 

of the changes taking place: 

WL Percentage of alkaloids leached over three days -  x 100 

Percentage of alkaloids unaccounted for by leaching = 

WT0  - WL  - Wc 
  x100 

Wto 

where WT0  = the alkaloid weight in the capsule before leaching, 

as determined by the appropriate To (staked or unstaked) 

treatment 

Wc = the alkaloid weight in the capsule after leaching 

WL = the alkaloid weight detected in the leachate over the three day•

period. 



250 

The pilot study was analysed as a replicated design, and 

•the variable, alkaloids leached/day as a split plot design with 

respect to treatment. 

The field study was analysed as a split plot design with 

respect to harvest. Alkaloids leached/day was analysed as a split 

plot in space and time. This variable falls into the category 

of a repeated measures design, but calculations revealed negligible 

unequal correlation. 

To determine whether alkaloid yields were reduced by means 

other than leaching, the t-test was applied to the null hypothesis 

that the samples of "percentage of alkaloids unaccounted for by 

leaching" belonged to a population with a mean of zero. 

4.3.5 Results 

4.3.5.1  Pilot Study  

A. Capsule appearance before and after leaching  

On leaching, the capsule changed from an off-white to a 

medium brown colour (Plate 4.3.1). The previously intact waxy 

bloom of the undamaged treatment had lost much of its integrity 

following leaching. Microorganisms were not observed at either.  

stage. 

B. Stem alkaloid content and yield per sample  

Although there were significant treatment effects, in no 

case was the alkaloid content and yield of a sample greater than 

that of the T o  sample (Table 4.3.2). Therefore the stem was not 

included in the calculations, and the following results are concerned 

with changes in the capsule and leachate only. 

C. Capsule dry weight yield per sample  

On leaching, an average loss of 2.5gm of capsule dry matter 



Plate 4.3.1  

The undamaged capsule from the Pilot Study before 

(right) and after (left) leaching. Note the colour change 

and the loss of the waxy bloom on leaching. 
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Table 4.3.2. Stem and capsule dry weight yield, alkaloid content and yield, and the percentage of alkaloids leached,  

and unaccounted for by leaching from the capsule obtained from the Pilot Study.  

Sample 

Treatment 
average LSD 

(5%) T o  Undamaged  -wax Capped decrease 

Stem Dry weight (gm) 4.94 5.66 7.38 6,65 

Content (%) Morphine 0.19 0.21 0.17 0.18 ns 

Codeine 0.030 0.017 0.022 0.029 ns 

Thebaine 0.087 0.058 0.028 0.041 ns 

Yield (mgm) Morphine 8.69 11.18 11.56 11.52 ns 

Codeine 1.37 0.90 1.53 1.80 0.56 

Thebaine 4.08 3.06 1.92 2.57 ns 

Capsule Dry Weight (gm) 14.41 11.81 11.56 12.51 17 1.21 

Content (%) Morphine 1.69 0.69 0.40 0.77 63 0.15 

Codeine 0.21 0.10 0.037 0.11 59 0.044 

, Thebaine 0.49 0.19 0.13 0.24 62 0.082 

Yield (mgm) Morphine 243.2 82.0 47.0 96.3 69 27.7 

Codeine 29.7 11.9 4.3 13.8 66 5.6 

Thebaine 69.8 22.4 15.4 29.6 68 8.4 

% Leached Morphine 56 81 68 10 

Codeine 55 82 79 19 

Thebaine 49 32 53 ns 

% Unaccounted for Morphine -1 10 -7 11 

Codeine 5 3 -25 ns 

Thebaine 36 29 4 23 
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(Table 4.3.2) was noted,which is equivalent to a 17% decrease. No 

significant difference between the leached treatments was observed. 

D. Capsule alkaloid content and yield per sample  

The alkaloid contents and yields showed similar treatment 

effects. The level of all three alkaloids in the capsule were 

significantly reduced on leaching (Table 4.3.2). Undamaged and 

capped treatments had similar morphine and codeine levels, while 

those of the -wax treatment were significantly lower. In the case 

of thebaine, undamaged and -wax had similar levels, while capped 

was significantly higher than -wax, but similar to undamaged. 

On leaching, the three alkaloids showed similar decreases 

in capsule content and yield of about 60% and 67% respectively 

(Table 4.3.2). 

E. Weight of alkaloids leached per day  

The weight of alkaloids detected in the leachate was significantly 

affected by treatment at day I only (Figures 4.3.2-4.3.4). Undamaged 

showed the lowest quantity in the leachate during this period, 

and -wax the highest. Intermediate quantities of morphine and 

codeine were leached from the capped treatment, but the quantity 

of thebaine leached was similar to -wax. 

The quantity of alkaloids detected in the leachate decreased 

significantly with increased duration of leaching regardless of 

treatment, the only exception being with thebaine from undamaged 

capsules. -wax generally showed the greatest decrease, particularly 

between day 1 and 2. 

F. Percentage of alkaloids leached over three days  

Undamaged capsules suffered the least morphine and codeine 

losses by leaching, and -wax the greatest. The morphine loss only 

from the capped treatment was significantly less than -wax (Table 

4.3.2). 
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2 
DAY 

Figure 4.3.2 

The weight (mgm) of morphine detected in the leachate 

from -Wax (A ), Undamaged (m ), and Capped (• ) capsules at 

daily intervals. Pilot Study. 

LSD 

1 = comparison between treatments. 

2 = comparison between days. 
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Figure 4.3.3 

The weight (mgm) of codeine detected in the leachate 

from -Wax ( A ), Undamaged (II), and Capped (40 capsules at 

daily intervals. Pilot Study. 

LSD 

1 = comparison between treatments. 

2 = comparison between days. 
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Figure 4.3.4 

The weight (mgm) of thebaine detected in the leachate 

from -Wax ( • ), Undamaged ( • ), and Capped (• ) capsules at 

daily interval s. Pilot Study. 

LSD 

1 = comparison between treatments. 

2 = comparison between days. 
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Thebaine showed no treatment effect. 

Averaging over treatments, 68%, 72% and 44% of the morphine, 

codeine and thebaine in the unleached capsule was detected in 

the leachate after three days of leaching. 

G.  Percentage of alkaloids unaccounted for by leaching  

Apparent treatment effects were detected with morphine and 

thebaine only, the capped treatment showing the lowest and often 

negative values(Table 4.3.2). Application of the t-test revealed 

that the values detected for morphine and thebaine in the undamaged 

treatments, and thebaine in the -wax treatment, were significantly 

greater than zero. On averaged over the three treatments, however, 

only thebaine showed values significantly greater than zero. 

4.3.5.2 	Field Study  

Rainfall was recorded at 14 day intervals, and has been 

presented in Section 4.1.3.2. 

A. 	Capsule appearance before and after leaching  

At all stages of maturity the waxy bloom on the undamaged 

capsules showed the greatest integrity. Some damage to these capsules, 

such as the pattern of small cracks (Plate 4.3.2), and 

the large cracks in the pericarp wall of the mature capsule (Plate 

4.3.5), did occur, however. 

The waxy bloom of the damaged capsules gradually disappeared 

with age. 

By 28 days after flowering the capsules were beginning to 

dry (Plate 4.3.2). The seeds had also changed from a light grey 

to a light brown colour. The undamaged capsules appeared to be 

slightly less mature at this stage. At 42 days all capsules were 

mature. The damaged and -wax capsules were generally smaller, 

and several were an uncharacteristic medium brown colour (Plate 

4.3.3). 



Plate 4.3.2  

28 day old capsules from the Field Study prior to 

leaching. From left to right; undamaged, damaged, -wax. 

The undamaged capsules pessessed a comparitively intact 

wax layer, apart from the occasional wall cracks. These 

capsules were also slightly greener than those of the other 

treatments. 
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Plate 4.3.3  

42 day old capsules from the Field Study prior to 

leaching. From left to right; undamaged, damaged, -wax. 

Capsules from all treatments were mature. Capsules from 

the unstaked treatments were generally darker in colour. 
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Fungal infection of the unleached capsules was not observed 

until 42 days, but incidence remained very low during the remainder 

of the analysis period. 

No change in the appearance of the 14 day old capsules occurred 

following leaching. At 28 days, several of the damaged and -wax 

capsules had turned brown. By 42 days, however, leaching induced 

a colour change in all treatments (Plate 4.3.4), from a light to 

a medium or dark brown, with bacterial and fungal activity becoming 

evident. Fungal infection increased dramatically on the leached 

56 day old capsules, and was restricted mainly to the damaged 

and -wax treatments. By 70 days all treatments were equally infected 

(Plate 4.3.6). The following fungi were cultured from lesions 

on the leached capsule: nocladium, ktteiumAia, Stemphy-tium, Uado4poAium, 

Fu4aAium and TheAmomgce4 spp. 

In the leached 56 day old capsules the firmness of the pericarp 

was greatest in the undamaged, and least in the -wax treatment. 

This treatment difference decreased at 70 days, but undamaged 

capsules were still firmer. At this stage, capsule deterioration 

had occasionally reached the point where the internal cellular 

structure of the pericarp was lost and the vascular bundles and 

outer epidermis were the only apparently intact tissues. In one 

capsule from the damaged treatment, the seed had germinated and 

the roots protruded through the pericarp (Plate 4.3.7). Also, 

the waxy bloom of the leached undamaged 70 day old capsules showed 

losses similar to a "washing off" process (Plate 4.3.6). 

B.  Capsule dry weight yield per sample  

Since no maturity effect or maturity x treatment interaction 

was detected, the results were averaged and are presented in Figure 

4.3.5. ' 



Plate 4.3.4  

42 day old capsules from the Field Study following 

leaching.From left to right; undamaged, damaged, -wax. 

Note the change in colour on leaching (compare with 

Plate 4.3.3), and the occasional fungal colony. 
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Plate 4.3.5  

70 day old capsules from the Field Study prior to 

leaching. From left to right; undamaged, damaged, -wax. 

Note the cracks in the pericarp of the undamaged capsules 

and their good waxy bloom. 
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Plate 4.3.6 

70 day old capsules from the Field Study following 

leaching. From left to right; undamaged, damaged, -wax. 

Some loss of the waxy bloom from the undamaged capsule 

(bottom left) had occurred on leaching. Microbial activity 

was abundant. 
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Plate 4.3.7  

The leached 70 day old capsule in which the seed had 

germinated and the roots protruded through the capsule wall. 
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5% 

To  UNSTAKED DAMAGED 	- WAX 
	

To  STAKED 	UNDAMAGED 

TREATMENT 

Figure 4.3.5 

The effect of treatment on the capsule dry matter yield 

(gm) per sample. Field Study. The results are averaged over 

maturity. 
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All staked treatments yielded higher dry weights than their 

respective unstaked treatments. However, both groups suffered 

dry weight losses on leaching, which amounted to a 19% and 22% 

loss respectively. 

C. 	Capsule alkaloid content and yield per sample  

The results have been averaged over both treatment and maturity 

and are listed in Tables 4.3.3 and 4.3.4 to provide a better idea of 

trends. The individual data are presented in Figures 4.3.6 to 

4.3.10 to illustrate the maturity x treatment interactions. 

Both morphine content and yield of the capsule was reduced 

on leaching (Tables 4.3.3 and 4.3.4), the least being in the undamaged 

, capsules. Only on a content basis was -wax less than damaged. 

To  (staked) •had a lower content than T o  (unstaked), but a higher 

yield because of its greater capsule weight. With regard to harvest, 

the morphine content increased up till 42 days after flowering, 

but decreased by 23% in the following 28 days. No significant 

maturity effect on morphine yield was noted, although the trend 

was similar. 

The_ individual data (Figures 4.3.6 and 4.3.9) indicate - that 

the To (unstaked) and T o (staked) treatments increased in morphine 

content and yield until 42 days and remained constant thereafter. 

At 14 days all leached treatments contained higher morphine 

contents, but produced similar yields, as their respective unleached 

treatments, suggesting an effect of capsule weight. At 28 days, 

leaching had produced a lower morphine yield in the -wax as compared 

to the To  (unstaked) treatment. By 42 days all leached treatments 

showed lower content and yield than their unleached treatments, 



Table 4.3.3 Capsule alkaloid content (% dry weight basis) of unleached (To) and leached  

(damaged, -wax and undamaged) samples from the Field Study, averaged over  

treatment and maturity (days after flowering).  

Content (%) 

Morphine Codeine Thebaine 

Treatment 

0  (unstaked) 1.20 a 0.047 a 0.037 a 

Damaged 0.91  b 0.035 b 0.029  b 

-wax 0.85  c 0.031  b 0.028 b 

T o ( staked) 1.11  d 0.046 a 0.040 a 

Undamaged 0.99 e 0.043 a 0.032 b 

LSD  (5%) 0.05 0.005 0.005 

Days after flowering 

14 0.90 a 0.037  ab 0.053 abc 

28 0.90 a 0.030 a 0.028 bc  

42 1.24  b 0.044  b  • 0.033 b 

56 1.05  c 0.049c 0.031b 

70 0.95 •a 0.041  abc  0.023 c 

LSD (5%)  0.10 0.010  0.005 

Figures (within the same variable) with the same letter are not significantly different (LSD, 5%). 



Table 4.3.4. Capsule alkaloid yield (mgm per sample) of unleached (To) and leached  

(damaged, -wax and undamaged) samples from the Field Study averaged over 

treatment and maturity (days after flowering). 

Yield  (mgm) 

Morphine Codeine Thebaine 

Treatment 

T o  (unstaked) 755.1a 29.3 ad 24.3 a 

Damaged 459.2b 17.9b 14.9. b '  

-wax 419.4b 15.3b 14.4 b  

T o  (staked) 860.9x 36.0c 31.0 c 

Undamaged 622.7d 26.9d 20.4 d 

LSD  (5%) 53.5 4.1 3.71 

Days after flowering 

14 568.9 23.9 34.1  a 

28 599.7 20.0, 18.7  bc 

42 730.6 26.1 19.8  b 

56 637.1 29.1 18.5  bc 

70 580.9 26.4 13.9  c 

LSD  (5%) ns ns 5.4 

Figures (within the same variable) with the same letter are not significantly different (LSD, 5%). 



Figure 4.3.6 

The effect of maturity on the morphine content 

(%, dry matter basis) of unleached and leached field-

grown capsules. 

Key to Figure  . 

 •  T
o
(unstaked) 

• Damaged 

o 0  -wax 

• •  To (staked) 

Undamaged 

LSD 

1 = comparison between maturity 

2 = comparison between treatments 
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with the exception of the undamaged morphine content. These differences 

continued to increase with increasing maturity. 

The effect of the leaching treatment increased in the order 

undamaged, damaged and -wax, as revealed by a comparison with 

their respective unleached treatments, and was particularly evident 

at 42 days. Differences between the leached treatments were also 

the greatest at 42 days but the damaged and -wax treatments showed 

similar levels after this period. 

The codeine content and yield followed very similar trends 

to morphine and therefore only the important differences will 

be mentioned. 

No significant difference was detected in the codeine content 

between T (staked) and undamaged when averaged over harvest (Tables 

4.3.3 and 4.3.4). Also, no difference in content or yield was 

observed between damaged and -wax. When averaged over treatments, 

no significant decrease in codeine content was observed after 

42 days. 

Both unleached treatments (Figures 4.3.7 and 4.3.10) showed 

significant increases in codeine content and yield in the dry 

capsule after 42 days. Undamaged did not differ significantly 

from T o (unstaked) until 70 days after flowering. At no stage 

was a significant difference in content or yield detected between 

damaged and -wax. At 70 days all leached treatments contained 

similar levels. 

When averaged over maturity, the thebaine yield of T o  (staked), 

but not its content, was significantly higher than T o  (unstaked) 

(Tables 4.3.3 and 4.3.4). The effects of leaching on thebaine 

content and yield were similar to that of codeine. With regard 

to maturity, content and yield showed a large decrease between 



Figure 4.3.7 

The effect of maturity on the codeine content 

(%, dry matter basis) of unleached and leached field-

grown capsules. 
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Figure 4.3.8 

The effect of maturity on the thebaine content 

(%, dry matter basis) of unleached and leached field-

grown capsules. 

Key to Figure.  
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Figure 4.3.9 

The effect of maturity on the morphine yield (mgm) per 

sample of unleached and leached field-grown capsules. 
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Figure 4.3.10 

The effect of maturity on the codeine yield (mgm) per 

sample of unleached and leached field-grown capsules. 

Key to Figures. 

• A T
o (unstaked) 

Damaged 6  

0 -Wax 0 

• • T
o
(staked) 

o Undamaged 

LSD 

1 = comparison between maturity 

2 = comparison between treatments 



70 56 14 
	

2.8 	 4.2 

Days after Flowering 

56 28 	 42 

Days after Flowering 

14 

1000 

• • 

. 4) 
>- 
e600 

0. 
2 

200 

70 

• 

277 

50- 

(.) 

10- 



278 

14 and 28 days after flowering, and a smaller but still significant 

decrease between 56 and 70 days. 

No maturity x treatment interaction occurred with thebaine 

yield. The contents of the unleached treatments decreased between 

14 and 28 days, but changed little thereafter (Figure 4.3.8). 

The first significant difference between the unleached and leached 

treatments was noted at 42 days with -wax. Only. at 70 days were 

all leached treatments lower than their respective unleached treatments. 

The only significant difference within the leached treatments 

occurred at 56 days when undamaged had a higher content than -wax. 

D. 	Weight of alkaloids leached per day  

Figures 4.3.11 to 4.3.13 reveal that the leachate obtained 

from the undamaged treatment during the first day of leaching 

always contained lower levels of morphine, codeine and thebaine, 

while the leachate from -wax contained the greatest. These treatment 

differences were reduced with longer periods of leaching because 

of decreasing quantities leached per day from the damaged and 

-wax treatments. At all times, however, the leachate obtained 

from undamaged capsules contained less_alkaloids than that from 

the -wax capsules. 

In the leachate from the damaged, and particularly the -wax 

treatments the greatest quantity of alkaloids were obtained in 

the first day of leaching, with little difference between the 

second and third. That obtained from the undamaged treatment was 

not affected by the duration of leaching. 

When averaged over treatment, the morphine and codeine yield 

of the leachate obtained at various times after the commencement 

of leaching of 14 and 28 day old capsules were similar (Figures 

4.3.14 and 4.3.15). With the more mature capsules, significantly 
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Figure  4.3.11 

The weight (mgm) of morphine detected in the 1 eachate from 

Damaged ( ) , -Wax ( • ) , and Undamaged ( • ) field-grown capsules 

at daily intervals. Field Study. Results averaged over maturity. 

LSD 

1 = compari son between days 

2 = comparison between treatments 
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Figure  4.3.12 

The weight (mgm) of codeine detected in the leachate from 

Damaged ( • ), -Wax (• ), and Undamaged (• ) field-grown capsules 

at daily intervals. Field Study. Results averaged over maturity. 

LSD 

1 = comparison between days. 

2 = c6mparison between treatments. 
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Figure  4.3.13 

The weight (mgm) of thebaine detected in the leachate from 

Damaged (A), -Wax (0), and Undamaged (• ) field-grown capsules 

at daily intervals. Field Study. Results averaged over maturity. 

LSD 

1 = comparison between days 

2 = comparison between treatments 
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Figure  4.3.14 

The weight (mgm) of morphine detected in the leachate from 

14 ( • ) , 28 (• ), 42 (• ), 56 (o ), and 70 (0 ) day old field-grown 

capsules at daily intervals. Field Study. Results averaged over treatment. 

LSD 

1 = comparison between days. 

2 = comparison between maturity. 
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Figure  4.3.15 

The weight (mgm) of codeine detected in the leachate from 

14 (• ), 28 ( 0 ), 42 (• ), 56 ( 0 ), and 70 (0) day old field-grown 

capsules at daily intervals. Field Study. Results averaged over treatment. 

LSD 

1 = comparison between days. 

2 = comparison between maturity. 
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greater amounts were detected in the leachate. At 56 days relatively 

greater quantities were detected after the first day of leaching 

compared with the last two days, and this difference increased 

at 70 days. 

The thebaine yield of the leachate showed no significant 

day x maturity interaction but did show a similar 

trend with maturity, particularly between 42 and 56 days. 

E. Percentage of alkaloids leached over three days  

No significant harvest or treatment effects were observed 

for morphine and codeine between 14 and 28 days after flowering 

(Figures 4.3.16 and 4.3.17). At subsequent harvests the percentage 

leached increased with all treatments, but particularly with - wax. 

During this period the undamaged treatment lost the least amount 

of morphine and codeine to leaching, and -wax the most. 

Thebaine did not show a harvest or treatment effect until 

after 42 days (Figure 4.3.18) when the percentage leached from 

the -wax and damaged treatments increased significantly. Similar 

percentages of thebaine were leached from damaged and -wax 

capsules at all stages of maturity. Codeine was somewhat similar in-that 

the damaged and -wax treatments differed at 70 days only (Figure 4.3.17). 

The percentage thebaine leached from the -wax treatment was greater than 

that from the undamaged treatment at 56 and 70 days only. 

F. Percentage of alkaloids unaccounted for by leaching  

Although no treatment or maturity effects on morphine, codeine 

and thebaine were detected, there was a tendency for the morphine 

and thebaine percentages to increase during the first 42 days 

(Figure 4.3.19). 

Because of no treatment or maturity effect, all results 

were combined, and the average values of 10%, -1% and 24% for 
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Figure  4.3.16 

The effect of maturity on the percentage of morphine leached 

from Damaged (A ) , -Wax (o ), and Undamaged (o) field-grown 

capsules. 

LSD 

1 = comparison between treatments. 

2 = comparison between maturity 
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Figure  4.3.17 

The effect of maturity on the percentage of codeine leached 

from Damaged (A ) 9  -Wax (0 ), and Undamaged (0 ) field-grown 

capsules. 

LSD 

1 = comparison.between treatments. 

1 = comparison between maturity. 
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Days after Flowering 

Figure  4.3.18 

The effect of maturity on the percentage of thebaine leached 

from Damaged (A), -Wax (o ), and Undamaged (0) field-grown 

capsules. 

LSD 

1 = comparison between maturity. 

2 = comparison between treatments. 
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- 14 	 - 28 — 	- 42 	 56 	 70 
Days after Flowering 

Figure 4.3.19 

The effect of maturity on the percentage of morphine (A ) 

and thebaine (m) unaccounted for by leaching losses from field-

grown capsules. 
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morphine, codeine and thebaine obtained. The t-test revealed that 

the morphine and thebaine averages were significantly (0.1%) greater 

than zero. 

4.3.6 Discussion  

The greater terminal capsule dry matter production and alkaloid 

yield in the staked plots would have been more a consequence of 

a decreased foliage density and a removal of the lateral capsules 

than a direct effect of a more intact wax layer. For example, 

higher light intensities, which is one of the effects of a decreased plant 

density, stimulates the production of larger capsules (Bernath 

and Tetenyi, 1979). The wax layer may have had some influence, 

however, by extending the period of physiological activity, through 

a reduction in the rate of capsule dehydration (Farkas-Riedel, 

1967). 

The capsule dry weight losses on leaching may have resulted 

from microorganism activity as discussed in Section 4.4. This 

was not the only factor, however, since the leached capsules from 

the pilot study and the leached 14 and 28 day old capsules from 

the field study still showed decreases in the apparent 

absence of microorganisms. Thus direct removal of capsule constituents 

must be considered, since Tukey et al. (1958) found that up to 

6% of the dry matter was leached from young bean leaves during 

24 hours, mainly in the form of carbohydrate. 

Both the pilot and field study illustrated the susceptibility 

of the capsule to alkaloid losses by leaching. The range in the 

percentage leached is similar to that reported by Tukey (1970) 

for other plant constituents. These have included all the essential 

minerals, and some other elements commonly found in'plants (Bhan 

et al., 1958; Tukey et al-, 1958; Mecklenburg and Tukey, 1963; 



Tukey, 1970; Myttenaere and Daoust, 1980). In addition, organic 

substances, such as sugars, flavonoid compounds, growth regulators 

(Lee and Tukey, 1972; Wright et ca., 1981), organic acids, vitamins 

and phenolic substances have been reported (Tukey, 1970). 

The nature of the capsule surface had a very marked effect 

on leaching losses of the alkaloids monitered. Similar 

effects have been reported with other species. For example, artificial 

removal of the wax layer of cabbage (B4a44ica o.teilacea L.) resulted 

in increased leaching losses (Arens, 1934). A comparison of the 

leaching potential of different species leads to a similar conclusion, 

that plants with a waxy leaf surface show the lowest leaching 

losses (Tukey et al.., 1958). 

The results of the capped treatment, included as a result 

of observations made in Section 4.1 regarding the confinement 

of discolouration and fungal colonization to the apical part of 

the capsule, are unexpected. The causes will be discussed later, 

but the treatment did not reduce the degree of leaching when compared 

to the undamaged treatment. 

The many apparently contradictory findings regarding the 

stage after flowering at which morphine levels in the capsule 

are maximal have been partly attributed to vagaries 

in climatic conditions (Heydenreich et a-C., 1961). This has been 

indicated for morphine yield and codeine content and yield in 

the present study, if it is assumed that the T o  (unstaked) and 

damaged treatments were analogous to a typical dry and wet season. 

Had the leaching intensity or duration been greater, a similar 

pattern may have occurred with the morphine content. That this 

shift in the maximum levels on leaching was not observed in the 
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undamaged treatment may also indicate the importance of wind. 

In a season characterised by strong, persistent winds, interplant 

abrasion, and therefore increased damage to the waxy bloom (Laughlin, - 

1977), may be expected. This in turn may render the capsule more 

susceptible to such a shift. 

Averaging the results over treatments may be considered 

an indication of the alkaloid trends expected in an average season. 

Thus the morphine and thebaine levels may tend to decrease after 

capsule maturity. That a significant decrease during the same 

period was not observed with codeine may be a result of the unexplained 

increases in the unleached treatments counteracting the decreases 

in the leached treatments. 

The percentage alkaloids leached reflects very closely the 

conclusions drawn from the levels in the capsules before and after 

leaching. Thus both indicate that little leaching of any of the 

alkaloids monitored occurred in the immature capsule irrespective 

of the nature of the waxy bloom. The marked increase in alkaloid 

leaching losses between 28 and 42 days after flowering coincides 

with the transition from the-green or semi-dry-, to-the-dry-capsule. 

Tukey et ca., (1958) observed a similar effect in that older 

leaves were more susceptible to leaching than young leaves. These 

losses generally reach a peak at senescence (Tukey, 1970). 

Such a trend is principally the result of two factors. One 

relies on the finding that, with cations at least, little if any 

leaching occurs from within the living ce11, - but from the free 

space around them (Tukey, 1970). During senescence and dehydration 

membrane damage results (Krochko et ca., 1978) such that the cells 

themselves may become free space. This would have a two-fold effect. 
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Disruption of the alkaloidal vesicle membrane, to which the majority 

of the alkaloids are confined (Fairbairn et al., 1973) would increase 

their availability to leaching, while disruption of the cell membranes 

themselves would increase the ease of translocation from the latex 

vessels to the exterior surface of the capsule. 

The second factor is that the ease of water entry into the 

plant, which within limits governs the leaching losses, generally 

shows an increase with the age of the plant organ (Tukey, 1970). 

This change has generally been associated with an increased disruption 

to the epicuticular wax structure with age. 

The relative importance of these two factors may be gauged 

by comparing the leaching losses from the different treatments 

at various stages of maturity. If it is assumed that external 

damage to the undamaged capsules was negligible, as appears to 

be the case from the appearance of the waxy bloom, then the increased 

leaching losses from this treatment between 28 and 42 days after 

flowering may indicate the effect of the increased cellular disruption. 

This reasoning may be complicated by the fact that the -wax treatment, 

whose capsules appeared also-to-change -little-in-external appearance-- - - -

between 28 and 42 days (since at both stages the wax structure 

was artificially destroyed), showed a greater increase in the 

percentage leached over this period than undamaged. This difference 

may be an effect of the absence of the waxy bloom allowing greater 

advantage to be taken of the cellular disruption. Perhaps it is 

the difference in the rate of increase of the percentage leached 

between these two treatments over this period that is indicative 

of the effect of cellular disruption. But this may also be affected 

by the possibility that the degree of disruption differs because 
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of an apparently slower rate of drying in the undamaged capsule. 

It is obvious, therefore, that several factors are involved in 

this process, and an accurate interpretation is difficult. 

Nonetheless, conclusions may be drawn regarding the causes 

for the significant treatment effects first being noted at 42 

days. The increased difference between the staked and unstaked 

capsules was due to a combination of an increased difference in 

the integrity of the waxy bloom between these treatments, and 

the cellular disruption allowing these differences to become significant. 

The increased difference between the damaged and -wax treatments, 

however, was a result mainly of the latter, because the difference 

in the extent of the wax damage between these two treatments decreases 

with maturity. 

The continual increase in leaching losses from the -wax 

treatment after 42 days was not an effect of an increased wax 

damage. Nor was it solely on account of the increased fungal infection 

during leaching, since the greatest quantity was leached during 

the first day. Thus this result suggests an increase in the degree 

of cellular or surface damage after the capsule had matured. A 

continual wetting and drying process caused by light rain or even 

a heavy dew (Bunting, 1963) may be involved in this process, since 

Linskens (1952) observed that this may increase the wettability 

of some leaves. Increased membrane damage may also have resulted. 

The elimination of a treatment effect in the morphine content 

of the damaged and -wax capsules at 70 days was expected on account 

of the decreased difference in the extent of the waxy bloom between 

these treatments. 

Nutrients which are not accumulated above the plant's requirements 

are not as quickly leached (Stenlid, 1958). Because of their lower 
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capsule concentration, this situation may be more applicable to 

the minor alkaloids codeine and thebaine than to morphine, and 

may explain the absence of a treatment effect between the damaged 

and -wax capsules with respect to codeine and thebaine. A greater 

difference in the factors affecting potential leaching losses, 

such as exists between the staked and unstaked plants, may be 

required to produce this treatment effect. 

Similar reasoning may be applied to explain the delay in 

the thebaine treatment effect till 56 days. Another factor which 

may be involved here is its existence within the capsule in a 

different, possibly less water-soluble form, than morphine and 

codeine. This is suggested by the increased extraction efficiency 

of 5% acetic acid (Section 3.5.2). Vincent et a.L. (1979) suggested 

that "thebaine probably exists as a quaternary salt in the plant, 

and protonation of the molecule under dilute acid conditions in 

an aqueous system favours release of the alkaloid". Perhaps such 

acid conditions are present more in the leached 56 and 70 day 

old capsule because of a greater production of acidic materials 

during the browning process. 

Studies on the actual mechanism of leaching have been conducted 

primarily with cation radioisotopes. These have revealed "that 

leaching of cations involves exchange reactions on the leaf surface 

in which cations on exchange sites of the cuticle are exchanged 

by hydrogen from leaching solutions, and/or cations move directly 

from the translocation stream within the leaf into the leaching 

solution by diffusion and mass transfer through areas devoid of 

cuticle". This explains why the volume of the leachate has little 

effect on the quantity of cations leached, since an increase in 

volume above certain limits would increase an exchange only slightly.  

(Tukey, 1970). It also emphasizes the effectiveness of light rain 
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of long duration as compared with intense rains of short duration 

Application of this reasoning to the present situation 

is complicated by the fact that the alkaloids are larger entities 

which may not participate in exchange reactions in the cuticle. 

In addition, alkaloid translocation to the outer pericarp wall 

in the mature capsule is likely to be dependent on water entry 

into the capsule and particularly the latex vessels, and translocation 

of the alkaloids in the aqueous phase, a process which may be 

more affected by leachate volume. 

Despite these points the undamaged capsules from the field 

study appeared to show a greater response to duration than to 

intensity, as suggested by the similar quantities leached per 

day over the three day period. The damaged and -wax capsules, 

however, had a lesser dependence on duration, and would therefore be 

affected more by intensity. The pattern observed in these two 

treatments is similar to that observed by Myttenaere and Daoust (1980)- 

a decrease in the leaching losses during the first 24 hours, but 

remaining constant thereafter. This suggests the existence of 

two alkaloid pools; one which is comparatively susceptible to 

leaching; and tends to be depleted within 24 -hours, and another' 

more resistant pool. That the undamaged capsules did not exhibit 

the same trend is further evidence of the protective nature of 

the wax. 

It also appears that the response varies with capsule maturity. 

In the green capsule, rainfall duration may be the dominant factor, 

with intensity becoming more important with maturity, particularly 

after 42 days. 

The reasons for the differing trends in the alkaloids leached 

per day between the pilot and field study may be related to the 

higher alkaloid content in the former, providing a larger, easily 
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leached pool. This is supported by the fact that glasshouse crops 

generally show greater leaching losses, due in part to a greater 

accumulation of nutrients (Kingsley et 	1957). Thus a longer 

period of leaching may eventually have produced a similar result 

in the Field Study. The larger volume of leachate used in the Pilot 

Study must also be kept in mind, although it's effect may be limited. 

The large variation in the percentage of alkaloids unaccounted 

for by leaching in the pilot study may be a reflection of the 

delay in the leaching of the capped treatment. If, because of 

this delay, the alkaloid content of the unleached capsule had 

decreased, then the computation of this variable using the higher 

T o  value detected 21 days previously, would have resulted in an 

apparently lower value. 

The method of obtaining this variable - by subtraction - 

is open to considerable error, since any losses in the system, 

as may result from the apparatus and the analysis techniques, 

may produce spurious results. However, the similar figures obtained 

in both the pilot and field study tend to confirm that other 

mechanisms, apart from leaching, were causing losses of morphine, 

and particularly thebaine. 



4.4 BIODEGRADATION 

4.4.1 Introduction  

Under field conditions mature capsules often show large 

increases in fungal colonization and discolouration during wet 

periods, which coincides with a decrease in the alkaloid content 

and yield (Section 4.1). During the leaching studies (Section 

4.3) it was shown that other mechanisms apart from leaching may 

be involved in alkaloid losses from the capsule. Two have been 

proposed; the activity of endogenous capsule enzymes (Heydenreich 

et at., 1961; Bunting, 1963; Laughlin, 1977), and fungi (Kopp, 

1957; Kleinschmidt and Mothes, 1958; Miczulska, 1967; Laughlin, 

1977). 

Schenck and co-workers in the early 1960's investigated the 

ability of the semi-purified polyphenoloxidase from immature capsules 

to effect morphine losses in solution, but no work was done 

regarding codeine or thebaine, or the mature capsule. 

With regard to fungi, Laughlin (1977) demonstrated that 

these were_capable of causing morphine. losses in powdered poppy 

capsules. No work has been done on the whole capsule or with codeine 

and thebaine. 

Thus enzyme studies were.conducted, concentrating on poly-

phenoloxidase,to substantiate the findings of Schenck and co-workers. 

This involved both Warburg manometry and the incubation of capsule 

enzymes with morphine, codeine and thebaine to determine their 

ability to effect alkaloid losses. In addition, a direct incubation . 

of mature capsules in the absence of microorganisms was attempted. 

In the fungal studies, the fungi were incubated in nutrient 

solutions containing glucose and/or morphine, codeine and thebaine 
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to determine their ability to use the alkaloids as the sole carbon 

source. In addition, capsules were inoculated with the fungi and 

incubated in a humid environment to determine their ability to 

effect alkaloid losses in vivo. The former studies concentrated 

mainly on DondAyphion pertLciLlatum and the closely related species 

abe.1.1.i4ia sp., while the latter were also concerned with 4.1„te/Laa1zia 

atteAnata and C-Lodovo/zitun ciadovoaioide4. 

4.4.2 Treatments 

4.4.2.1  Enzyme Studies  

In these studies enzymes were isolated from both immature 

(green) and mature (dry) capsules. In the text they will be referred 

to as the enzyme (immature) and enzyme (mature) respectively. 

4.4.2.1.1  Warburg Manometry 

The purpose of these experiments was to determine 

the substrate specificity of polyphenoloxidase (PPO) and the effects 

of the alkaloids alone and in the presence of a phenol, on specific 

activity. The enzyme was prepared from either the acetone powder 

(stored for six months at -20
o
C) of the immature capsule or the 

acetone powder (used immediately) from the mature capsule which 

had been stored for 10 weeks under laboratory conditions. 

Experiment 1  

The specific activity of the crude enzyme (mature) was measured 

with catechol, p-cresol, p-coumaric acid, caffeic acid and dopa 

(D,L-3,4-dihydroxyphenylalanine),as substrates. Four replications 

were performed. 

Experiment 2  

Various concentrations of p-cresol were tested for activity 
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against the crude enzyme (mature). The concentrations (molarity 

in the final reaction mixture) were 10
-1

, 5 x 10
-2

, 10
-2

, 5 x 

10-3 , and 10 -3M. Five replications were performed. 

Experiments 3 to 7 used the same substrates; morphine, codeine 

and thebaine alone, and in the presence of p-cresol. Only the 

nature of the enzyme was varied, as shown below. Five replications 

were performed in all cases. 

Experiment 3  

The crude enzyme (mature) was used. In this experiment only, 

three additional treatments using the enzyme + p-cresol reaction 

mixture were done; the addition of 4-chlororesorcinol (4-CR) and 

diethyldithiocarbamate (DIECA), and boiling of the enzyme prior 

to analysis. 

Experiment 4  

The PVP treated enzyme (mature) was used. 

Experiment 5  

The partially purified enzyme (mature) was used. 

Experiment 6  

The crude (tested with p-cresol only) and PVP treated enzyme 

(immature) was used. 

Experiment 7  

The partially purified enzyme (immature) was used. 

4.4.2.1.2  Enzyme Incubation Experiments  

The following experiments were designed to test the 

capacity of enzymes in capsules to cause a decrease in extractable 

alkaloids in an enzyme solution. 
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Experiment 8  
- 

A crude enzyme obtained from field dry capsules stored for 

10 weeks under commercial conditions (Section 3.11.1.2) was used. 

No additional alkaloids were added. Four replications of the following 

five treatments were performed: 

T 0 : The enzyme solution analysed immediately to determine the 

alkaloid (morphine, codeine and thebaine) •content prior 

to incubation; 

nil: The enzyme solution incubated with no additions; 

p-cresol: p-cresol added to the enzyme solution prior to incubation; 

4-CR: 4-chlororesorcinol added to the enzyme solution prior to 

incubation; 

boiled: The enzyme solution boiled prior to incubation. 

Experiment 9  

This experiment was conducted to determine whether the substances 

removed by acetone washing were capable of catalysing alkaloid 

losses. The crude enzyme solution employed was obtained from field 

dried capsules stored for 16 weeks under commercial conditions 

(Section 3.11.1.2). No additional alkaloids were added. Three 

replications of the following treatments were performed: 

To : The enzyme solution analysed immediately to determine the 

alkaloid content prior to incubation; 

Nil: The enzyme solution incubated with no additions; 

p-cresol: p-cresol added to the enzyme solution prior to incubation; 

p-cresol, boiled: The enzyme solution containing p-cresol was 

boiled prior to incubation; 

4-CR: p-cresol and 4-chlororesorcinol added to the enzyme solution 

prior to incubation; 



washings: Acetone washings added to the enzyme solution prior 

to incubation; 

washings; boiled: The enzyme solution containing acetone washings 

was boiled prior to incubation. 

Experiment 10  

The following experiment was conducted in in attempt to 

identify an enzyme source capable of causing alkaloid losses, 

in response to the results of experiment 9. A crude enzyme preparation 

from field dry capsules stored for 20 weeks under commercial 

conditions (Section 3.11.1.2) at normal and double strength, and 

the crude enzyme (immature) obtained from two week old capsules, 

was used. No additional alkaloids were added. Three replications 

of the following seven treatments were performed: 

To (normal): The normal strength enzyme solution analysed immediately 

to determine the alkaloid content prior to incubation; 

p-cresol (normal): p-cresol added to the normal strength enzyme 

solution and incubated. 

T (double): The double strength enzyme solution analysed immediately_ o  _ 

to determine the alkaloid content prior to incubation; 

p-cresol (double): p-cresol added to the double strength enzyme 

solution and incubated; 

To (immature): The enzyme (immature) solution analysed immediately 

to determine the alkaloid content prior to incubation; 

Nil: The enzyme (immature) solution incubated with no additions; 

p-cresol (immature): p-cresol added to the immature enzyme solution 

and incubated. 

Experiment 11  

A crude enzyme solution was obtained from the dry capsules 
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of field experiment B (Section 3.3.1). The acetone powder was made 

from capsules stored in the laboratory for 10 weeks. The effect 

of various concentrations of p-cresol on the alkaloid content 

was tested. The following molar concentrations were used: 0, 2.8 

x 10
-3

, 5.7 x 10
-3

, 8.5 x 10
-3

, 1.13 x 10
-2

, and 1.7 x 10
-2
M p-cresol. 

Four replications were performed. 

Experiment 12  

The crude and PVP-treated enzyme (immature) was obtained 

from the acetone powder (Experiment 10) which had been stored 

for six months. Alkaloids were added to all treatments just prior 

to incubation. Four replications of the following five treatments 

were performed: 

Nil (crude): The crude enzyme solution incubated with no additions; 

p-cresol (crude): p-cresol added to the crude enzyme solution 

prior to incubation; 

To (PVP): The PVP-treated enzyme solution analysed immediately 

to determine the alkaloid content before incubation; 

Nil (PVP): The PVP-treated enzyme solution was incubated with 

no additions; 

p-cresol (PVP): p-cresol added to the PVP-treated enzyme solution 

prior to incubation. 

4.4.2.1.3  Enzyme Alkaloid Losses in the Intact Capsule  

This experiment was conducted with the aim of determining 

the capacity of capsule enzymes to cause alkaloid losses in vivo 

and in the absence of microorganisms. The experiment was replicated 

five times, with each replication containing 10 capsules from 

five plants. The following treatments were applied: 

T o : The capsules were analysed immediately to determine the alkaloid 

content before incubation; 
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Control: The capsule enzymes were inactivated prior to incubation 

by treatment with propylene oxide; 

Treatment: The capsules were surface-sterilized prior to 

incubation. 

4.4.2.2  Fungal Studies  

4.4.2.2.1  Nutrient Solution Studies  

Experiment 13  with D. peniciLtatum and Experiment 14  

with abeLa4ia sp., were conducted separately using similar treatments, 

as detailed in Table 4.4.1. The alkaloid content of T o  was determined 

immediately, while all other treatments were incubated. 

4.4.2.2.2  Whole Capsule Studies  

Two experiments were conducted separately, but under 

similar conditions. Both consisted of four blocks of five treatments 

with each replication containing 10 (Experiment 15) and 20 (Experiment 

16) capsules. 

Experiment 15  

The treatments were as follows: 

To : Capsules analysed immediately to determine the capsule dry 

weight and alkaloid content and yield before Incubation; 

Control: Sterilized capsules incubated in the complete absence 

of fungi; 

6r6e//i4ia: Capsules inoculated with 6mbel,a4ia prior to incubation; 

A/teAnaAia: Capsules inoculated with A. cateimata prior to 

. incubation; 

aadovo4um: Capsules inoculated with C. audovoitioide4 prior 

to incubation. 



Table 4.4.1. The treatments employed in the Nutrient Solution Studies (Section 4.4.2.2.1).  

Treatment  Glucose  Alkaloids  Inoculated  Incubated  Comments 

Nil 
 

To determine nutrient carryover 
in the inoculum 

Control (-gluc)  _* 

Control (+gluc)  -* 

The alkaloid content before 
incubation 

To indicate the effects, if any, 
of incubation in the absence of 
fungi 

The effect of the fungi on 
alkaloids in the presence and 
absence of glucose 

-Glucose 

+Glucose 

 

*Autoclaved inoculum added. 
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Experiment 16  

The treatments were as follows: 

Control: Sterilized capsules incubated in the complete absence 

of fungi; 

DendAyphion: Capsules inoculated with D. eruicittaturn prior to 

incubation; 

A/teArwmia: Capsules inoculated with A. aLteArtata prior to incubation; 

All: Capsules inoculated simultaneously with D. peaicalatum, A. 

alte4nata and C. c1adovo/tioide4 prior to incubation; 

Saprophytes: Capsules left exposed to the atmosphere for 48 hours' 

prior to incubation. 

A To treatment was not inclUded based on the results of 

Experiment 15. kae/martia was included to permit a comparison 

between Experiments 15 and 16. 

4.4.3 Calculations and Statistical Analysis  

The percentage loss in dry matter , as reported in Experiments 

15 and 16, was calculated based on the assumption that the seed 

dry weight remained constant throughout the incubation period. 

The weight of seed from each sample (as determined at the end 

of the experiment) was subtracted from the capsule + seed weight 

before commencement to give the initial capsule dry matter. This 

was then divided by the final capsule dry matter to give the loss 

on incubation. 

Experiments 1 to 7 and the Enzymic Alkaloid Losses in the 

Intact Capsule were analysed as replicated experiments, and Experiments 

13 to 16 as a completely randomised block design. Experiments 

8, 9, 11 and 12 were analysed as containing two blocks (a day 

effect) each with one or two replications. This was done in order 

to remove the effect due to storage of a number of the replicates 
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for 24 hours prior to analysis (Section 3.9.1.3). In Experiment 

10 this analysis was of little benefit because of the wide variation 

in initial alkaloid content of the enzyme solutions. Thus the 

normal, double and immature groups of treatments were analysed 

separately as replicated designs. A log transformation of the 

complete data, followed by statistical analysis, gave similar 

conclusions. 

4.4.4 Results  

4.4.4.1  Enzyme Studies  

4.4.4.1.1  Warburg Manometry 

Experiment 1  

Figure 4.4.1 shows the pattern of gas uptake with various 

phenolic substrates. Catechol and dopa showed a continually decreasing 

activity with time. With caffeic acid gas uptake was not 

linear until after about 30 minutes. With p-cresol as the 

substrate however, a lag phase lasting 20 minutes occurred, 

before a constant rate of gas uptake was observed. p-Coumaric acid 

showed no activity under the conditions used. 

The determination of specific activity was difficult for 

catechol and dopa. Estimates, which were made by calculating the 

slope of the visually determined tangent at the origin, showed 

wide variation and prevented the detection of a treatment effect. 

The average specific activities were 0.351, 0.60, 0.289 and 0.59 

01 gas/minute/mgm protein for p-cresol, catechol, caffeic acid 

and dopa respectively. 

At the end of the analysis period, the enzyme solution containing 

p-coumaric acid had not altered in colour, while that with catechol 



Figure 4.4.1  

The effect of substrate on the cumulative gas uptake 

(0) by the crude enzyme from the mature capsule. 

(Experiment 1). 

Key to Figure  
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and caffeic acid has changed to a light orange, p-cresol to a 

dark orange, and dopa to an almost black colour. 

Experiment 2  

Two differences become apparent at different p-cresol concentrations. 

As concentration increased, so did the length of the lag phase 

(Figure 4.4.2). The apparently linear gas uptake •with time at 

10 -1 M is an artefact, since the individual replications failed 

to exhibit a linear phase at all. An indication of specific 

activity was gained from this plotted average. 

The other effect of concentration was on specific activity 

(Figure 4.4.3). The maximum specific activity occurred within 

the concentration range 5 x 10 3M and 5 x 10 2M and decreased 

at higher or lower substrate concentrations. 

The specific activities obtained in Experiments 3 to 7 are 

presented in Table 4.4.2. The values for the alkaloids alone are 

presented for completeness, but were of little significance. For 

clarity, they are not recorded on the Figures. 

Experiment 3  

Only in the presence of p-cresol was activity observed (Figure 

4.4.4). The presence of the alkaloids with p-cresol had no effect 

on the specific activity (Table 4.4.2) nor apparently on the lag 

phase. 

Boiling, and the addition of DIECA, completely inhibited 

gas uptake, while 4-chlororesorcinol significantly reduced it. 

Experiment 4  

PVP treatment of the enzyme from the mature capsule had 

little effect on the shape of the gas uptake graph (Figure 4.4.5). 



Figure 4.4.2 

The effect of p-cresol concentration on the cumulative 

gas uptake (0) by the crude enzyme from the mature capsule 

(Experiment 2). 

Key to Figure.  
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Figure 4.4.3  

The effect of p-cresol concentration (molar, in the reaction 

solution) on the specific activity (Ill/min/mg protein) of the 

crude enzyme from the mature capsule. 



Table 4.4.2. The specific activities obtained in Experiments 3 to 7.  

Specific 'activity (pl gas/min/mgm protein) 

Experiment 3  Experiment 4 
+PVP -pvp 

Substrate 

p-cresol  0.34  0.44b*0.37a 

p-cresol + 4-CR  0.13  

Morphine  -0.01  -0.05 

Codeine  -0.01  0.03 

Thebaine  -0.01  -0.04 

p-cresol + morphine  0.31  0.40ac 

p-cresol + codeine  0.32  0.38ac 

i 
p-cresol + thebaine  0.33  0.40ac 

, 

L.S.D. (5%)  ns  0.03 

Experiment 5 Experiment 6 
+PVP  -PVP 

Experiment 7 

3.61a 4.53a 3.88c 14.17a 

-0.02 0.08 -0.48 

-0.16 0.07 -0.26 

-0.15 0.00 -0.49 

3.98b 4.20b 15.20b. 

3•45a 4.53a 15.10 ab 

3.81ab 4.37a 16.44C 

0.23 0.32 0.93 

*Results (excluding the alkaloids alone) within each experiment possessing the same letter are not 

statistically different (LSD, 5%). 



Figure 4.4.4 

The effect of p-cresol, alkaloids, and inhibitors.on 

the cumulative gas uptake (pl) by the crude enzyme from the 

mature capsule (Experiment 3). 

Key to Figure.  
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It did, however, increase the specific activity as compared to 

the crude enzyme (Table 4.4.2). The alkaloids alone showed no 

gas uptake and when added with p-cresol'decreased the gas uptake 

compared to p-cresol alone 

Experiment 5  

Partial purification of the enzyme produced a ten-times 

increase in specific activity as compared to the crude enzyme 

(Table 4.4.2). Alone, the alkaloids showed negligible activity, 

but morphine, when added to the enzyme + p-cresol reaction mixture, 

increased the specific activity by 10% as compared to p-cresol 

alone. A reduction in the lag phase also appeared (Figure 4.4.6). 

Codeine and thebaine had no such effect. The activity of the p-

cresol + alkaloids reaction mixture tended to decrease after 50 

to 60 minutes, particularly with thebaine. 

In the presence of p-cresol + thebaine only, a fine yellow 

precipitate was observed after analysis. 

•Experiment 6  

The crude enzyme _(immature) _was _about ten-times more active 

than -that from the mature capsule. PVP treatment again produced 

an increase in activity (Table 4.4.2). With this enzyme preparation, 

the lag phase was reduced to 10 minutes (Figure 4.4.7). The addition 

of alkaloids to p-cresol + enzyme had no effect on the lag phase, 

but morphine and codeine did tend to produce a slight decrease 

in the rate of gas uptake after about 40 minutes. Morphine in 

the presence of p-cresol caused a significant reduction 

in specific.activity (Table 4.4.2). 

• Experiment 7, 

Partial purification of the immature enzyme resulted in 
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Figure 4.4.5 

The effect of p-cresol and alkaloids on the 

cumulative gas uptake (p1) by the PVP treated enzyme from 

the mature capsule (Experiment 4). 

Key to Figure.  
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Figure 4.4.6 

The effect of p-cresol and alkaloids on the 

cumulative gas uptake (p1) by the partially purified•

enzyme from the mature capsule (Experiment 5). 

Key to Figure.  
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Figure 4.4.7  

The effect of p-cresol and alkaloids on the 

cumulative gas uptake (0) of the PVP treated enzyme from 

the immature capsule (Experiment 6). 

•	 

 

Key to Figure.  
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a 3.5-times increase in specific activity (Table 4.4.2). A 15 

minute lag phase was generally observed, but this was reduced 

to 10 minutes with morphine (Figure 4.4.8). A decrease in the 

rate of gas uptake, particularly in the presence of morphine and 

codeine, occurred after about 40 minutes. The presence of morphine 

and thebaine, but not codeine, increased the specific activity 

by 7% and 16% respectively, as compared to p-cresol alone. 

After the incubation period, the reaction solution containing 

p-cresol and morphine was cloudy orange, while that containing 

p-cresol and thebaine had a heavier, brownish precipitate. All 

other solutions containing p-cresol were orange. 

4.4.4.1.2  Enzyme Incubation Experiments  

In the following set of experiments, no change in 

the incubation solution occurred unless p-cresol was present. 

When present a change in colour from a very light brown to a 

dark red was noted, and a concommitant formation of a red-brown 

precipitate. 

In addition, the presence of p-cresol in an active enzyme 

solution resulted in two additional peaks (3 and 5) being recorded 

by HPLC (Figure 4.4.9). When the enzyme was inhibited, 

either by boiling or the addition of 4-CR, only a larger 

peak 5 was observed. 

An extract was subjected to gas chromatography-mass spectroscopy 

(Section 3.6.3), the results of which are shown in Appendix 4.4.4.1.2(a-

d). Two peaks, whose size were in a similar ratio as the unknown 



Figure 4.4.8 

The effect of p-cresol and alkaloids on the 

cumulative gas uptake (pl) by the partially purified 

enzyme from the immature capsule (Experiment 7). 

Key to Figure.  
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Figure 4.4.9 

The typical HPLC chromatogram obtained from the 

Enzyme Incubation Experiments. 

(a). The enzyme inactivated by boiling. 

(b).The active enzyme in the presence of p-cresol. 

Key to Figures. 

Peak 1 	morphine 

Peak 2 - codeine 

Peak 3  4-methylcatechol 

Peak 4 - thebaine 

Peak 5 - p-cresol 
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peaks on the HPLC chromatogram, produced mass spectra similar 

to p-cresol and 4-methyl catechol (4-methyl-1,37benzenediol). 

Their direct isolation from HPLC followed by'mass.spectroscopy 

and also peak enhancement by standards addition ;  confirmed their 

identity. 

Experiment 8  

In this experiment no account was taken of alkaloid concentration 

by evaporation during incubation, which resulted in a lower yield 

of morphine and codeine in T o  (Table 4.4.3). If the correction 

for evaporative losses observed in the remaining experiments are 

applied to this experiment, no such difference occurs. 

Thus, no alkaloid losses were observed on incubation in 

the absence of p-cresol, and therefore 4-CR and boiled had no 

effect. However, the presence of p-cresol was associated with 

significant decreases of 10%, 9%, and 57% in the morphine, codeine 

and thebaine levels respectively, as compared with the nil treatment. 

Experiment 9  

The development of the red colouration in the presence of 

p-cresol was prevented on boiling, and was reduced in the presence 

of 4-chlororesorcinol. 

The significantly higher alkaloid levels in the washings 

and washings, boiled treatments was due to the presence of alkaloids 

in the acetone washings. 

No treatment produced a decrease in morphine and codeine 

levels (Table 4.4.4), but the thebaine level was reduced by 40% 

in the presence of p-cresol. Boiling, and the presence of 4-chloro-

resorcinol, prevented this loss. 

The acetone washings had no effect on alkaloid content. 



Table 4.4.3. The alkaloid yield (mgm) of the enzyme solution as  

obtained in Experiment 8.  
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Treatment 
Alkaloid yield  (mgm) 

Morphine Codeine Thebaine 

To  8.74a* 0.67a 0.36a 

Nil 9.47b 0.74b 0.37a 

p-cresol 8.53a 0.67a 0.16b 

4-CR 9.58b 0.74b 0.37a 

boiled 10.13c 0.77b 0.38a 

LSD  (1%) 0.50 0.04 0.04 

% Loss  (p-cresol/nil) 10% 9% 57% 

Table 4.4.4. The alkaloid yield (mgm) of the enzyme solution as 

obtained in Experiment 9  

Treatment 
Alkaloid yield  (mgm) 

Morphine Codeine Thebaine 

To  10.20a* 0.75a •0.46a 

Nil 10.12a 0.76a 0.45a 

p-cresol 10.08a 0.74a 0.27b 

p-cresol,  boiled 9.86 a 0.73a 0.43a 

4-CR 10.13a 0.76a 0.44a 

Washings 11.08b 0.93b 0.62c 

Washings,  boiled 11.04b 0.91b 0.58a 

LSD  (1%) 0.65 0.07 0.04 

% Loss  (p-cresol/nil) 0% 0% 40% 

*Results (for the same alkaloid) possessing the same letter are 

not significantly different (LSD, 1%). 
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Experiment 10  

An increase in intensity of the red colour was observed 

in treatments p-cresol (normal), p-cresol (double) and p-cresol 

(immature) respectively. 

No data was available for codeine and thebaine for T o  (immature) 

nil, and p-cresol (immature) because of their very low concentrations 

in these solutions. 

No morphine or codeine loss was observed in enzyme solutions 

from the mature capsule (Table 4.4.5). From the immature capsule, 

however, a 21% decrease in the morphine level occurred in the 

presence of p-cresol. Thebaine again showed significant decreases 

in the enzyme solution from the mature capsule. They amounted 

to a 59% and 28% decrease in the normal and double strength solution 

respectively. 

Experiment 11  

No observable colour differences occurred between treatments 

containing p-cresol. However, the colour of the chloroform:ethanol 

extract changed from colourless in / 0/  and 2.8 x10 3 , to a gradually 

increasing yellow colour with increasing p-cresol concentration. 

Both morphine and thebaine levels decreased with increasing 

-2 p-cresol concentration, such that, with 1.7 x 10 2M p-cresol, 

the Morphine and thebaine levels were 14% and 38% lower respectively, 

than when p-cresol was absent (Table 4.4.6). No codeine treatment 

effect was detected. 

Qualitative observations of the p-cresol and 4-methylcatechol 

peak areas revealed that these products did not appear until p- 

cresol concentrations were 5.7 x 10
-3
M or greater. With higher p-cresol 

concentrations, the peak areas of p-cresol and 4-methylcatechol 

increased, apparently in similar ratios. 



Table 4.4.5. The alkaloid yield (mgm) of the enzyme solution  
as obtained in Experiment 10.  
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Treatment 
Alkaloid yield (mgm) 

 

Morphine Codeine Thebaine 

To  (normal) 9.01 0.72 0.37a 

p-cresol  (normal) 9.04 0.72 0.17b 

LSD  (1%) ns ns 0.03 

To  (double) 17.11 1.28 0.60c 

p-cresol  (double) 16.95 1.37 0.43a 

LSD (1%)  ns  ns  0.17 

To (immature)  0.94a*  - 

nil  0.92a 

p-cresol (immature)  0.72b 

LSD (1%)  0.082 

Table 4.4.6. The alkaloid yield (mgm) of the enzyme solution 

as obtained in Experiment 11.  

Cresol 
Concentration  (M) 

Alkaloid yield  (mgm) 

Morphine Codeine Thebaine 

0 

2.8 x 10
-3 

5.7  x  10
-3 

8.5 x  10  

1.13  x  10 -2  

1.7  x  10
-2 

LSD  (5%) 

% Loss with 1.7 x l0 2 M 

6.06a* 

5.96 a 

5.89 a 

a 

5.76 a 

519 b 

0.25 

14% 

0.29 

0.28 

0.27 

0.28 

0.29 

0.27 

ns 

0 

0.072a 

0.065ab 

0.057abc 

0.052bc 

0.043c 

0.045c 

0.010 

38% 

*Results (for the same alkaloid) possessing the same letter are 

not significantly different. ,.:___ _ 
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Experiment 12  

The higher morphine levels in T o  (PVP) and nil (PVP) as 

compared to nil (crude) was a result of slight inaccuracies in 

the addition of alkaloid standards to the two sets of treatments. 

Nonetheless, comparison within the crude and PVP treatments reveals 

that only with PVP treatment does a morphine loss occur (Table 

4.4.7). This amounted to a decrease of 11%. With thebaine the 

decrease was increased by PVP treatment, from 57% to 62%. These 

changes occurred only in the presence of p-cresol. Again, no codeine 

treatment effect was detected. 

4.4.4.1.3 	Enzymic Alkaloid Losses in the Intact Capsule  

By the end of the incubation period Many of the capsules, 

particularly from the Treatment, were heavily infected with 

mainly saprophytic fungi, such as PeaiciLaum and Rhi3opu4 species. 

In addition, capsules often had brown coloured water within them. 

The capsules were a medium brown colour following incubation. 

Table 4:4.8 shows that the content of the three alkaloids 

decreased on incubation, regardless of the treatment. Only the 

morphine content was lower in Treatment than Control. 

Since the capsule yield varied little with treatment, the 

alkaloid weight per sample showed similar treatment effects as content. -  

Treatment differences in the HPLC chromatograms were observed 

(Figure 4.4.10). The extract from the T o  and Control treatments 

produced the typical chromatogram, while that from Treatment contained 

an additional peak just prior to morphine. Its identity will be 

discussed in Section 4.4.4.2.1. 



Table 4.4.7. The alkaloid yield (mgm) of the enzyme solution as  

obtained in Experiment 12.  

Treatment 
Alkaloid yield  (mgm) 

Morphine Codeine Thebaine 

nil  (crude) 9.99a *  0.77 0.21a  

p-cresol  (crude) 9.48a  . 0.80 0.091b 

To  (PVP) 10.66b 0.80 0.22a 

pil.(PVP) 10.54b 0.76 0.20a 

p-cresol  (PVP) 9.42c 0.73 0.077b 

LSD  (1%) 0.98 ns 0.045 

 

% Loss - crude  0 
 

57 

 

- PVP •  11 
 

62 

Table 4.4.8. The alkaloid content (%, dry matter basis) of capsules  

used to study the enzymic alkaloid losses in the  

intact capsule.  
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Content (%) 
Treatment 

Morphine  Codeine  Thebaine 

T o  2.02 a 0.13a 0.261a 

Control 1.05b 0.074b 0.085b 

Treatment 0.62c  0.10ab 0.13 b  

LSD  (5%) 0.31 0.034 0.073 

* Results (for the same alkaloid) with the same letter 

are not significantly different. 
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(A) 
 

(0 ) 

Figure 4.4.10  

The typical HPLC chromatogram obtained from the study on 

the Enzyme Alkaloid Losses in the Intact Capsule. 

(a)- . Control. 

(b). Treatment. 

Key to Figures.  

Peak I  identity unknown 

Peak 2  morphine 

Peak 3 - codeine 

Peak 4  thebaine 
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4.4.4.2  Fungal Studies  

Several species of fungi were consistently isolated 

from capsules or infected seed obtained from commercial crops. 

Four species, namely 6mbeUi4ia sp., Dendryphion perulcLUaturn (Corda) Fr., 

ALteAnaitia aLteAnata (Fr.) Keissler s.1., and Clado4pmium 

ciado4poizioide4 (Fres.) de Vries were identified by C.M.I. (Kew, 

England), while the fifth, Si:enzpharn sp. was identified using 

the key of Barnett and Hunter (1972). Only the first four species 

were used in the following investigations. 

6mbeLti4ia and D. penicil.lium showed many similarities in 

growth form. Both produced a greater rate of diameter increase 

on poppy decoction agar (PD) than potato dextrose agar (PDA). 

The opposite was true for A. cateiznata and C. c.l.ado4poizioide4. 

4.4.4.2.1  Nutrient Solution Studies  

In both experiments similar changes were observed 

, during incubation. The nil treatment had very little fungal growth, 

indicating minimal nutrient carryover (Plate 4.4.1). The -glucose 

solution was slightly - yellow and contained small colonies 

of fungal mycelia, while the +glucose solution 

was a deeper yellow and contained a solid fungal mat (Plate 4.4.2). 

Incubation, and particularly in the presence of the fungus, 

corresponded with marked increases in the quantity of an unidentified 

compound, as indicated by peak 1 in Figure 4.4.11. As a rule, 

its peak height varied inversely to the morphine yield. 

Identification of this compound was complicated by its similar 

retention time to morphine. All attempts to adequately separate the two by 

varying the chromatographic conditions were unsuccessful. Attempted 

peak isolation, and analysis by mass spectroscopy, yielded only 



Plate 4.4.1 

Fungal nutrient solution studies. The Nil treatment 

(right) showed negligable fungal growth, indicating little 

nutrient carryover from the inoculum. The -Glucose 

treatment (left) showed isolated masses of fungal mycelia, 

and a light yellow coloured solution, suggesting the ability 

of the fungus to use the alkaloids as a nutrient source. 

Plate 4.4.2 

Fungal nutrient solution studies. The -Glucose (right) 

and 4-Glucose (left) treatments, showing the effects of 

glucose on fungal growth. 
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Figure 4.4.11  

The typical HPLC chromatogram obtained from the 

Nutrient Solution Studies. 

(a). To  

(b). Control (+glucose) 

(c). -glucose 

Key to Figures.  

Peak 1 - identity unknown 

Peak 2 - morphine 

Peak.3 - codeine 

Peak 4 - thebaine 
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a typical morphine spectrum, very similar to that of the pure 

substance (Appendix 4.4.4.2). GC-MS of a solution which, based 

on HPLC analysis, contained large quantities of codeine, thebaine 

and peak 1, but very little morphine, revealed codeine and thebaine,•

a little morphine, but no other compounds. 

With morphine as the sole alkaloid in the nutrient solution, 

Peak 1 was still produced in similar proportions, but GC-MS of 

the extract revealed only the morphine peak. Direct analysis by 

MS produced a large total ion count (TIC) trace, but again the 

typical morphine spectrum was the only one detected. Mass traces 

of the mass ions 286 (the morphine isotope), 215 and 162 showed 

that they occurred in similar ratios throughout the TIC trace. 

Experiment 13  

Incubation in the absence of D. peaicLUatum had little 

effect on the morphine, codeine or thebaine yield (Table 4.4.9). 

Its presence, however, was associated with significant decreases 

in both morphine and thebaine yields. The morphine loss was significantly 

greater in the presence of glucose at the 5% level, but not at 

1%. This lower value was due solely to the very low levels detected 

in two of the blocks, which also contained relatively large quantities 

of Peak 1. 

Codeine showed no significant treatment effect. 

Experiment 14  

Morphine showed a very similar pattern as above, with the 

• exception that 6mbeLtiia was associated with a greater decrease 

in the absence of glucose (Table 4.4.10). The results of codeine 

and thebaine are considerably more difficult to interpret because 

of inexplicable significant variations within the To  and control 



Table 4.4.9. The alkaloid yield from nutrient solutions inoculated 

with D. peai_ciUatum (Experiment 13).  

Treatment pH 
Alkaloid yield  (mgm) 

Morphine Codeine Thebaine 

T o  7.05 16.78 a+ 1.87 0.48a 

Control  (-glucose) 7.02 16.96a 1.95 0.42a 

Control  (+glucose) 7.06 16.87a 1.94 0.46a 

-glucose 7.04 11.57b 1.83 0.33b 

+glucose 7.81 7.57c 1.78 0.27b 

LSD 5% 3.38 ns 0.92 

LSD 1% 4.74 ns 1.13 

% Loss* -glucose 31% - 27% 

+glucose 55% - 40% 

Table 4.4.10. The alkaloid yield from nutrient solutions inoculated 

with 6mbe//i4ia (Experiment 14).  
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Alkaloid yield (mgm) 
Treatment  pH 

Morphine Codeine Thebaine 

T o 16.49a+ 1.83a 0.35aa 

Control  (-glucose) 7.06 16.57a 1.82a 0.42ab 

Control  (+glucose) 7.05 17.02 a 1.90 b 0.51c 

-glucose 7.12 11.97b 1.91 b 0.48bc 

+glucose 8.62 13.57 c 1.61 c 0.29d 

LSD 5% 0.84 0.031 0.084 

LSD 1% 1.18 0.043 0.119 

% Loss* -glucose 28% - 

+glucose 19% 12% 31% 

*Calculated on the basis of the average between  Control (-glucose) 

and Control (+glucose). 

+
Figures (for the same alkaloid) possessing the same letter are 

not significantly different (5%). 
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treatments. In the case of codeine, it is obvious that the +Glucose 

•treatment was significantly lower than the controls. The thebaine 

level in +Glucose was similar to T 0 , but significantly lower than 

•the two controls. It appears, therefore, that in the presence 

of both glucose and 6mbeLL4th a lower thebaine yield results, 

especially since the T o  level is unusually low when compared to 

that in Experiment 13. 

4.4.4.2.2  Whole Capsule Studies  

Experiment 15  

The average day and night time glasshouse temperatures were 

28°C and 21 °C respectively. 

The first visible sign of fungal growth occurred with ktteAnaitia 

after seven days incubation. Activity in &the-I-With and Ctado4mmium 

was first observed several days later. By the end of the incubation 

period, AtteAnaAia showed the greatest fungal growth, and 

Uado4porttum the least (Plate 4.4.3). This treatment difference 

was also evidenced during seed removal, since the capsules 

inoculated with AlteAna4ia showed the greatest cellular disruption 

and frequent seed contamination. Some minor contamination of the 

Control had occurred, mainly by Penici.taum spp. 

Table 4.4.11 suggests that a capsule dry weight loss occurred 

in the absence of both fungal and plant enzyme activity. This 

is thought to be an artefact caused by seed loss during its separation 

from the capsule, because in Experiment 16, when considerably 

more care was taken, such a large loss was not observed (Table 

4.4.12). A significant increase in the percentage dry matter loss 

during incubation accompanied the presence of the fungi, with 

4-1.teAnailia producing the greatest loss. 



Plate 4.4.3 

Fungal whole capsule studies, Experiment 15. The 

treatments after incubation for 21 days. 

Key to Plate.  

A - Control 

B - Embalisia 

C - Altemaria 

B - Cladosporium 
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Plate 4.4.4 

Fungal whole capsule studies, Experiment 16. The 

treatments after incubation for 21 days. 

Key to Plate.  

A - Dendryphion 

B - Alternaria 

C - All 

D - Saprophytes 
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Table 4.4.11. Percentage dry matter loss and alkaloid content (%, dry matter basis) and yield per sample (mgm)  

as obtained in Experiment 15.  

Treatment 
% Dry 

Alkaloid 

matter 
loss 

Morphine Codeine Thebaine 

Yield %- Yield Yield 

To  - 1.50a+ 257.4a 0.097 16.7 0.11 19.5 
- 

o  - 
:  • 

Control 7.49 1.50a 243.8a 0.095 15.4 0.10 16.9 

e abe.Lik4La 16.20 1.12 b 174.8b 0.080 12.5 ,  0.15 22.9 

Aiteartaa.La 19.09 0.83c 129.6c 0.087 13.4 0.14 21.9 

aado4poALum 13.47 1.34 a • 220.1 a 0.106 17.5 0.14 23 ..5 

LSD  (5%) 3.32 0.18 39.9 ns ns ns • ns 

% Loss* - 6mbe114_44..a 25% 30% 

- Atte/znaALa 45% 48% 

*Calculated on the basis of the averages between Control and T o . 

Figures (within each variable) possessing the same letter, are not significantly different (LSD, 5%). 
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No treatment effect on codeine and thebaine content or yield 

was detected. With morphine, no loss occurred in the absence of 

fungal or plant enzyme activity, or when Clado4poitium 

was present. In the presence of 6mbet.I.L4ia and AtteiumAia, 

however, approximate decreases of 27% and 45% (based on the average 

value between T o  and Control) in content and yield respectively, 

were recorded. 

Experiment 16  

The average day and night time glasshouse temperatures during 

this experiment were 23 °C and 15 °C respectively. 

The DendAyphion treatment first showed activity four days after 

the start of incubation. By the 8th day ALte/maizia and All contained 

fungal hyphae, but was obvious on Saprophytes only after 12 days. 

At the end of the incubation period Atte/ma/lid again had the greatest 

fungal mass (Plate 4.4.4). Dendayphion capsules were grey-green 

in colour, similar to several of the Saprophytes capsules. The Saprophytes 

treatment contained primarily Penicil-aum and A4peizg4-1,1124 spp. 

Deacblyphion produced the greatest cellular disruption. 

The Control treatment suffered negligible capsule dry matter 

loss. In the presence of fungi, significant losses were again 

recorded, with All producing the greatest loss (Table 4.4.12). 

The morphine content of the Dendityphion treatment was 

significantly higher than the Control. This was an effect of a 

capsule dry weight loss since on a yield basis there was no difference. 

Alte/maitia ard All produced similar decreases in morphine levels 

of around 15 and 20%. The Saprophytes treatment had no significant 

effect on morphine levels. 

The codeine data is difficult to interpret, since the Dendryphion 



Table 4.4.12. Percentage dry matter loss and alkaloid content (%, dry matter basis) and yield per sample (mgm)  

as obtained in Experiment 16.  

Treatment 
% Dry 
matter 
loss 

Alkaloid 

Morphine Codeine Thebaine 

Yield Yield Yield 

Control 0.35a+ 1.75a 385.3a 0.16a 35.8a 0.11a 25.5ab 

Dcnd/zyphLon 7.75 1.90b 388.0a 0.20b 40.4b 0.16b 32.9b 

4.1..te/LnaaLa 8.4b 1.52c 321.7b 0.17ac 36.4ac 0.11a 23.5a 

All 12.3c 1.52c 300.3b 0.19  bc 37.0ac 0.11a 21.3a 

Saprophytes 5.1 b 1.76 6th 358.7a 0.19  bc 39.2bc 0.16b 33.1 b 

LSD  (5%) 3.4 0.14 34.2 0.02 3.0 0.04 8.5 

% Loss* - klte/Lnaitia 13% 17% 

-  All 13% 22% 

*Calculated on the basis of the Control results. 

+ . 
Figures (within each variable) possessing the same letter are not significantly different (LSD, 5%). 



1 /202 

OH 

OH 

01-1 
cresolase 

o•-di phenol o-phenol 

348 

OH 
1/2 02 

OH
catecholase 

o-di phenol 

+ H2 O 

HO 

CH•CHCOOH 

caffeic acid 

OH 

CI 

4-c hl oro - 

resorci nol 

CH■CHCOOH 

p-coumaric acid 

OH 

OH 

OH 

HO 

catechol 

  

  

CH2CH (NH 2 )COOH 

do pa 

OH 
	

OH 
	

OH 

pseudomor phi ne 



349 

and Saprophytes treatment (which did not affect morphine levels) 

produced a higher content and yield. However, no treatment produced 

lower levels than the Control. The thebaine yield of all fungal 

treatments were similar to the Control. 

• 4.4.5 Discussion  

PPO •is a copper containing enzyme which catalyses two distinct 

reactions. One is the hydroxylation of monophenols yielding 

o-diphenols (cresolase activity) and the other is the oxidation 

of o-diphenols to o-quinones (catecholase activity, Interesse 

et aL, 1980). The substrate specificity studies confirmed the 

presence of both cresolase and catecholase activity in the mature capsule. 

Similar substrate activities were observed for poppy PPO by Asghar 

and Siddiqi (1970) and Roberts (1971). 

Enzyme inhibition by DIECA has likewise been observed by 

Asghar and Siddiqi (1970) and Roberts (1971) for poppy PPO and 

preparations from many other species (Mayer and Harel, 1979). 

Inhibition is by virtue of its copper chelating ability and is 

strongly suggestive of PPO activity. The inhibitory effect of 

4-CR is additional evidence, since compounds of similar structure 

to the substrate can act as competitive inhibitors (Mayer and 

Harel, 1979). 

The response of gas uptake with time for p-cresol, catechol 

and dopa were similar to those recorded by Asghar and Siddiqi 

(1970). The decrease in the rate of gas uptake, observed particularly 

with catechol and dopa, is largely due to inactivation by the 

oxidation products which bind to the enzyme (Kahn and Pomerantz, 

1980). Such inactivation in cresolase activity was observed to 

a limited extent in the preparation from green capsules only, 
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which confirms the general finding that end-product inhibition 

is less marked in cresolase than catecholase (Mayer and Harel, 

1979). Cresolase inhibition at high substrate concentrations was 

also observed by Wiechula (1955). 

The lag phase in cresolase activity has also been observed 

by Law (1955), Schenck et al. (1960) and Asghar and Siddiqi (1970) 

The most satisfactory explanation of this phenomenon is that the 

o-diphenol, which is an intermediate reaction product, is a cofactor 

of PPO, and a period of incubation is required to produce a sufficient 

quantity (McIntyre and Vaughan, 1975). Reducing agents, such as 

ascorbic acid, reduce the lag phase by recycling cofactor amounts 

of the o-diphenol from the'quinone end-product. In the process, 

the reducing agent is itself oxidised. 

The question of whether the cresolase action involves the 

intermediary formation of the o-diphenol which is released from 

the enzyme, or whether the reaction goes directly to completion 

to give an o-quinone, is one which has received a great deal of 

attention. It has been suggested that, if the o-diphenol is formed, 

it is not released from the enzyme (Dressler and Dawson, 1960). 

But McIntyre and Vaughan (1975) demonstrated the formation of 

caffeic acid within two to five minutes by the action of spinach 

PPO on p-coumaric acid, indicating o-diphenol release before conversion 

to the o-quinone. 

A similar observation was made in this investigation with 

the identification of 4-methylcatechol. Considering this as supporting 

evidence for the mechanism of McIntyre and Vaughan (1975) must 

be treated with caution, particularly in light of the duration 

of the incubation period. It has already been mentioned that catecholase 

activity is decreased by product inhibition, but that cresolase 
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activity is little affected. During incubation, inhibition of 

catecholase activity may have exceeded that of cresolase to such 

an extent that an accumulation of the intermediate product resulted. 

This is also suggested by the absence of both p-cresol and 4-methyl-

catechol at low initial p-cresol concentrations, which permitted 

complete p-cresol conversion to 4-methylcatechol, but the decreased 

catecholase inhibition, resulting from a lower quinone production, 

and the length of the incubation period, ensured a complete conversion 

of the intermediate product. 

The absence of activity of the alkaloids themselves was 

expected from structural considerations; o-diphenol substitution 

is prevented because one of the two ortho positions to the phenolic 

groups is occupied (Schenck, 1970), and indeed with thebaine, 

there are no phenolic groups present. When added with p-cresol, 

however, they induced several changes. The frequently observed 

decreased activity was first considered to be an effect of the 

apparent gas liberation in the presence of the alkaloids only. 

But this is not consistent with all the data. 

The alkaloids had the most noticeable effect with the partially 

purified enzyme only. This may have been a result of an increased 

enzyme concentration, particularly with regard to the dry capsule, 

but results from the green capsule also suggest a direct effect 

of the purification procedure. 

The ability of morphine to reduce the lag phase during the 

oxidation of p-cresol by (NH 4 ) 2SO4  purified PPO from immature 

capsules was also observed by Schenck et aL. (1960). They stated, 

however , that this reduction in the lag phase by morphine was 

responsible for the 270% increase in gas uptake during the first 

15 minutes, as compared to p-cresol alone. Yet another contradiction 
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was that they observed no significant difference in the final 

reaction velocity between p-cresol and p-cresol + morphine, and 

Fromming (1960) could not detect a higher oxygen consumption with 

a phenol alone, as compared to phenol + morphine. 

The results of the incubation experiments showed wide variability, 

which is probably directly attributable to enzyme source. It appears 

that the length of storage of the mature capsule before the production 

of the acetone powder may be a factor. With the acetone powder 

from the immature capsules at least, its "alkaloid activity" decreased 

over a six month period. The PPO activity, based on the rate and 

intensity of colour development, did not appear to decrease, and 

this is consistent with the known stability of PPO in acetone 

powders. 

Despite these factors the pattern that emerged was convincing. 

The production of the red colouration, which was always associated 

with the presence of p-cresol, was observed by Asghar and Siddiqi 

(1970), and is an indication of cresolase and catecholase activity 

(Law, 1955; Walker and McCallion, 1980). The decreased dye development 

in the presence of 4-CR is in agreement with its inhibitive effect 

on gas uptake. Likewise, there was correlation in the PVP effect 

as observed by Warburg manometry and the incubation experiments. 

Schenck et ca.. (1960) could not demonstrate a morphine loss 

by incubating the alkaloid with p-cresol and poppy PPO. They did, 

however, demonstrate a loss of similar magnitude when caffeic 

acid and p-coumaric acid were used as substrates. They also demonstrated 

optimal concentrations of both the phenol and morphine for the 

maximum morphine loss. That this was not demonstrated in the present 

experiments may be a reflection of the different experimental 

techniques used. 
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Thus although several conflicting results have been obtained, 

they all indicate that enzyme degradation of the alkaloids is 

possible. The actual mechanism, however, is not clear, though 

several important points can be made. The dependence on the presence 

and concentration of a phenol and the effect of PPO inhibitors 

and PVP on gas uptake and alkaloid losses, are strongly suggestive 

of a PPO involvement. But the presence of PPO activity does not 

always imply an alkaloid loss, as suggested by the effect of 4-CR. 

In fact it appears that alkaloid loss is related more to the 

magnitude of activity rather than its existence, and the degree 

of end-product formation. This is based on three observations; 

(a) the complementary effects of PVP treatment on both specific 

activity and alkaloid loss; (b) the effect of differing p-cresol 

concentrations on alkaloid losses; and (c) the inhibitory effect 

of 4-CR on specific activity and alkaloid loss. This last point 

is particularly convincing since the slight activity was not 

sufficient to cause a thebaine loss. 

These results, and those of others (Fromming, 1960; Schenck 

et obC., 1960; Schenck et aL, 1962; Schenck, 1970), strongly imply 

that the enzyme, namely PPO, does not react directly with the alkaloids, 

but via the oxidation products of the phenols. Two mechanisms 

have been proposed by Schenck (1970), both of which are in agreement 

with the above observations: 

(a)  An oxidation of morphine by the phenol products, presumably 

the o-quinones. Fromming (1960) cited similar instances where, 

for example, PPO does not react directly with ascorbic acid, but 

oxidises pyrocatechol to the o-quinone, which then reacts with 

ascorbic acid. This is very similar to the proposed mechanism 

by which reducing agents effect a reduction in •the lag phase (as 
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discussed previously),and the fact that both morphine and ascorbic 

acid reduce the lag phase strongly suggests its involvement. Fromming 

et ca.. (1962) implicated this mechanism in the greater gas uptake 

of a rutin + caffeic acid + PPO mixture compared to the combined 

uptake Of rutin + PPO and caffeic acid + PPO mixture separately, 

and may thus have been the cause of the similar pattern observed 

here. 

With regard to the morphine oxidation products, only pseudo-

morphine has been identified (Schenck et ca., 1965). This is a 

morphine dimer (McChesney, 1978) and is formed by an oxidation 

process. 

(b)  Schenck (1970) suggested as a second mechanism a complexing 

between morphine and the phenol oxidation products, such as the 

quinone polymers. This may account for the precipitate observed 

during Warburg manometry, which Schenck (1970) also observed in 

the presence of caffeic acid. He suggested that a sufficiently 

strong bond was formed to prevent morphine extraction with water. 

It is interesting to note that the degree of precipitate formation 

with the three alkaloids observed during Warburg manometry corresponded 

well with the losses observed in the incubation solutions. 

The alkaloid structure must influence their susceptibility 

to losses of this nature. Gober and Pfeifer (1963) observed a 

relationship between losses of the phenanthrene alkaloids narcotoline, 

laudanidine and morphine and the acidity of their hydroxyl groups. 

Such reasoning may account for the decreased losses of codeine, 

but not of thebaine because of the absence of hydroxyl groups. 

on this alkaloid. Even so, it appears to involve a similar process 

as morphine because of its effect on specific activity, and precipitate 

formation. Perhaps it is not the phenolic group which is important 
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in determining losses by this mechanism. 

In an attempt to confirm the operation of these, or other 

mechanisms in the remoistened, intact, mature capsule, the whole capsule 

studies were conducted. The capsules were surface sterilized to 

avoid altering enzyme activity. But on account of the very effective 

wax layer the process was inefficient and fungal contamination occurred. 

Although this makes interpretation difficult, several points can 

be made. If it is assumed that the fungi had no effect, as was 

suggested from the results of Experiment 16, then the decreased alkaloid 

content between T o  and Control was due solely to leaching losses 

caused by the water added to the capsule. (Biological and/or chemical 

degradation was excluded based on results of experiment 15.) 

The difference between Control and Treatment is then due to the 

effect of capsule enzymes. If so, the additional peak observed, 

which appears to be a very close metabolite of morphine, may represent 

its immediate oxidation product as outlined above. The quantity 

of phenolic oxidation product may not have been sufficient to 

complex all of the oxidised morphine formed. 

The assumptions made, however, must be accepted with caution. 

Firstly, the fungal flora did show some differences between this 

experiment and Experiment 16, and secondly, can leaching under 

the conditions employed cause losses of the magnitude observed? 

Thus there is at least circumstantial evidence of the capacity 

for morphine losses in the intact capsule by plant enzymic processes. 

Thebaine is interesting since according to the enzyme incubation 

experiments it is very susceptible to enzymic losses, but in the 

intact capsule it apparently is not. 

D. policiUatum and A. atterznata have previously been isolated 

from poppy plants grown under Tasmanian conditions (Laughlin, 
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1977; Munro, 1978) and so have species of C1adolpoilium and 

Stemphylthm (Laughlin, 1977). abelli4ia sp., as far as could 

be ascertained, have not previously been isolated- from the poppy. 

This may be partly due to its close similarity with D. 

perzic.L-Uatum - ard the fact that this genus was not formed until 

1971 (Simmons, 1971). 

The nutrient solution studies demonstrated the ability of 

D. peniciltatum to use morphine and thebaine, and of 

abe-ta4ia to use morphine as a sole carbon source. They generally 

appear capable of greater degradation in the presence of glucose, 

however, presumably as a result of the greater mycelial mass produced. 

It may be argued that the apparently greater loss is because of 

more adsorption of the alkaloids onto the mycelia, which cannot 

be removed by chloroform-ethanol extraction. But the results with 

6mbe.//i4th and morphine at least, refute this. Similarly the pH 

of the nutrient solution, which may affect alkaloid stability 

at high values, showed no consistent trend, with alkaloid content. 

Other workers have demonstrated the ability of microorganisms 

to degrade alkaloids. Thus Wada and Yamasaki (1954) found that 

many soil bacteria, including Nendomona4 sp., can utilize nicotine 

as a sole carbon, as well as nitrogen, source, while Hunt et al. 

(1958) observed that Neudomona4 f_luoize4cen4 oxidised nicotinic 

acid. Frankenburg et a.C.- (1955) and Sato and Hayakawa (1961) also 

demonstrated microbiological degradation of alkaloids.. 

Modifications of the alkaloids by the fungi may be very 

minor, as suggested by the additional peak . observed on incubation. 

It was at first thought to be an isomeric form of morphine. According 

to Inoue et al.. (1973),mass spectroscopy enables distinction to 

sn-> 
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be made between B/C cis- and trans-derivatives in the morphine 

series because of varying ratios of peak m/e 162, 215, and 285. 

But the only spectra observed were that of the natural cis-morphine. 

Thus its identity, though obviously very similar to morphine, 

was not established. Its similarity is also indicated by its presence 

in "pure" morphine standards and the very slight increase on incubation 

in the absence of fungi. 

Slight modifications to morphinane alkaloids by fungi have 

been studied in detail with Tizamete4 4anguined, a wood-rotting 

fungus. Yamada et ca.(1962) and Iizuka et al. (1972) demonstrated 

its ability to convert thebaine to l4--hydroxycodeine via 14- 

s-hydroxycodeinone by an oxidation process. Yamada (1963) 

found that morphine was converted very rapidly by the fungus to 

an oily product which he suggested was probably a result of enzymic 

oxidation of the phenolic group. Codeine was not attacked. 

The whole capsule studies produced several results 

that were contrary to the nutrient solution studies; 

D. penicillatum had no effect on alkaloid content or yield, and 

codeine, and particularly thebaine, showed no response to the 

presence of fungi. This latter point may be an effect of their low 

concentration in the capsule as compared to morphine. The 

+glucose treatment in Experiments 13 and 14 suggests that a 

greater mycelial mass, as achieved by longer incubation, may 

have produced a significant effect. 

The results obtained with Dendryphion are contrary to the 

90% decrease in the morphine content that Lauchlin (1977) obtained 

by growing the fungus on powdered capsules. Apart from the 
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use of powdered capsule as substrate, several other factors may 

have contributed. Had the average temperature during incubation 

been higher, a treatment effect may have occurred, since this 

factor markedly affected the capacity of 11-!teimaizia to produce 

a morphine loss. A second point is that the appearance of the 

Dendryphion treatment suggested heavy contamination with saprophytic 

fungi. If this were the case, its source is unclear. The complete 

colonization implies it was present in the inoculum, but this 

seems unlikely since the same inoculum was used for the All treatment 

in which no such contamination was evident. 

The apparent ineffectiveness of Ctado4poitium to produce a 

morphine loss may be a reflection of the experimental method used. 

It was the last to show visible signs of growth and by the end 

of the incubation period had the lowest apparent biomass. Thus 

longer incubation may have shown a significant effect. Laughlin 

(1977) observed a similar trend with C. herbarum. 



4.5 STORAGE STUDIES 

4.5.1 Introduction  

It has been suspected by industry that during storage of 

the field dry product a decrease in alkaloid content may occur. 

Therefore the alkaloid content of capsule samples stored under 

commercial conditions was monitored. 42 day old capsules which 

were artificially dried, and field dry capsules were employed. 

Temperatures at various depths in the commercial pile were also 

recorded. 

In addition, the sorption isotherm of a typical commercial 

sample was determined to gain some insight into the conditions 

required for safe storage. 

4.5.2 Material  

Capsules (minus stem) used in the study detailed in Section 

4.5.4.2 were obtained from Sassafras (Section 3.3.1.C), and the 

study in Section 4.5.4.3 from a commercial crop at Deloraine (northern 

Tasmania). The material used for the determination of the sorption 

isotherm was a random sample of the commercial product (Section 

3.11.2.1). 

4.5.3 Treatments 

4.5.3.1 	Temperatures During Commercial Storage  

Six probes were placed at various depths in a one 

year old commercial heap of poppy straw, as detailed below. 

Temperatures were recorded at 2 a.m., 6 a.m., 10 a.m., 2 p.m., 

6 p.m., and 10 p.m. between 4/2/1980 to 25/3/1980 -.a period of 

50 days. 
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• Probe Number  Depth of placement in the heap 

1  0 

2  30cm 

3  50cm 

4  100cm 

5  200cm 

6  200cm 

	

4.3.5.2 	Changes during Commercial Storage  

42 day old capsules (approximately 15kgm/sample) . were 

dried at 40 °C, 70 °C and 100°C to approximately 15% moisture content 

• before storage. In addition, 56 day old field dry capsules were 

stored with no drying treatment. 

The alkaloid and moisture content was determined immediately 

before and after drying and at intervals thereafter. The undried 

42 day old samples were freeze-dried before alkaloids analysis, 

but all other samples were analysed without any further drying 

treatment. 

Three replications were taken. 

The results were analysed as a split-plot design with respect 

to treatment. 

	

4.5.3.3 	The Effect of Freeze-Drying and 4° C Storage  

Six replications of the following seven treatments 

were done: 

Nil: The moist samples analysed immediately after harvest via 

Section 3.5.2.(a). 

Oven-dried: Immediately after harvest samples were dried at 70 °C 

for 21 hours prior to alkaloid analysis.  • 

Freeze-dried: Immediately after harvest samples were freeze-dried 

prior to alkaloid analysis. 

„. 
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One day: Samples were stored for one day at 4°C before freeze-drying 

and alkaloids analysis. 

Two days: Samples were stored for two days at 4 °C before freeze- 

drying and alkaloids analysis. 

Three days: Samples were stored for three days at 4 °C before freeze- 

drying and alkaloids analysis. 

Six days: Samples were stored for six days at 4 °C before freeze- 

drying and alkaloids analysis. 

4.5.3.4  Sorption Isotherm  

Samples were moistened (adsorption) or dried (desorption) 

to approximately 8%, 10%, 12%, 14%, 16%, 18%, 20%, 22%, 24% and 

28% moisture content and the relative humidity and moisture contents 

determined as detailed in Section 3.11.2. 

4.5.4 Results 

4.5.4.1  Temperatures during Commercial Storage 

Table 4.5.1 indicates that the diurnal temperature 

fluctuations decreased with increasing depth so that at depths 

greater than about 100cm minimal fluctuations occurred. Therefore 

the bulk of the material is at a relatively constant temperature 

of 16 to 18°C. 

There was a hint of seasonal fluctuation. At the beginning 

of measurement, the temperature at probe 6 was 17 °C, rose to 18.5 °C 

after 20 days (24/2/80), but fell to 16.5 °C by the end of analysis. 

4.5.4.2  Changes during Commercial Storage 

A.  Moisture Content 

Regardless of the moisture content of the samples just prior 



Table 4.5.1 Temperatures at various depths within a commercial one year old heap of poppy 

straw. Values averaged over 50 days. 

Probe number 

Time 1 2 3 4 5 6 

5 +  X 

2a.m. 12.9 3.1 12.8 3.1 17.3 1.7 16.8 1.9 16.6 0.8 17.8 0.7 

6a.m. 18.3 2.6 18.2 2.6 17.2 1.7 16.3 2.0 16.3 1.6 17.7 0.7 

10a.m. 23.4 3.6 23.4 3.7 17.9 1.5 16.8 1.7 16.6 0.8 17.7 0.7 

2p.m. 20.5 4.3 21.2 3.6 18.4 1.5 17.3 2.3 16.6 0.8 17.7 0.7 

6p.m. 16.2 2.7 16.0 2.8 18.3 1.6 17.9 1.5 16.6 0.7 17.7 0.7 

10p.m. 14.3 2.8 14.2 2.7 17.9 1.7 17.4 1.6 16.6 0.7 17.7 0.7 

*mean over 50 days. 

+standard deviation. 

Table 4.5.2 The moisture content of artificially and field dried capsules before and 

after drying, at various periods during commercial storage. 

Weeks of Storage 
Moisture Content (%, wet basis) 

40° C 70°C 100o C Field Dry 

Before drying 28.02 28.23 31.21 

0 13.60 15.35 14.04 15.27 

1 13.53 15.22 14.50 14.94 

2 13.39 14.20 13.87 14.07 

3 13.13 13.66 13.57 14.04 

4 13.42 13.56 13.41 13.67 

5 13.59 13.44 13.19 13.77 

7 13.15 12.98 13.16 13.21 

9 13.63 13.26 13.17 13.40 

11 13.03 12.76 13.12 13.26 

15 13.46 13.09 13.22 13.32 

19 13.51 13.24 12.81 13.00 

27 15.14 14.63 13.31 13.49 

35 13.80 13.36 13.08 13.67 
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LSD (5%) for comparisons within the same treatment: 0.65 
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to storage, they had all adjusted to a value of between 13.0 and 

13.5% within three to four weeks (Table 4.5.2). Very little 

consistant variation occurred after this point. 

B.  Alkaloid Content  

Because of the absence of data from the field dried material 

with regard to the alkaloid content before drying, these results 

were not analysed with the storage results, but as a separate 

replicated experiment. The results, shown in Table 4.5.3, indicated 

no effect of drying treatment on codeine or thebaine content. 

The morphine content of the 100° C treatment before drying was 

significantly lower than that of 40 °C and 70 °C and showed no decrease 

on drying. At 40 °C and 70 °C, however, significant decreases of 

7% and 11% respectively occurred. 

Table 4.5.4 shows that the average morphine content of 

the 13 samples taken during storage was similar between the artificially 

dried samples, but that of the field dried samples, which were 

harvested 14 days later, was about 8% lower. The codeine and thebaine 

contents did not vary between treatments. 

When averaged over treatments (Table 4.5.5) the morphine 

content showed a gradual decrease, so that after 35 weeks storage 

an approximate loss of 5% had occurred. 

The codeine content changed little during storage. 

The thebaine content decreased by about 10% during the first 

week but was unaffected by longer periods of storage. 

Analysis of variance revealed that only morphine and thebaine 

had significant treatment x time (period of storage) interactions. 

Figure 4.5.1 shows that there were large variations in morphine 

content, but it appeared that the main differences were between 

4.0 



Table 4.5.3 The effect of artificial drying of 42 day old capsules on the 

alkaloid content. 

Treatment 
Alkaloid Content (%, dry matter basis) 

Morphine  Codeine Thebaine 

40°C before 2.34a* 	 0.12 0.11 

after 2.18b 	 0.12 0.12 
70°C before 2.43a 	 0.12 0.11 

after 2.14b 	 0.13 0.12 
100°C before 2.14b 	 0.13 0.11 

after 2.09b 	 0.12 0.10 

LSD  (5%) 0.15 	 ns ns 

Table 4.5.4 The alkaloid content of capsule samples stored under commercial 

conditions. The figures are treatment averages of the 13 analyses 

taken over 35 weeks. 
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Alkaloid Content (%, dry weight basis) 
Treatment 

Morphine 
 

Codeine  Thebaine 

40°C 	 2.08a* 	 0.12 	 0.090 
70 °C 	 2.06a 	 0.13 	 0.10 
100°C  2.06a 	 0.13 	 0.10 
Field dried  1.91b 	 0.14 	 0.11 
LSD (5%) 	 0.12 	 ns  ns 

Table 4.5.5 The alkaloid content of capsule samples stored under commercial  

conditions. The figures are weeks of storage averages of the 

four treatments. 

Weeks of Storage 
Alkaloid Content (%, dry weight basis) 

Morphine Codeine Thebaine 

0 2.11a* 0.13ab 0.114a 

1 2.05b 0.12a 0.099bc 

2 2.05b 0.13ab 0.098bc 

3 2.08ab 0.13ab 0.103b 

4 2.06ab 0.13ab 0.099bc 

5 2.06ab 0.13ab 0.100b 

7 2.01bcd 0.12a 0.097bc 

9 2.04bc 0.13ab 0.091c 

11 1.97d 0.13ab 0.095bc 
15 1.97a 0.13ab 0.099bc 
19 1.99ca 0.12a 0.101b 

27 1.97a 0.14b 0.100b 

35 2.01bca 0.14b 0.098bc 

LSD  (5%) 0.05 0.01. 0.008 

*Figures (within the same variable) possessing the same letter are not significantly 
different (5%). 



Figure 4.5.1  

The effect of length of storage (weeks) under commercial 

conditions on the morphine content of the capsule. 

Key to Figure. 

• A 42 day old capsules dried at 40 ° C 

42 day old capsules dried at 70 °C • • 

• 42 day old capsules dried at 100 °C • 

• 56 day old field dry capsules 
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Figure 4.5.2 

The effect of the length of storage (weeks) under commercial 

conditions on the thebaine content of the capsule. 

Key to Figure. 

42 day old capsules dried at 40 0 C A A 

• • 42 day old capsules dried at 70 °C 

• • 42 day old capsules dried at 100 °C 

• • 56 day old field dry capsules 
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the artificially and field dry material. The former appeared to 

decrease mainly in the first 12 weeks, changing little thereafter, 

while with the latter it was restricted to the first eight weeks. 

With regard to thebaine (Figure 4.5.2), the difference appears 

to lie in the first six to eight weeks, when the thebaine content 

of the artificially dried samples decreased, but that of the field 

dried samples remained fairly constant. Large variations again 

tend to make accurate interpretations difficult. 

4.5.4.3 
 

The Effect of Freeze-Drying and 4°C Storage 

The moisture content of the material immediately after 

harvest was approximately 23%. 

Neither morphine or thebaine contents were affected by treatment 

(Table 4.5.6). The codeine content was reduced by oven drying 

and freeze-drying, as compared to direct analysis (Nil treatment), 

but was not affected by storage. 

Table 4.5.6 The effect of drying and storage at 4 °C on the 

alkaloid content of moist poppy capsules. 

Treatment 
Alkaloid Content  (%,  dry weight basis) 

Morphine Codeine Thebaine 

Nil 

Oven dried 

Freeze-dried 

One day 

Two days 

Three days 

Six days 

LSD  (5%) 

1.89 

1.93 

1.92 

1.87 

1.87 

1.93 

1.92 

ns 

0.41a *  

0.37b 

0.35bc 

0.32c 

0.32c 

0.33c 

0.33c 

0.03 

0.25 

0.25 

0.26 

0.25 

0.22 

0.26 

0.24 

ns 

*Figures with the same letter are not significantly different (LSD,5%) 
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4.5.4.4  Sorption Isotherm  

Figure 4.5.3 shows the adsorption and desorption isotherms 

obtained. Hysteresis was most pronounced at lower moisture contents, 

' and is virtually nil above 20%. At 70% RH the moisture content 

of desorbed and adsorbed samples was approximately 16% and 15.5% 

respectively. 

4.5.5 Discussion 

The origin of the differences between the undried 40° C, 

70°C and 100 °C treatments is not clear. The only important difference 

in the method of handling between the three sets of samples was 

the length of storage at 4 °C before drying. The 100°C treatment 

was dried last and thus stored at 4 °C in the moist state for three 

days. But such storage has little effect on the alkaloid content, (Section 

4.5.4.3), although two points must be mentioned when applying these results 

to the former; the material was of different origin, and also 

of a lower initial moisture content. 

Another point which must be mentioned with regard to the 

effects of drying temperature, is the method used. The capsule 

bed depth in the oven of approximately 100cm, meant that there 

was a decreasing temperature (and possibly an increasing moisture 

content) gradient from the exterior to the interior of the bed. 

The gradient was particularly large with the 100 °C treatment because 

of the short (30 minutes) drying period required. 

These points prevent an accurate conclusion being made regarding 

the effect of drying temperature on alkaloid content, but what 

can be stated is that artificial drying did reduce the morphine 

content. [Freeze-drying does not increase the quantity of extractable 

alkaloids, as suggested by Selmeci et a.C. (1967) and thus cannot 



Figure 4.5.3 

The sorption isotherm of poppy straw. 

Key to Figure.  

•  •  desorption isotherm 

adsorption isotherm 
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be responsible for the differences in morphine content before 

and after drying.] 

Losses of a similar magnitude were observed by Romisch (1958) 

on drying the immature plant at 900  to 100° C in an oven. He also 

observed a response to temperature, in that at either higher or 

lower temperatures, greater morphine losses were recorded. Pfeifer 

and Heydenreich (1962), however, observed considerable losses 

on drying at 90 0  to 1000C in both the morphine and secondary alkaloid 

content. Accurate comparisons of the various results may be difficult, 

however, since Heydenreich et al. (1961) stated that the effect 

of drying was very much dependent on plant part and stage of 

maturity. 

The crucial factor when aiming to dry poppy material with 

a minimum of alkaloid loss is the rate at which enzyme inhibition 

is achieved (Heydenreich et al., 1961; Pfeifer and Heydenreich, 

1962). Thus Heydenreich et al. (1961) observed different results 

on drying poppy material in a pre-heated oven, or in an oven adjusted 

to temperature after entry of the material. Likewise, drying in 

a rapid circulating dryer in which the poppies reached 500-600°C 

for a few seconds, conserved the morphine, codeine and thebaine 

contents (Romisch, 1961). 

The contradictory results with regard to the effect of drying 

at 70°C as observed in Sections 4.5.4.2 and 4.5.4.3 may be explained 

on the same basis. In the former the material would have taken 

longer to reach 70 °C (as previously indicated) than in the latter 

case, since the bed depth was only 5cm. The apparently lower percentage 

morphine loss with 100°C drying, if a real effect, may also be explained 

in a similar way. 

In considering the storage potential of a biological product. 
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the relative humidity of the air in equilibrium with that product, 

known as the equilibrium relative humidity (erh), is of more importance 

than its moisture content (Pixton and Warburton, 1971), since 

it measures the availability of water to microorganisms. It therefore 

gives an indication of the potential biological activity of the 

product. 75% erh is generally regarded as the critical limit for• 

even short term storage, since below this limit many of the common 

mould spores will not germinate (Milner and Geddes, 1954). Warburton 

and Pixton (1977) state that the 'safe' storage moisture limit 

is that in equilibrium with 70% rh. 

Since the moisture content of the sample determines the 

erh by its water activity (Ayerst, 1965), a knowledge of the relationship 

between the sample's moisture content and the erh, known as the 

sorption isotherm, is essential in predicting safe storage conditions. 

The nature of the sorption isotherm for poppies is similar 

to that obtained from many other products (Hubbard et at., 1957; 

Pixton, 1967; Best and Hullet, 1968; Pixton and Warburton, 1973; 

Gough, 1975; Pixton and Warburton, 1976; Hansen and Gough, 1977). 

The general form is represented by a sigmoid curve (Oxley, 1948) 

which, had lower moisture content samples been analysed, may also 

have been detected here. The previous history of the sample, as 

represented by the desorption and adsorption lines, is important 

in determining the erh, and illustrates the phenomenon called 

hysteresis. Its exact cause is not certain, but theories are generally 

based on the effect of water condensing in the capillary structure 

of the material (Young and Nelson, 1967; Pixton and Warburton, 

1971). Hubbard et at. (1957) states that in most storage situations 

the equilibrium behaviour of the product will follow the desorption 

line more closely than the adsorption line. 
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Based on the above reasoning, it can be stated that commercial 

poppy straw must be stored at a moisture content of below 16% 

to prevent product deterioration. Some qualifications must be 

placed on this prediction, however. Firstly, the particle size 

of the material analysed . was less than that of the stored product. 

This may affect the results obtained (Best and Hullet, 1968), 

but it is generally only significant when the product is powdered. 

Another point is the type of product. The material used was of 

commercial origin and contained other plant contaminants. Thus 

it may not be truly representative of the poppy capsule. Isotherms 

may show slight variations with variety (Best and Hullet, 1968), 

though they may not be practically important. Lastly the temperature 

of the product must be considered. The isotherm was determined 

at 20°C, while the majority of the stored poppy straw is at a 

temperature of about 16 °C. This should have only a minor effect, 

since a 10°C rise in sample temperature generally increases the 

erh by only 3% (Ayerst, 1965) and in some products has no effect 

at all (Warburton and Pixton, 1977). 

Unfortunately such studies give no positive indication which 

mechanism - microorganisms or plant enzyme activity - plays the dominant 

role in deterioration. In this regard, Hummel et al.(1954) stated that 

with grain at least, the critical erh (approximately 75%) where 

respiration increases rapidly and biochemical changes become more 

pronounced, is the relative humidity at which moulds normally 

present on the seed will grow. They demonstrated that it was the 

moulds that had the greatest effect on total respiration and spoilage 

at high moisture contents. 

With these points in mind, some comments can be made regarding 

the causal factors of the morphine and thebaine losses during 
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storage. The moisture content of the stored products probably 

excludes microbial activity, although it does not necessarily 

eliminate it (Pixton, 1967). Biological activity should have been 

eliminated by the drying treatment, at least at the higher 

temperatures (Wu et al., 1978) and introduced stability in 

the alkaloid content. It is conceivable . however, that for 

the reasons outlined above, complete inactivation was 

not effected, and capsule enzymes were still slightly active. 

If this were so, then it indicates different methods of degradation 

of morphine and thebaine, or possibly a greater dependence of 

thebaine degradation on moisture content. The only other plausible 

mechanism is chemical degradation, which has been mentioned by 

Laughlin (1977), but only in regard to the moist capsule. Thus 

the results obtained give no positive indication as to the mechanisms 

involved and obviously requires more detailed investigation. 

The experimental technique used in the storage studies was, 

in several unavoidable ways, not indicative of the commercial 

situation. The size of the capsule material used was greater than 

the stored product. The second, and probably more significant 

point, is that during the sampling procedure the material was 

re-exposed to the air. If alkaloid degradation necessitated the 

presence of oxygen, which is highly probable, then such a treatment 

would greatly increase the alkaloid degradation potential, as 

compared to the bulk of the material in the heap of poppy straw. 

These factors may account for the differing results of Guillaume 

and Faure (1946) and Brekke et al. (1958), who observed no morphine 

changes during dry storage. 

Several final points can be made with regard to the storage 
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technique. Firstly, the decrease in moisture content of the stored 

samples was due to an equilibration with the surrounding material, 

-which may have, been accelerated by the constant disturbance. On - 

larger scale, such as when large batches of relatively moist 

straw are stored, a similar process may require a longer period, 

particularly when deep within the heap. It is therefore important 

to ensure that all material is below the critical moisture content. 

Secondly, marked temperature differences within the bulk, such 

as may occur on warm days, may cause sufficient moisture movement 

from warm to Cooler regions of the heap, and increase the Moisture 

content above the critical level (Pixton and Warburton, 1971). 

Thus, for safety, it is better to store well below the critical 

moisture content. The ultimate criterion, however, is those conditions 

at which economically insignificant alkaloid losses occur. 

Finally, it must be emphasised that the temperature data, 

though illustrating the insulating nature of the outer 100cm of 

poppy ,straw, may not be representative of the temperatures within 

a newly harvested heap. 



5. GENERAL DISCUSSION 
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GENERAL DISCUSSION 

As previously mentioned (section 4.1), decreases 

in both capsule alkaloido content and yield were observed during 

a period of comparitively heavy rain. Several observations were 

made during that period which gave some indication of the 

mechanisms involved in these losses, and suggested further lines 

of research. 

The first of these observations was the occurrance 

of brown water droplets on the surface of the wet capsule, which 

indicated the involvement of a leaching effect of rain. This 

was considered an important factor by a number of investigators, 

namely Loftus Hills (1945), Poethke and Arnold (1951), Heydenreich 

et al (1961), Bunting (1963), and Lauchlin (1977). It was also 

mentioned by Fairbairn and Suwal (1961) with regard to alkaloid 

changes in Conium maculatum. 
8 

The potential of this leaching mechanism was demonstrated 

in section 4.3. The effect of the waxy bloom on the pericarp 

confirms the results obtained in Experiment 1 (section 4.1). 

Several other investigators have implicated morphine leaching losses 

and the effect of the wax layer, but only by inference; i.e., 

the lower alkaloid content of capsules subjected to overhead 

sprinklers or misting, as compared to controls. Thus Bunting 

(personal communication, cited Lauchlin, 1977) observed that 

removal of the waxy bloom from immature capsules resulted in a 

35% decrease on misting, while those with undamaged wax were 

similar to the controls. He also observed that the decreases 

were highest in capsules 28 to 42 days old. Loftus Hills (1945) 

however, found that decreases caused by overhead irrigation were 
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about 20% and were unaffected by age. Thus these results differ 

to those of section 4.3, but as Lauchlin (1977) pointed out, 

varietal differences may be an important factor in these studies. 

The effects of the waxy bloom may be explained in the 

light of section 4.2. The wettability of a plant surface is a 

very important factor in determining the susceptability to 

leaching (Tukey, 1970). The presence of a wax layer greatly 

reduces wettability (Martin and Juniper, 1970) and is the major 

factor governing water movement through the intact cuticle 

(Schonherr, 1976; Schonherr et al., 1979). Damage to the wax 

layer by rubbing or interplant abrasion increases both the 

wettability and water penetration (section 4.2). 

With regard to the wax layer both variety and environmental 

factors become very important. As Wilkinson (1980) points out, the 

wax constitution of a plant is an expression of the genetic capability 

of the plant as modified by the internal and external environment. 

Thus the variety (Faust and Shear, 1972; Rao and Raja-Reddy, 1980) 

plant  organ and age (Hanover and Reicosky, 1971) and plant origin, 

(Banks and Whitecross, 1971) have been shown to affect wax structure. 

With respect to environment, Bleckmann et al.,(1980) observed differing 

wax and cuticle development when Prosopis veZutina and Acacia 

gregii were grown in a greenhouse, as compared to outdoors. 

Whitecross and Armstrong (1972) demonstrated a direct effect of 

day temperature on the wax structure of Brassica napuo. Wax 

composition may also be affected by environment (Wilkinson, 1974; 

1980; Rao and Raja-Reddy, 1980) and this may have a direct effect 

on it's structure (Hallam, 1967). In many cases the effect of 

evironmental factors on wax composition, amount and morphology 

are positively correlated to the plant's water relations (Hadley, 1980). 
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The many factors influencing wax composition and structure 

may prevent accurate data comparisons. Thus the different leaching 

potential of the damaged and undamaged capsules may not be due 

solely to the presence of an intact wax layer. The actual staking 

treatment, including the removal of untagged plants and laterals, 

may have affected the wax layer directly. 

The relative differences in the percentage of alkaloids 

leached between -wax and undamaged treatments of the Pilot and 

Field Study (section 4.3) may be an indication of the effect of 

environment on wax development. A less effective wax layer on the 

glasshouse-grown capsule would have decreased the treatment difference 

and thus produced the observed results. Indeed glasshouse-grown 

plants have shown a reduced cuticular development (Martin and 

Juniper, 1970). 

Section 4.2 indicated that the major obvious cause of the 

structural wax damage is interplant abrasion. But the results of the 

rhodamine and manganese analysis, which are in accordance with the 

increased leaching losses from the undamaged capsule with age, 

suggests that other less obvious mechanisms may operate in 

decreasing the effectiveness of the waxy bloom as a water repellent 

layer. During capsule development the inability of wax deposition 

to keep pace with capsule expansion may have resulted in cracks in 

these structures analogous to a shrinkage process. This was observed 

on certain capsules, and has also been reported by Brown and Koch 

(1962) and Faust and Shear (1972) in the apple fruit. Wax damage 

may also be mediated by rain, the deposition of foreign bodies, and 

probably most importantly, the scarifying effects of wind-borne 

sand and dust (Martin and Juniper, 1970). None of these were 

reduced by the staking treatment. 
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The ability of rain to seemingly wash the wax from the plant 

surface was suggested by Ebercon et at., (1977) to account for the loss of 

wax from sorghum (Sorghum bicolor) leaves during intense rain or 

overhead irrigation. Indications of a similar process were observed 

in section 4.3. The resistance of the wax layer is often species, 

and possibly even variety dependant, since the wax structure of the 

spruce leaves are not affected by heavy rain.(Rentschler, 1971). 

The susceptability to damage, particularly with regard to the effects 

of misting on the removal of the wax layer, may indicate yet another 

difference between the field and glasshouse grown capsules. 

Other factors, such as the cracks in the capsule wall, the 

damaging effect of fungi (section 4.2) and seed germination {which 

has also been observed under field conditions (Lauchlin, private 

communication)}, may also have increased leaching losses in the 

undamaged treatment, as summarised by Tukey (1970). These, plus the 

washing of the wax layer, would have increased leaching losses during 

the later stages of the undamaged treatment only, a point which is 

partly supported by the trend in alkaloid weight leached per day 

from this treatment. 

On gaining entry into the pericarp, water, and therefore 

alkaloid movement, would be dependant upon the integrity of the 

cellular structure. Here also fungi may play an important role, as 

indicated in section 4.4. For example, Mehta et al. (1979) 

demonstrated the presence of cellulase activity in Alternaria 

alternata. These may, in part, be responsible for the altered structure 

of the upper portions of the pericarp.(section 4.1.). 

The indications that, in undamaged capsules, damage, and therefore 

leaching potential, increases with the length of the rainy period, 

may explain the greater losses in the staked as compared to the 
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unstaked capsules between 84 and 91 days (section 4.1). The rainy 

period just prior to 84 days may have produced sufficient damage to 

permit greater leaching in the following seven days. In other words, 

the losses in the unstaked capsules which occurred over 14 days may 

have been restricted to a seven day period in the staked capsules. 

The capsule dry weight losses observed after 77 days 

(Experiment 1, section 4.1) is attributable, at least in part, to 

the removal of plant constituents by leaching (section 4.3). It is 

also evidenced by the colour of the water droplets adhering to the 

moist capsule. The activity of fungi and plant enzymes may have 

combined to increase the potential losses to leaching by increasing 

the proportion of soluble plant constituents. 

Leaching losses are not only affected by the nature of the 

plant surface, but also by the nature of the leaching treatment itself. 

The most obvious variable is the "rain". The system employed in 

section 4.3 would have been more effective than the average rain, 

because the fine mist caused a continual, but not intense, bathing 

of the capsule. This effect was enhanced by it's constancy over 

three days. The amount of rain, particularly in the Field Study, 

was not too unnatural. In addition the temperature and relative 

humidity within the perspex shelter was considerably higher than 

normally encountered in the field. Apart from the possible direct 

effect on leaching (Tukey, 1970), the development of microbial activity 

would have been enhanced. 

Other factors, which are probably less significant, should be 

mentioned. The first is that of alkaloid translocation. Movement out 

of the capsule was shown to be negligable in'the mature plant, but had 

to be assumed in the green plant. This is a reasonable assumption 
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since in the live plant alkaloid movement is primarily acropetal 

(Fairbairn et al., 1974). It was noted occasionally however, that 

small quantities of latex had oozed out from the cut stem during 

leaching. This may have increased the capsule losses slightly, 

but does not affect the conclusions. An opposite effect is that the 
a 

detached leaf generally shows less leaching loss than those still 

attached to the plant. This, which has been attributed to a 

replenishment of the nutrient pool by translocation from the roots 

and stem (Tukey et al., 1958), may result in increased leaching 

losses under field conditions. 

Yet another factor is the purity of the leaching water. 

Dissolved salts in the water may have an appreciable effect on the 

quantity of nutrients lost to leaching (Tukey, 1970). 

Thus it is obvious that the leaching of plant constituents 

may be affected by many factors, such that the results obtained in 

one situation may not be applicable to another, even when the same 

variety is employed. However the aim of this study was to determine 

the alkaloid leaching potential, and this has been achieved. 

Although the alkaloid losses may appear high, they are similar to the 

70% reduction in capsule morphine content that Bunting (1963) 

observed during a very wet season. Likewise, losses of cations in the 

order of 50 to 80% have been reported, particularly in older leaves 

(Tukey, 1970). 

The significant quantities of morphine and thebaine that was 

lost from the capsule by means other than leaching (section 4.3) 

indicate the presence of other mechanisms. The increased fungal 

colonization and browning of the capsule observed during the wet 

period (section 4.1) suggested the involvement of biodegradation. 

During the leaching experiments both of these changes became 

increasingly obvious with increasing capsule age , which was similar 
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to the trend of percentage morphine and thebaine unaccounted for. 

However the HPLC chromatograms of the leachate gave no indication 

of the mechanism involved. 

Lauchlin (1977) observed a relationship between the degree 

of capsule fungal infection (as gauged by the percentage area of 

the capsule colonized by fungi) and the morphine content. Ballarin 

(1950), Voskerusa (1960), and Miska (1963) also noted relationships 

between the degree of infection with D. penicillatum and 

morphine content. But none of these studies indicate whether the 

fungi decreased alkaloid production or increased alkaloid degradation. 

The existance of the latter mechanism has been demonstrated in the 

present study. But it must be remembered that the methods employed 

are, in several ways, artificial. For example, minor changes in the 

nutrient solutions may have produced an entirely different result. 

The higher pH in the final nutrient solution from Experiment 16 

may have reduced the fungus' ability to utilize the alkaloids. 

For example, Iizuka et al., (1972) observed an effect of different 

nutrient solutions at different pH on the relative quantities of the 

thebaine reaction products formed. 

A similar situation applies to the fungal whole capsule 

studies. The results of Lauchlin (1977) in this area indicate the 

importance of contact between the fungus and the alkaloid substrate. 

Thus the fungi, because of the conditions used during the experiments, 

may have been capable of greater permeation within the pericarp, and 

therefore a greater contact with the substrate, than in the field. This 

is suggested by the different growth form of the fungi as compared to that 

occurring on the field-grown capsules. Under field conditions the 

situation may be altered slightly by a greater mobilization of 

the substrate during leaching. 
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This must also be considered when comparing the relative 

degradative abilities of the three fungi investigated. C. 

c/aaosporioiaes has a comparitively slow rate of lateral growth 

in culture and also resulted in negligable alkaloid losses. But 

this may be offset by the production of large quantities of conidia 

which often result in numerous colonies in the capsule under field 

conditions (Lauchlin, 1977).Thus this fungus may in fact, play 

a relatively important role in alkaloid losses. The existance of 

different races, as observed with D. penicillatum (Schmiedeknecht, 

1958; Czyzewka and Zarzycka, 1961) must be remembered. The saprophytic 

fungi must not be ignored despite the results, since the genera 

observed on the Saprophytes treatment was very restricted. 

The capsule dry weight losses observed during the wet period 

(section 4.1) may have been partly of fungal origin, as well as 

leaching. The greater colonization of the upper portions of the 

pericarp (which is also the area showing the greatest wettability) 

and the damaged and -Wax capsules (section 4.3) suggests a relationship 

between water repellency and fungal colonization. This agrees with 

the fact that a water repellent surface may prevent the adhesion of 

water droplets on the surface, which is necessary for the germination 

•and penetration of water-borne propogules (Martin and Juniper, 1970). 

For example, Dooley (1975) and Statler and Nordgaard 

(1980) observed a direct relationship between surface wettability 

and fungal infection. 

If it is assumed that fungi do play a role in capsule dry 

weight and alkaloid losses under field conditions, which is not an 

unreasonable assumption bases on the results obtained, then the 

above mechanism may help account for the greater alkaloid yields in 

the staked compared to the unstaked capsules observed in sections 
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"4. 

4.1.3.1 and 4.3.5.2. In the leaching experiments particularly, 

severe surface damage had occurred on several capsules from the 

unstaked treatments, as indicated by their brown colouration 

presumably caused by the oxidation of latex on exposure to the air 

(Wiechula, 1955).Such damage would have increased the ease of 

fungal penetration and establishment ( Girzitska, 1928; Grummer, 1951). 

This reasoning only applies if capsule infection was directly from 

fungal propogules and not via internal infection from other plant 

parts. D. penicillatum is known to be efficient in the former 

mechanism (Christoff, 1930), and the absence of visible fungal 

growth on the immature plant suggests direct fungal propogule 

infection. 

Because microorganisms require a certain moisture availability 

(Ayerst, 1965), an extension of the time required to attain that 

critical level may be another means by which the wax layer reduces 

fungal growth. 

The discolouration of the capsule during wet periods suggests 

the activity of plant enzymes. It's restriction mainly to the 

apical portions indicates a direct relationship to wettability. 

Alkaloid degradation by enzymes has also been suggested by 

Heydenreich et aZ.(1961), Bunting (1963), and Lauchlin (1977). The 

brown discolouration suggests the activity of polyphenoloxidase 

(Kahn, 1975; Ben-Shalom et al., 1978). Apart from the 

supporting evidence obtained here, additional results can be sighted. 

Wiechula (1955) obtained a positive correlation between the effect 

of temperature on polyphenoloxidase activity, the rate of oxidative 

browning of the latex, and morphine loss. Schenck et aZ.,(1962) also 

noted that after about eight days little further loss of morphine 

occurs in comminuted immature capsules, by which time the polyphenol- 

oxidase activity was a minimum. 
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The techniques used in section 4.4.4.1.1 and 2 are somewhat 

artificial and the important question is the ability of this or 

other mechanisms to effect alkaloid losses in vivo. Schenck et al. 

(1962) conducted studies using p-coumaric and caffeic acids, both 

of which have been detected in the latex, and demonstrated a morphine 

loss using approximately physiological concentrations. In the 

mature capsule conditions are different. Polyphenoloxidase activity 

is lower, a point also observed by Gober and Pfeifer (1963), and 

phenols concentration may well be less. Nonetheless the enzyme 

whole capsule studies provided some evidence of it's capacity to 

operate under field conditions and during storage. 

It is conceivable that the fungi and the capsule enzymes 

follow similar processes during alkaloid degradation. For example 

the products produced on incubation of Trametes sanguinea, which 

also shows polyphenoloxidase activity (Law, 1955), include those 

listed by Theuns et al. (1977) as being degradation products of 

thebaine in P. bracteatum.There was also an apparently similar 

product produced in the studies dealing with fungi and capsule 

enzymes. A final, interesting point is that, in both areas of 

study, codeine showed the greatest resistance to degradation. 

Yamada et al., (1962) attributed this to the protective nature of the 

methoxy group. If two different mechanisms are involved in morphine 

and thebaine degradation, then perhaps the presence of identical 

side groups is essential for their operation. 

Thus the ability of the three proposed mechanisms to effect 

alkaloid losses in vitro has been demonstrated. Their relative 

importance in the field is difficult to gauge however, because of 

the many influencing factors. It appears though that leaching is 

the most significant. The effect of biodegradation in the leaching studies 

would have been eccentuated because of the warm, humid conditions 
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within the apparatus. 

The ability of each of the mechanisms to cause losses of the 

individual alkaloids may provide an indication of their presence. 

The relative quantities of the alkaloids unaccounted for by leaching 

are similar to the relative losses detected during the enzyme 

incubation experiments, and thus suggests it's presence in conjunction 

with leaching. The apparently lower thebaine losses described in 

section 4.1.3.1 implicates leaching, since this produced similar 

losses of morphine and codeine, but lowerlosses of thebaine. 

Obviously the alkaloid losses during storage can only b e  

produced by biodegradation. Again, the fact that losses in morphine 

and thebaine only were observed, agrees with the results obtained 

in section 4.4. The cessation of alkaloid losses in storage 

corresponds with reduced "alkaloid activity" of the acetone powder 

from stored capsules. 

In conclusion, the results indicate the potential losses that 

may occur in the mature capsule prior to harvest. Any reduction of 

such losses would benefit most significantly the producers, but 

also the processing companies, by increasing the alkaloid yield 

per unit of material extracted (Kopp, 1960). One approach to 

reduce losses may be to increase the effectiveness of the wax layer 

as a water repellent agent, since this affects all three mechanisms. 

A lower plant spacing to reduce interplant abrasion, or spraying the 

crop with a synthetic water repellent may be effective, but they 

increase production costs, and in a dry season produce no benefit. 

Including the presence of a thick and robust wax layer in the aims 

of a breeding program may be worthwhile. This does have potential, 

since Farkas-Riedel (1967) observed marked differences in the 

effectiveness of the wax in reducing the rate of capsule dehydration. 
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An additional benefit is that an extended period of capsule 

activity may permit a greater alkaloid accumulation. 

The other, seemingly more practical approach, would be to 

harvest the crop before the potential for significant alkaloid 

losses occur; that is, before 42 days after flowering. This approach 

has been advocated by Loftus-Hills (1945) and Pfeifer and Heydenreich 

(1962), and may be achieved by at least three means: 

(1) Nash (1980) observed that, under Tasmanian conditions, the 

terminal capsules had fallen below 16% moisture content at 

42 days after flowering, but it was not until 7 to 14 days 

later that the laterals had reached the same stage. Thus factors 

which result in the production of terminal capsules only, such 

as variety and plant spacing, may permit harvesting of the crop 

at 42 days for immediate safe storage. 

(2) Spraying the crop with desiccants such as diquat and paraquat 

would produce a dry product, with little effect on alkaloid 

content (Hotin and Segal, 1968). 

(3) The above procedures involve the postponemnet of harvest until 

the capsules are dry, a process accompanied by cellular disruption 

and therefore an increase in leaching potential. The third 

method involves harvesting the crop at maximum alkaloid yield 

and artificially drying.This system is at present employed in 

several European countries because of the comparatively wetter 

ripening period (Nash, 1980). 

The storage results have illustrated the potential advantage 

of harvesting the crop 14 days earlier and drying, despite the fact 

that losses occurred during this process. Obviously, further research 

is required in this area and it is quite possible that these losses 

can be eliminated by employing the appropriate drying conditions. 
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It is also conceivable that alkaloid.losses during storage may be 

prevented because of enzymic heat inactivation during drying. 

The economic § of the process is, of course, the decisive 

factor.Is the cost of drying.offset.by  the probably greaterstorage 

Stability of the product and the decreased production Costs 

because of the higher alkaloid content? There are other points to 

be considered also, such as the risk of product deterioration 

during transport to the drying plant, the difficulty of separating 

. seed from the supple capsule, and so on. 

n 
The seed is another important concideration, since it's sale 

provides important additional income. Lauchlin (1977) observed that, 

even at 24 days after flowering, the laboratory germination rate 

was 85%. Maximum seed dry matter content was achieved at 30 days, 

and the ripe, light to dark blue-grey colour was achieved at 45 

days. Thus harvesting at 42 days (peak alkaloid content) would not 

greatly affect the seed yield or quality. 

Thus this study has shown that leaching is the most important 

mechanism by which alkaloid losses from the mature capsule are 

produced in the field. Of the other two mechanisms, which are 

associated with biodegradation, fungal activity appears to be the 

most significant. Potential losses increase greatly on transition 

from the immature to the mature state, probably as a result of the 

drying process itself. It is thus desirable to harvest before this 

stage, and artificially dry the crop to the moisture content 

required for safe storage. In the absence of accurate experimentation 

on this point,it is essential to ensure that the crop be harvested 

immediately after attaining a moisture content of less than 16%, 

otherwise field alkaloid losses exceeding 60% may occur. 
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Appendix 3.5.3 The alkaloid contents (%, dry weight basis) of six standard poppy capsule samples as determined 

by five independent, laboratories. Data on which Tables 3.5.1 and 3.5.2 are based.  

Alkaloid Content 

Laboratory Extractant Alkaloid Replication 1 2 3 4 5 6 

University lime morphine 1 1.03 0.85 0.63 1.15 0.85 0.71 

2 1.07 0.85 0.64 1.12 0.82 0.71 

3 0.97 0.80 0.62 1.11 0.83 0.69 

codeine 1 0.098 0.063 0.050 0.10 0.073 0.055 

2 0.097 0.059 0.051 0.099 0.073 0.050 

3 0.093 0.058 0.050 0.10 0.073 0.054 

thebaine 1 0.129 0.087 0.056 0.198 0.088 0.046 

2 0.14 0.080 0.055 0.197 0.082 0.052 

3 0.127 0.079 0.052 0.201 0.091 0.057 

acetic acid morphine 1 0.99 0.68 0.56 1.01 0.76 0.70 

2 1.01 0.71 0.58 1.02 0.77 0.64 

3 1.07 0.70 0.62 1.07 0.76 0.64 

codeine 1 0.098 0.063 0.051 0.106 0.076 0.052 

2 0.097 0.064 0.051 0.11 0.076 0.050 

3 0.093 0.064 0.051 0.11 0.074 0.052 

thebaine 1 0.205 0.118 0.066 0.284 0.129 0.057 

2 0.203 0.117 0.067 0.285 0.130 0.065 

3 0.178 0.117 0.067 0.283 0.125 0.063 

Tasmanian Alkaloids lime morphine 1 1.08 0.80 0.67 1.10 0.77 0.69 

2 1.07 0.77 0.67 1.09 0.79 0.70 

3 1.09 0.81 0.69 1.09 0.82 0.68 

4 1.07 0.81 0.70 1.10 0.80 0.68 

lime morphine 1 1.16 0.98 0.63 1.26 1.05 0.70 

2 1.16 1.01 0.65 1.26 1.05 0.69 

3 1.18 1.01 0.64 1.29 1.04 0.72 

4 1.17 0.98 0.67 1.26 1.03 0.72 

codeine 1 0.13 0.10 0.07 0.14 0.10 0.06 

2 0.13 0.10 0.07 0.14 0.10 0.06 

3 0.13 0.10 0.07 0.14 0.11 0.06 

4 0.13 0.10 0.07 0.14 0.11 0.06 

lime morphine 1 0.57 0.57 0.49 0.70 0.47 0.46 

2 0.78 0.67 0.41 0.95 0.68 0.46 

codeine 1 0.070 0.050 0.036 0.077 0.047 0.039 

2 0.068 0.054 0.037 0.094 0.054 0.041 

lime morphine 1 1.03 0.86 0.67 1.12 0.80 0.65 

2 1.16 0.74 0.62 1.08 0.81 0.66 

3 1.15 0.80 0.65 1.05 0.76 0.66 

4 1.18 0.84 0.65 1.13 0.82 0.65 

• codeine 1 0.11 0.079 0.067 0.11 0.071 0.059 

2 0.12 0.075 0.054 0.11 0.074 0.060 

3 0.12 0.076 0.059 0.11 0.075 0.060 

4 0.12 0.080 0.057 0.11 0.077 0.061 



Appendix 3.6.2 Gas chromatogram obtained using SE52.  

Column:  3% SE52 on Chromosorb 750 (150 x 0.4cm) 

Flow rate:  Nitrogen, 40 ml/minute. 

Detwtor temperature: 330 ° C 

Injector temperature: 290° C 

Program:  250°C isothermal. 

Sample:  0.1p1 of sialysed lime extract 

(section 3.6.2 a) 
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Peak Identity. 

A - Internal standard 

(resmethrin) 

B - Codeine 

C - Morphine 

D - Thebaine 



Appendix 3.8.3 Determination of % recovery from the leachate.  

The alkaloid content was determined before (Treatment 1) 

and after (Treatment 2) the addition of 4.6376 mgm, 

1.0230 mgm, and 0.5370 mgm of anhydrous morphine, codeine 

and thebaine respectively. 

Treatment  Replication 

Alkaloid  (mgm) 

Morphine Codeine Thebaine 

1  1  ' 2.09 0.101 0.029 

2 2.08 0.100 0.030 

3 2.06 0.098 0.028 

4 2.08 0.101 0.031 

5 2.07 0.101 0.031 

Average 2.08 1.00 0.030 

2  1 6.61 1.16 0.50 

2 6.39 1.05 0.60 

3 6.36 1.09 0.59 

4 6.41 1.12 0.47 

5 6.50 1.09 0.57 

Average 6.45 1.10 0.55 

Trt.  2 - Trt.1 4.37 1.00 0.52 

mgm added. 4.64 1.03 0.54 

% recovary. 94 97 96 

% coeff.  of variation l.' 0.55 1.26 4.82 

* Based on treatment 1 
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Appendix 3.9.1 Conversion of morphine and thebaine to their 

hydrochloride salts.  

Morphine:2  gm was added to 20 ml of boiling methanol. 

Approximately 2 ml of 1N HC1 was added, and the resulting 

white precipitate separated by filtering through Whatman 

No. 42 filter paper. The precipitate was washed with 

further quantities of chilled methanol. 

Thebaine:2  gm was dissolved in approximately 30 ml hot 

ethanol and 4 ml 1N HC1 added. The resultant solution was 

evaporated to dryness and the residue dissolved in a 

minimal volume of boiling ethanol. This was then cooled 

to -18°C and the crystals that developed were separated 

by filtering through Whatman No. 42 filter paper, and 

rinsed with chilled ethanol. 
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Appendix 3.11.2.2 The relative humidity (R.H.) over saturated  

solutions as determined by the method described 

in Section 3.11.2.2, compared with literature  

reports. Temperature = 20.0°C.  

Salt Determined RH Reported RH 

LiC1  (anhydrous) 12.1% 12.4%* 

Mg C1 2 .6H20 33.3% 33.6%* 

Na
2
Cr

2
0
7
.2H

2
0 55.3% 55.2%* 

NaC1 75.3% 75.5%* 

NH
4
H
2
PO

4 
92.8% 93.10 

* Wexler and Hasegawa (1954) 

Handbook of Chemistry and Physics, 57th Edition, 1976-1977. 
Chemical Rubber Company (U.S.A.). 
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Appendix 4.1.3.1. Monthly rainfall for the Colebrook (Experiment 1) and 

Plenty (Experiment 2) areas during the stated period. 

Month 
Colebrook Plenty 

1911-1978 1978/9 1874-1977# 1980/1 

January 44 27.5 42 5++ 

February 45 24.0 36 

March 47 51.7* 40 

April 57 48 

May 51 48 

June 53 51 

July 54 50 

August 52 52 

September 49 52 

October 66 57 

November 59 55 36.6+ 

December 66 52 15.8 

*1/3/79 to 21/3/79 

#Recorded values for Bushy Park (10km west of Plenty) 

+3/11/80 to 30/11/80 

++1/1/81 to 12/1/81 
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Appendix 4.1.3.1.13-0. % dry matter (wet basis) of the vegetative portion and capsule, the dry matter yield/sample of the  

vegetative portion and capsule (gm), the dry matter yield/capsule (gm), the fresh weight yield of  

seed/sample (gm), and the  number of capsules/sample obtained under field conditions (Experiment 1).  

Data on which Figures 4.1.1-4.1.3  are based. 

Days after 
flowering Replication 

Vegetative portion Capsule Fresh seed 
yield/ 

Number 
of 

capsules 
per sample 

% dry 
matter 

Yield/ 
sample (gm) 

% dry 	yield/ 	yield/ 
matter 	sample (gm) capsule 	(gm) 

sample 
(gm) 

7 1 13.79 110.4 14.50 	21.36 1.6431 13 
2 14.73 83.0 14.42 	18.38 1.6711 11 
3 14.37 98.3 14.49 	20.53 1.7106 - 12 

14 1 18.25 84.0 19.82 	25.71 1.8364 53.59 14 
2 18.20 75.4 19.44 	21.50 1.6539 47.72 13 
3 18.86 94.1 20.39 	27.34 2.1034 59.18 13 

21 1 21.14 89.3 20.76 	30.13 1.8834 67.08 16 
2 .  24.56 88.1 19.80 	24.78 1.7699 50.39 14 
3 20.29 .81.8 19.74 	27.07 1.8049 51.56 15 

28 1 27.95 72.4 22.23 	20.21 1.5545 44.89 13 
2 26.50 87.7 22.58 	28.43 1.7771 55.46 16 
3 26.28 87.8 22.18 	26.40 1.6501 52.71 16 

35 1 42.22 69.7 36.87 	22.18 1.4787 47.79 15 
2 37.19 72.9 36.04 	24.02 1.4132 48.23 17 
3 37.98 78.2 35.11 	27.30 1.6061 55.26 17 

42 1 73.32 69.8 79.89 	25.47 1.5919 38.85 16 
2 62.76 73.8 67.89 	24.87 1.4632 40.02 17 
3 64.37 67.4 81.36 	22.37 1.5971 36.44 14 

49 1 83.61 64.8 82.96 	24.10 1.5063 27.62 16 
2 79.59 72.9 83.06 	26.92 1.4954 39.11 18 
3 69.97 73.4 83.40 	26.66 1.7773 42.38 15 

56 1 88.67 57.9 88.53 	21.53 1.4356 39.99 15 
2 88.89 67.2 88.63 	24.18 1.5113 39.57 16 
3 89.36 52.9 89.56 	20.67 1.7225 31.76 12 

63 1 88.71 60.3 34.47 	21.71 1.4475 29.90 15 
2 82.58 71.1 85.33 	25.53 1.5958 43.52 16 
3 89.05 65.9 86.27 	23.57 1.4732 38.99 16 

70 1 85.75 71.0 82.64 	26.27 1.5460 46.46 17 
2 85.81 67.1 83.88 	25.18 1.5738 33.70 16 
3 86.41 60.4 83.98 	20.00 1.4289 32.20 14 

77 1 90.76 54.0 84.45 	20.21 1.3476 29.38 15 
2 91.03 69.2 84.01 	23.06 1.3567 35.53 17 
3 91.61 54.6 84.41 	22.48 1.3223 34.08 17 

84 1 37.65 57.0 31.80 	21.38 1.3361 36.28 16 
2 36.52 47.7 34.01 	18.48 1.3201 33.25 14 
3 40.32 60.0 33.05 	22.86 1.5243 41.79 15 

91 1 89.59 48.2 85.93 	16.41 1.0941 27.80 15 
2 88.21 47.9 86.46 	18.31 1.3075 23.09 14 
3 90.04 46.1 87.05 	17.27 1.3282 23.33 13 

Staked plants 
84 1 36.31 58.2 35.79 	24.27 1.6177 42.04 15 

2 35.34 46.9 35.29 	18.97 1.7244 30.08 11 
3 36.44 66.0 35.94 	26.70 1.5707 35.56 17 

91 1 88.97 47.6 86.83 	19.51 1.2196 26.89 16 
2 89.71 48.8 86.45 	19.87 1.2420 20.37 16 
3 89.07 38.3 86.40 	16.33 1.4843 20.15 11 
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Appendix 4.1.3.1.E -G. Morphine, codeine and thebaine contents (% dry weight basis) and yield (.gm/sample), detected in field-grown 

capsules (Experiment 1). Data on which Figures 4.1.4-4.1.6 are based.  

Days 
after 

flowering 

Replication 
Morphine Codeine Thebaine 

Number 
Content (%) Yield (mgm) Content (0) Yield fmgm/ Content (C) Yield (op) 

7 1 1.02 219.9 0.070 15.0 0.31 66.2 

2 0.85 156.2 0.066 12.1 0.34 62.5 

3 0.98 201.2 0.076 15.6 0.28 57.5 

14 1 0.76 195.4 0.062 15.9 0.13 33.4 

2 0.67 144.1 0.038 8.2 0.18 38.7 

3 0.78 213.3 0.061 16.7 0.17 46.5 

21 1 0.98 295.3 0.051 15.2 0.11 33.1 

2 0.97 240.4 0.045 11.2 0.13 32.2 

3 1.03 278.9 0.051 13.8 0.18 48.7 

28 1 1.25 252.6 0.079 16.0 0.14 28.3 

2 1.10 312.8 0.055 15.6 0.23 65.4 
3 1.17 308.9 0.070 18.5 0.22 58.1 

35 1 1.51 334.9 0.096 21.3 0.17 37.7 
2 1.66 401.4 0.10 24.0 0.21 50.5 

3 1.54 420.5 0.11 30.3 0.16 43.7 

42 1 1.58 402.4 0.097 24.7 0.18 45.8 

2 1.41 350.7 0.093 23.1 0.17 42.3 

3 1.71 382.5 0.078 17.4 0.17 38.0 

49 1 1.40 337.4 0.082 19.8 0.25 60.3 

2 1.55 417.2 0.065 17.5 0.11 29.6 

3 1.54 410.6 0.10 26.6 0.19 50.7 

56 1 1.53 329.5 0.066 14.2 0.12 25.8 

2 1.61 389.3 0.069 16.7 0.10 24.2 

3 1.53 316.2 0.11 22.7 0.19 39.3 

63 1 1.56 338.7 0.076 16.5 0.11 23.9 

2 1.59 406.0 0.10 26.3 0.14 35.7 

3 1.58 372.4 0.080 18.7 0.13 30.6 

70 1 1.56 409.7 0.083 21.8 0.11 28.9 

2 1.43 360.1 0.073 18.4 0.12 30.2 

3 1.44 288.1 0.074 14.8 0.13 26.0 

77 1 1.38 270.0 0.072 14.6 0.19 38.4 

2 1.61 371.3 0.077 17.8 0.10 23.1 

3 1.52 341.7 0.11 24.7 0.13 29.2 

84 1 1.26 269.4 0.068. 14.5 0.16 34.2 

2 1.34 247.7 0.085 15.7 0.12 22.2 

3 1.33 304.1 0.080 18.3 0.11 25.2 

91 1 1.01 165.8 0.063 10.3 0.20 32.8 

2 0.94 172.2 0.072 13.2 0.14 25.6 

3 0.97 167.5 0.068 11.7 0.10 17.3 
Staked capsules 

84 1 1.43 347.0 0.11 26.7 0.26 63.1 

2 1.31 248.6 0.095 18.0 0.27 51.2 

3 1.26 336.4 0.087 23.2 0.24 64.1 

91 1 1.16 226.3 0.079 15.4 0.14 27.3 

2 1.13 224.6 0.052 10.3 0.10 19.9 

3 1.02 166.5 0.061 10.0 0.17 27.8 
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Appendix 4.1.3.1.B-G. Analysis of variance from Appendix 4.1.3.1.B-D and 

4.1.3.1.E-G, Field experiment 1.  

Source of variation df 
	

Sum of squares Mean square Variance ratio 

% dry matter, vegetative portion 

Treatments 
Sampling error 
Total 

14 
30 
44 

39182.70 
228.09 

39410.79 

2798.76 
7.60 

895.70 

368.10*** 

Yield/sample, vegetative portion 

Treatments 14 9394.54 671.04 12.98*** 
Sampling error 30 1550.92 51.70 
Total 44 10945.46 248.76 

% dry matter, capsule 

Treatments 14 39938.21 2852.73 713.96*** 
Sampling error 30 119.90 3.9956 
Total 44 40058.11 

Yield/sample, capsule 

Treatments 14 317.68 22.69 3.60** 
Sampling error 30 189.31 6.31 
Total 44 506.98 

Yield/capsule 

Treatments 14 1.2932 0.0924 6.89*** 
Sampling error 30 0.4021 0.0134 
Total 44 1.6953 

Fresh seed yield/sample 

Treatments 13 3976.14 305.86 9.55*** 
Sampling error 28 896.66 32.02 
Total 41 4872.80 118.85 

Morphine content (%) 

Treatments 14 3.2761 0.2340 38.360*** 
Sampling error 30 0.1824 0.0061 
Total 44 3.4585 

Morphine yield (gm)# 

Treatments 14 0.1892 0.0135 3.669** 
Sampling error 30 0.1105 0.0037 
Total 44 0.2997 

Codeine content (%) 

Treatments 14 0.0093 0.0007 3.50** 
Sampling error 30 0.0050 0.0002 
Total 44 0.0143 

Codeine yield (gm)# 

Treatments 14 0.000733 0.0000524 3.87** 
Sampling error ,  30 0.000405 0.0000135 
Total 44 0.001139 

Thebaine content (%) 

Treatments 14 0.1162 0.0083 6.38*** 
Sampling error 30 0.0408 0.0013 
Total 44 0.1570 

Thebaine yield (gm)# 

Treatments 14 0.006178 0.000441 5.63*** 
Sampling error 30 0.002351 0.0000784 
Total 44 0.008529 

#Analyses performed in gins, but data presented in mgm. 
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Appendix 4.1.3.3.8-D. % dry matter (wet basis) and  dry matter yield/sample (gm) of the vegetative portion (- roots) and 

and capsules, the dry matter yield/capsule (gm) and fresh weight yield of seed/sample (gm)  
obtained under glasshouse conditions (experiment 3). Data on which Figures 4.1.10 and 4.1.11 are based.  

Days 
after 

flowering 
Block 

Vegetative portion Capsule Seed fresh 

% Dry matter Yield/sample (gm) % Dry matter Yield/sample 	(gm) 
weight/ 

sample 

14 1 13.87 48.6 15.34 9.66 17.89 
2 12.10 35.10 26.31 13.47 19.39 
3 14.13 49.35 17.04 13.54 30.51 
4 13.89 57.85 16.57 12.93 22.79 

28 1 14.60 39.70 18.36 14.52 35.17 
2 16.34 57.75 19.47 19.26 38.15 
3 20.74 52.15 19.64 16.74 28.59 
4 15.26 70.00 19.05 17.26 32.04 

35 1 18.99 46.85 20.09 15.38 25.64 
2 16.61 49.95 20.27 14.61 22.79 
3 14.90 64.40 19.76 14.25 27.59 
4 18.46 76.40 24.60 17.95 31.11 

42 1 20.36 71.10 28.95 20.09 22.04 
2 17.05 63.40 33.62 15.28 20.43 
3 17.14 113.70 45.84 17.05 17.08 
4 18.33 85.50 42.11 12.74 21.11 

49 1 19.82 71.30 52.99 18.54 19.18 
2 17.60 61.40 64.42 13.70 16.18 
3 19.97 108.50 79.81 12.88 16.14 
4 19.97 104.60 80.20 14.60 18.58 

56 1 20.27 81.40 89.46 15.72 17.80 
2 19.89 69.10 82.85 14.61 15.45 
3 20.34 71.30 86.91 10.85 11.58 
4 21.92 108.10 89.14 17.74 26.17 

63 1 21.33 85.40 89.05 14.05 18.52 
2 20.57 102.60 89.12 17.70 17.24 
3 19.88 92.50 90.02 14.06 15.11 
4 23.62 89.40 88.31 15.53 17.75 

70 1 20.31 87.40 92.63 14.68 15.52 
2 20.25 90.00 89.51 13.35 14.30 
3 25.50 89.40 87.94 13.93 11.77 
4 25.74 108.80 90.48 16.49 19.98 

84 1 26.82 97.30 87.99 16.90 19.44 
2 27.66 88.20 90.70 14.32 13.30 
3 31.84 127.45 86.62 15.86 12.72 
4 41.49 101.95 88.51 17.71 24.39 

98 1 41.99 101.20 89.64 15.31 22.50 
2 38.00 87.20 88.18 13.62 16.01 
3 38.05 92.70 90.96 15.44 14.45 
4 55.45 110.40 91.14 16.12 18.95 
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Appendix 4.1.3.3.E-G. Morphine, codeine and thebaine content (% dry weight basis) and 

yields (mgm/sample) detected in glasshouse-grown capsules  

(Experiment 3). Data on which Figures 4.1.12-4.1.14 are based.  

Days after 
flowering 

Block 

Morphine Codeine Thebaine 

Content 

(%) 

Yield 
(mgm) 

Content 
(%) 

Yield 
(mgm) 

Content 
(%) 

Yield 
(mgm) 

14 1 1.08 104.1 0.093 9.0 0.53 51.2 

2 1.04 140.1 0.054 7.3 0.64 86.2 

3 1.15 155.8 0.059 8.0 0.52 70.4 

4 1.41 182.3 0.082 10.6 0.66 85.3 

28 1 1.21 175.7 0.046 6.7 0.25 36.2 

2 1.24 238.8 0.053 10.2 0.25 48.1 

3 1.18 197.5 0.075 12.6 0.42 70.3 

4 1.22 210.6 0.092 15.9 0.48 82.8 

35 1 1.41 216.9 0.059 9.1 0.18 27.7 

2 1.31 191.4 0.046 6.7 0.12 17.5 

3 1.34 198.0 0.063 9.0 0.27 38.5 

4 1.18 211.8 0.093 16.7 0.48 86.2 

42 1 1.36 273.2 0.063 12.7 0.16 32.1 

2 1.44 220.0 0.055 8.4 0.23 35.1 

3 1.51 257.5 0.023 3.9 0.37 63.1 

4 1.44 183.4 0.19 24.2 0.38 48.4 

49 1 1.84 341.1 0.13 24.1 0.22 29.7 

2 1.63 223.3 0.12 16.4 0.085 11.6 

3 1.6/1 211.2 0.11 18.3 1  0.23 2.6 

4 1.79 261.3 0.25 36.5 .0.67 97.8 

56 1 1.85 290.9 0.071 11.2 0.15 23.6 

2 1.69 246.9 0.072 10.5 0.13 19.0 

3 1.63 176.8 . 0.078 8.5 0.15 16.3 

4 2.01 356.5 0.21 37.2 0.42 74.5 

63 1 1.75 245.8 0.10 14.0 0.20 28.1 

2 1.44 254.8 0.16 28.3 0.23 40.7 

3 1.77 248.9 0.15 21.1 0.27 38.0 

4 1.52 236.1 0.22 34.2 0.57 88.5 

70 1 1.83 268.6 0.15 22.0 0.21 30.8 

2 1.81 241.6 0.12 16.0 0.17 22.7 

3 1.36 1E9.5 0.15 20.9 0.45 62.7 

4 1.57 258.9 0.16 26.4 0.68 112.1 

84 1 1.66 277.0 0.10 16.7 0.23 38.4 

2 1.63 233.3 0.082 11.7 0.21 30.1 

3 1.71 271.2 0.16 25.4 0.16 25.4 

4 1.76 311.7 0.17 30.1 0.58 102.7 

98 1 2.26 346.0 0.086 13.2 0.12 18.4 

2 1.81 246.6 0.10 13.6 0.17 23.2 

3 1.67 257.9 0.094 14.5 0.20 30.9 

4 1.80 290.2 0.17 27.4 0.31 50.0 
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Appendix 4.1.3.3.B-G. Analysis of variance from Appendix 4.1.3.3.B-D and 

4.1.3.3.E-G, glasshouse experiment (3).  

Source of variation df  Sum of squares Mean square Variance ratio 

% dry matter, vegetative portion 

2801.49 
125.70 
301.08 
3228.27 

933.83 
13.97 
11.15 

83.74*** 
1.25ns 

Treatments  9 
Experimental error  3 
Sampling error  27 
Total  39 

Yield/sample, vegetative portion 

Treatments  9 13544.7 1505.0 10.208*** 
Experimental error  3 3047.0 1015.7 6.889** 
Sampling error  27 3980.6 147.4 
Total  39 20572.3 

% dry matter, capsule 

Treatments  9 38568.5 4285.4 160.6*** 
Experimental error  3 128.2 42.7 1.6ns 
Sampling error  27 720.2 26.7 
Total  39 39416.9 

Yield/sample, capsule 

Treatments  9 54.9506 6.1056 1.4322ns 
Experimental error  3 11.5795 3.8598 0.9054ns 
Sampling error  27 115.1029 4.2631 
Total  39 181.633 

Fresh seed yield/sample 

Treatments  9 1127.95 125.33 9.581*** 
Experimental error  3 136.23 45.41 3.471* 
Sampling error  27 353.18 13.08 
Total  39 1617.36 

Morphine content (%) 

Treatments  9 2.2579 0.2509 11.7978*** 
Experimental error  3 0.1105 0.0368 1.7304ns 
Sampling error  27 0.5742 0.0213 
Total  39 2.9426 

Morphine yield (mgm) 

Treatments  9 62271 6919 ' 4.634*** 
Experimental error  3 10606 3535 2.368ns 
Sampling error  27 40313 1493 
Total  39 113190 

Codeine content (%) 

Treatments  9 0.0492 0.0055 6.346*** 
Experimental error  3 0.0401 0.0134 15.461*** 
Sampling error  27 0.0234 0.000867 
Total  39 0.1127 

Codeine yield (mgm) 

Treatments  9 1205.68 133.98 5.684*** 
Experimental error  3 1136.22 378.74 16.068*** 
Sampling error  27 636.44 23.57 
Total  39 2978.52 

Thebaine content (%) 

Treatments  9 0.4289 0.0477 6.2278*** 
Experimental error  3 0.5980 0.1993 26.0210*** 
Sampling error  27 0.2068 0.00766 
Total  39 1.2337 

Thebaine yield (mgm) 

Treatments  9 5968.6 663.2 2.687* 

Experimental error  3 17233.3 5744.4 23.277*** 

Sampling error  27 6663.3 246.8 
Total  39 29865.2 

433 
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Appendix 4.2.5.3. The wax per unit area on the pericarp of various  

stages of maturity. Data on which Figure 4.2.1.  

is based. 

Days after flowering Wax/unit area (mgm/cm2 ) 

7 0.1039 

14 0.0850 

21 0.0832 

28 0.1032 

35 0.1040 

42 0.0832 

49 0.0808 

56 0.0786 

63 0.0873 

70 0.0771 

77 0.0736 

91 0.0929 

Staked 

91 0.1106 



Appendix 4.2.5.3 (continued) Statistical analysis of the weight of wax/area of field grown  

capsules on which Figure 4.2.1 is based. 

Source of variation 
 

df  Sum of squares Mean square Variance ratio 

Regression  1  0.0002767  0.0002767  , 2.74ns 

Deviation from regression  10  0.0010082  0.0001008 

Total deviations from regression  11  0.0012849 

r
2 

= 0.2123 

Regress ion equation: y = -0.000188x + 0.09643 



Appendix 4.2.5.4  Contact angle of undamaged and damaged areas of the capsule 

at various stages of maturity. 

Days after 

flowering 

Contact Angle 

Undamaged Damaged 

7 167 170 167 163 163 

14 157 163 147 165 168 158 165 125 135 90 

21 164 163 158 164 164 170 163 156 109 91 104 

28 166 155 159 162 160 158 146 160 161 149 145 

35 166 163 163 164 159 154 161 166 165 117 107 152 

42 167 169 161 160 166 155 164 167 154 149 124 115 90 100 

49 167 165 160 154 158 152 163 137 153 115 149 129 123 114 

56 160 166 164 159 159 171 155 159 168 160 153 152 135 143 

63 166 165 159 157 172 157 155 159 145 151 59 122 103 143 152 

70 149 151 152 154 164 158 159 164 168 100 142 123 141 114 86 

77 156 157 161 155 166 161 162 118 152 146 135 141 154 

136 
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Appendix 4.2.5.6.B. Manganese analysis of the pericarp. The effect of 45 and 90 minute soaking on the Mn integral (1)  

at the surface, and  the depth of  penetration (D, % of the pericarp cross section penetrated).  

UNDAMAGED 

Days 
after 

flowering 
Section 

45 Minutes 90 Minutes 

1 0 1 0 1 0 1 0 1 D 1 0 

21 1 1461 100 1169 100 993 100 
2 1059 100 979 100 1254 100 
3 1275 100 1609 100 1942 100 
4 1074 100 1085 100 1546 100 

28 1 861 100 542 100 601 100 
2 2022 100 1613 100 950 100 
3 1028 100 1376 100 839 100 
4 1147 100 787 100 874 100 

35 1 0 0 0 0 0 0 ' 	0 0 0 0 0 0 
2 0 0 0 0 0 0 336 16 587 12 1135 12 
3 326 20 0 0 0 0 0 0 1048 5 0 0 
4 0 0 0 0 0 0 739 16 1399 25 662 12 

42 1 415 0 459 5 1314 16 0 0 0 0 0 0 
2 1511 12 0 0 541 5 3192 8 0 0 5963 10 
3 1239 12 881 12 971 8 0 0 0 0 0 0 
4 0 0 415 5 0 0 0 0 0 0 0 0 

49 1 1207 33 2217 25 1482 25 0 0 0 0 0 0 
2 3828 12 0 0 1887 16 999 40 488 15 11390 50 
3 5772 0 0 0 0 0 0 0 0 0 0 0 
4 1546 5 0 0 80 0 2957 50 2023 50 2838 40 

56 1 6935 90 3968 100 5084 100 2009 60 1721 60 2852 50 
2 6685 100 7290 100 7401 100 3580 50 2815 60 1398 33 
3 4849 100 4658 100 5419 75 3049 100 5206 100 5610 100 
4 4093 80 3951 90 3905 100 3303 30 5734 30 3146 35 

63 1 472 20 1390 10 5377 10 0 0 0 0 0 0 
2 0 0 4983 20 1504 10 0 0 0 0 0 0 
3 494 10 0 0 7970 20 847 10 3110 30 5248 30 
4 955 10 6401 20 0 0 0 0 0 0 0 0 

70 1 -  2373 50 1584 16 762 16 2104 50 2220 60 2483 60 
2 0 0 0 0 477. 5 7476 100 6552 100 7137 100 
3 0 0 220 0 0 0 1612 60 982 16 1071 60 
4 427 16 508- ' 20 1020 20 1869 60 1591 SO 2190 60 

77 1 920 20 2900 50 1192 30 4399 109 5155 90 1 ,191 100 
2 6840 90 10878 100 11183 100 2371 50 3151 90 4067 50 
3 6053 60 5973 100 5936 100 2276 50 2659 50 2425 80 
4 3230 90 10774 100 8326 100 2494 50 3742 60 2764 50 

91 1 4115 90 6625 90 4927 60 12165 100 13525 100 13756 100 
2 1149 50 1886 50 2678 20 10630 100 12473 100 14197 100 
3 697 20 4618 50 2493 50 6754 100 9644 100 9049 100 
4 581 10 3016 30 632 10 7026 100 9833 100 9745 100 



Appendix 4.2.5.6.8. Manganese analysis of the pericarp. 

DAMAGED 
438 

Days 
after 

flowering 
Section 

45 Minutes 90 Minutes 

35 1 o o o 0 o o 9499 100 8633 100 8500 100 
2 0 0 1522 6 0 0 3768 30 2249 60 1071 30 
3 o o o o o o 9887 100 9083 100 9514 100 
4 1607 10 1519 12 o o 3185 60 4297 50 2986 30 

42 1 5557 100 869 100 5425 100 o o o o 422 6 
2 6999 100 4193 50 3296 50 1629 16 3267 33 0 0 
3 5028 50 3688 66 - o o o o o o 
4 - - - - - o o o o 751 16 

49 1 5612 100 5270 100 6728 100 1805 20 1141 50 1098 60 
2 4536 100 4285 100 3587 50 o o 320 30 756 66 
3 4801 100 5774 100 2461 100 2224 6 4540 16 4010 8 
4 4590 100 6211 100 4436 100 8800 80 5411 60 4015 33 

56 1 5000 100 7753 100 8768 100 5790 50 8076 90 3328 50 
2 7326 100 7129 100 8177 100 10314 66 3513 50 9875 66 
3 8091 100 8617 100 7245 100 8452 66 9484 50 8918 75 
4 7529 100 9356 100 7639 70 8056 100 7754 60 

63 1 12619 50 7497 50 9060 66 11582 100 2977 100 8977 100 
2 14064 75 12491 90 1117 90 7885 100 7288 100 6663 100 
3 6927 50 9043 60 11267 60 9000 90 6849 100 5274 100 
4 1267 75 890 33 1154 16 5103 100 5204 100 7058 100 

70 1 13887 100 12490 75 14203 70 13880 100 3345 100 13476 100 
2 14457 50 12554 75 12304 70 13823 100 4150 100 12058 100 
3 4257 75 6225 90 9912 100 14511 100 12656 100 11768 100 
4 9424 50 14418 70 15386 60 15592 100 12490 100 11297 100 

77 1 573 50 9284 100 10115 90 16744 100 16990 100 17772 100 
2 7846 90 10033 100 15905 66 14278 100 17111 100 16423 100 
3 15443 66 10941 50 8564 70 13087 100 15848 100 17122 100 
4 13760 100 13042 60 11740 80 15669 100 13577 100 11815 100 

91 1 15440 100 5304 100 10847 100 11848 100 8515 100 16582 100 
2 13223 100 14826 100 13663 100 13907 100 13006 100 15913 100 
3 5307 100 9706 100 8894 100 11773 100 14085 100 17437 100 

4 15767 100 17944 100 18069 100 7630 100 15416 100 13758 100 



Appendix 4.2.5.6.8. Mn analysis of the pericarp.  

-MAX 

439 

Days 	 45 Minutes 	 90 Minutes 
after Section 

flowering 	 1 	0 	I 	0 	1 

14 1 41 5 489 12 0 0 
2 0 0 273 8 0 0 
3 273 20 433 100 624 20 
4 2509 100 766 100 448 0 

21 1 0 0 0 0 349 8 
2 860 40 0 0 0 0 
3 0 0 0 0 0 0 
4 0 0 569 25 0 0 

28 1 499 50 345 16 0 0 
2 0 0 231 12 0 0 
3 515 33 405 50 471 33 
4 551 50 0 0 372 50 

35 1 0 0 0 0 0 0 1646 80 2009 75 954 66 
2 0 0 0 0 2296 12 3050 50 3474 100 6238 100 
3 449 33 0 0 1417 20 5696 100 4074 100 2437 100 
4 0 0 864 33 706 50 - - - - 

42 1 8108 100 7522 100 3644 100 499 16 489 16 6064 50 
2 0 0 0 0 0 0 3884 33 2455 50 525 16 
3 7919 100 8710 100 3290 100 16 1108 20 1008 33 
4 0 0 0 0 0 0 1381 50 1541 50 4734 50 

49 1 4564 50 4051 66 3546 60 823 30 5695 50 5822 50 
2 3491 55 1968 40 3359 50 3295 90 4467 95 5906 100 
3 2187 30 1820 40 2331 30 4575 100 1636 40 3895 40 
4 - - - 2555 40 1627 60 2026 66 

56 1 6362 100 8927 100 9305 100 1503 50 3678 70 2301 60 
2 7872 60 10033 60 12309 80 5464 60 1100 30 5793 85 
3 2811 50 3335 70 3952 66 4191 85 1341 45 3986 60 
4 16046 100 15535 100 11807 100 490 25 613 20 773 16 

63 1 8970 100 9680 100 8339 100 1283 100 611 20 717 20 
2 3534 100 5645 85 5979 75 906 100 1228 100 848 60 
3 8256 100 11561 100 11383 100 2649 100 1316 100 1067 85 
4 3289 75 1121 20 1050 25 4503 100 610 66 1809 100 

70 1 4339 60 2472 50 3518 60 9343 100 11164 100 9307 100 
2 12187 100 8475 100 10068 100 15474 100 16629 100 12524 100 
3 9089 100 11216 100 8303 100 9302 100 6224 100 6648 100 
4 9713 100 7722 100 4084 100 4282 100 4670 100 3874 100 

77 1 15779 85 13859 100 12196 100 7525 100 6055 95 8017 100 
2 3262 30 3438 50 4951 50 10384 100 8069 100 5467 100 
3 7822 75 12052 90 14756 100 10078 100 8182 100 6486 100 
4 7847 33 6182 50 5776 30 10728 100 9839 100 7877 100 

91 1 3348 60 16597 75 3619 50 13688 75 11000 100 10396 75 
• 	 2 11239 75 12465 90 11331 80 10184 80 10017 100 11363 60 

3 4740 100 4616 100 4392 100 12641 80 1371 100 12132 100 
4 6054 100 7354 80 7781 100 9160 66 8097 50 5162 50 



Appendix 4.2.5.6.B. Manganese analysis of the stigmaticdisc.The effect of  45  and 90 minute soaking on the Mn integral (I) at  

the surface, and the depth of penetration (D, in mm and %  of the cross section penetrated).  

Ridge 

Days 
after 

flowering 
Section 

45 Minutes 90 Minutes 

21 1 4983 2 7487 3 6099 3 
2 4659 5 3980 5 - - 

3 6318 3.2 5697 3.1 2847 2.8 
4 7636 3.5 4269 3 - 

49 1 5758 1.4 8612 0.6 11959 3.4 5668 3 6332 2.2 7609 	3 
2 4982 1.8 9854 1.2 6360 2.2 2684 3.2 6320 2.0 6792 	1.8 
3 6378 2.3 11979 2.2 6606 1.4 5128 1.6 8623 1.9 8094 	1.9 
4 - - - - - -  - 

70 1 7512 1.2 8093 0.8 4939 3 8909 1.2 6643 1.4 6566 	1 
2 8314 1.4 5787 1.0 10536 1.1 7173 1.1 8893 2.2 7316 	2.2 
3 9347 1.4 8752 1.8 7732 1.7 9931 0.9 6143 0.8 5593 	1.9 
4 8278 1.6 7464 1.3 9599 1.5 - - -  - 

91 I 6633 3.4 4724 1.3 6827 3.5 11564 2.1 9237 2.3 9803 	3.2 
2 7299 3 4787 3.6 7007 5 4406 2.5 9042 3.2 8287 	3.4 
3 10088 4 10151 3.2 11976 2.6 3074 4.6 5550 3.1 3933 	3.0 
4 - - - - - -  - 

Valley 

Days 
after Section 

0 flowering 
an m 	% sin % mm % 

21 1 1735 0.8 100 1735 0.8 	100 624 0.8 100 
2 2986 1.2 100 3729 1.2 	100 4629 1.2 100 
3 1492 1.2 100 1509 1.2 	100 3240 1.2 	, 100 
4 634 0.9 100 6214 0.9 	100 685 0.9 100 

49 1 7598 0.8 60 4723 0.5 	50 5469 0.8 60 7229 0.6 60 	7945 0.5 75 8040 0.7 100 
2 4871 0.5 50 5899 0.6 	100 2358 0.6 100 10443 0.4 50 	7601 0.3 50 9592 0.6 100 
3 2699 0.6 100 4160 0.6 	100 6758 0.4 60 7936 0.7 100 	5040 0.7 100 4325 0.8 100 
4 5448 0.6 100 - - 2753 0.8 100 	3004 0.7 100 6662 0.4 50 

70 1 3388 0 0 9741 0.6 	100 10189 0.3 50 9439 0.4 100 	11258 0.3 60 8442 0.6 75 
2 751 0 0 7652 0.8 	100 6410 0.3 30 10575 0.7 100 	7641 1.0 100 i3511 0.8 10i 
3 7273 0.2 25 8351 0.4 	50 10223 0.7 100 6446 0.8 100 	12678 0.8 100 13791 0.7 10) 
4 7171 0.2 30 4838 0.7 	100 13953 0.5 60 16103 0.2 30 	10213 0.7 100 12398 0.5 70 

91 1 6361 0.3 100 5605 0.5 	100 8020 0.8 100 8027 0.6 100 	5248 0.5 100 15402 0.5 100 
2 11139 0.8 100 3471 0.4 	100 8331 0.5 100 7260 0.5 100 	7326 0.6 100 8800 0.8 100 
3 10709 0.4 75 9933 0.8 	100 5701 0.3 100 8938 0.4 100 	10854 0.5 100 13651 0.2 100 
4 12463 0.5 100 7356 0.9 	100 5366 0.3 100 10673 0.4 100 	4682 0.4 100 9120 0.4 100 
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Appendix 4.3.5.1.B-D. Alkaloid content (% dry weight basis) and yield (mgm per sample) and dry weight yield of capsule and stem 
from the Pilot Study. Data on which Table 4.3.2 is based.  

Treatment Replication Sample 
Alkaloid Sample 

dry weight 
(gm)  . 

Content (% dry weight basis) Yield  (mgm) 

Morphine Codeine Thebaine Morphine Codeine Thebaine 

To 1 Capsule 1.62 0.21 0.57 218.5 28.3 76.9 13.49 

Stem 0.18 0.030 0.075 8.4 1.4 3.5 4.69 

2 Capsule 1.65 0.18 0.46 250.5 27.3 69.8 15.18 

Stem. 0.22 0.029 0.15 10.5 1.4 7.2 4.77 

3 Capsule 1.79 0.23 0.43 260.6 33.5 62.6 14.56 

Stem 0.16 0.030 0.035 7.1 1.3 1.5 4.44 

Undamaged 1 Capsule 0.72 0.071 0.16 83.0 8.2 18.4 11.53 

Stem 0.19 0.024 0.034 10.7 1.3 1.9 5.64 

2 Capsule 0.68 0.090 0.20 80.5 10.6 23.4 11.78 

Stem 0.21 0.019 0.085 11.5 1.0 4.5 5.29 

3 Capsule 0.68 0.14 0.21 82.4 16.9 25.4 12.12 

Stem 0.23 0.008 0.056 11.4 0.4 2.3 4.94 

- wax 1 Capsule 0.31 0.031 0.12 34.3 3.4 13.4 11.08 

Stem 0.14 0.019 0.024 9.7 1.4 1.6 6.96 

2 Capsule 0.47 0.042 0.17 53.6 4.8 19.4 11.40 

Stem 0.19 0.027 0.043 12.8 1.8 2.9 6.72 

3 Capsule 0.43 0.039 0.11 53.0 4.8 13.4 12.22 

Stem 0.17 0.020 0.017 12.2 1.4 1.2 7.16 

Capped 1 Capsule 0.82 0.12 0.24 108.3 15.8 31.7 13.21 

Stem 0.16 0.026 0.048 10.2 1.6 3.1 6.35 

2 Capsule 0.66 0.10 0.24 77.9 11.8 28.3 11.81 

Stem 0.19 0.028 0.046 11.5 1.7 2.8 6.07 
3 Capsule 0.82 0.11 0.23 102.7 13.8 28.8 12.52 

Stem 0.20 0.032 0.029 12.9 2.1 1.9 6.44 



Appendix 4.3.5.1.E-G. Percentage leached over three days, and unaccounted for by leaching, and the weight leached 
per day (mgm) of the Pilot study. Data on which Table 4.3.2 and Figures 4.3.2-4 are based.  

Variable 

Alkaloid 

Replication Undamaged - wax Capped 

Morphine Codeine Thebaine Morphine Codeine Thebaine Morphine Codeine Thebaine 

% leached over 3 days 1 59.5 47.9 39.7 76.6 76.4 32.4 63.3 74.2 50.6 

2 55.8 52.0 56.9 84.1 94.0 25.0 75.7 89.4 67.1 

3 53.4 65.1 49.9 ' 83.8 77.2 39.1 63.9 73.4 42.6 

% unaccounted for 
by leaching 

1 

2 

6.4 

11.1 

24.5 

12.3 

41.2 

41.5 

9.3 

-6.2 

12.0 

-10.1 

41.1 

15.4 

-7.8 

-7.8 

-27.6 

-29.1 

4.0 

-7.7 

3 12.8 -22.1 24.4 -5.6 6.8 30.9 -6.2 -19.8 -16.1 

mgm leached/day - Day .1 1 63.9 6.3 8.3 112.1 14.4 14.8 74.3 10.6 14.5 

2 69.2 7.1 7.4 130.9 18.0 23.3 94.3 12.8 20.9 

3 65.2 9.6 12.6 119.8 13.7 18.0 76.6 10.2 13.4 

Day 2 1 48.0 4.8 8.7 52.4 5.7 8.8 49.1 7.1 12.6 

2 42.8 5.2 6.3 49.1 6.8 10.8 55.8 8.3 15.6 

3 35.7 5.8 8.4 57.8 6.5 11.4 47.0 7.0 9.4 

Day 3 1 32.7 3.2 5.6 21.8 2.7 4.1 30.5 4.4 8.1 

2 23.5 3.2 3.8 24.6 3.1 5.6 34.1 5.4 10.3 

3 28.8 4.0 6.2 26.1 2.8 5.4 31.9 4.5 6.9 



Appendix 4.3.5.1.B-D.  Analysis of variance, Leaching Studies, Pilot Study. 443 

Source of Variation df Sum of Squares Mean Square Variance ratio 

Morphine content, stem 

3 
8 
11 

0.002867 
0.004800 
0.007667 

0.000956 
0.00060 

1.59ns Treatments 
Sampling error 
Total 

Codeine content, stem 

Treatments 3 0.0003209 0.000107 2.40ns 
Sampling error 8 0.000356 0.0000445 
Total 11 0.0006769 

Thebaine content, stem 

Treatments 3 0.005789 0.0019299 1.77ns 
Sampling error 8 0.0087053 0.0010882 
Total 11 0.014495 

Morphine yield, stem 

Treatments '3 17.0934 5.6978 3.034ns 
Sampling error : 3  15.024 1.878 
Total 11 32.1174 

Codeine yield, stem 

Treatments 3 1.3006 0.4335 4.9656* 
Sampling error 8 0.6980 0.0873 
Total 11 1.9989 

Thebaine yield, stem 

Treatments 3 7.4562 2.4854 0.9088ns 
Sampling error 8 21.2877 2.7347 
Total 11 29.3335 

Capsule yield/sample 

Treatments 3 14.9220 4.9740 12.028** 
Sampling error 8 3.3082 0.4135 
Total 11 18.2302 

Morphine content, capsule 

Treatments 3 2.7761 0.9254 152.64** 
Sampling error 8 0.0485 0.00606 
Total 11 2.8246 

Codeine content, capsule 

Treatments 3 0.044001 0.014667 28.81** 
Sampling error 8 0.004072 0.000509 
Total 11 0.048073 

Thebaine content, capsule 

Treatments 3 0.218567 0.07285 40.45** 
Sampling error ,8 0.014403 0.0013 
Total 11 0.23297 

Morphine yield, capsule 

Treatments 3 67439.9 22479.9 103.97*** 
Sampling error 8 1729.7 216.2 
Total 11 69169.6 

Codeine yield, capsule 

Treatments 3 1023.6 341.22 38.01*** 
Sampling error 8 71.81 8.99 
Total 11 1095.5 

Thebaine yield, capsule 

Treatments 3 5333.62 1777.9 89.93*** 
Sampling error 8 158.16 19.77 
Total 11 5491.7 



444 

• Appendix 4.3.5.1.E-G. Analysis of variance, % leached per day and in 3 days, % unaccounted 
for by leaching. Leaching Studies: Pilot study.  

Source of Variation  df 
 

Sum of Squares 
 

Mean Square  Variance Ratio 

% leached in 3 days, morphine 

Treatments  2 962.98 481.49 18.89** 
Sampling error  6 152.93 25.49 
Total  8 1115.91 

% leached in 3 days, codeine 

Treatments  2 1343.61 671.80 7.76* 
Sampling Error  6 519.29 86.54 
Total  8 1862.89 

% leached in 3 days, thebaine 

Treatments  2 749.95 374.97 3.99 ns 
Sampling Error  6 562.97 93.83 
Total  8 1312.92 

% unaccounted for, morphine 

Treatments 2 462.47 231.23 7.82* 
Sampling Error 6 177.30 29.55 
Total 8 639.77 

% unaccounted for, codeine 

1731.27 865.64 3.49 ns Treatments 2 
Sampling Error 6 1484.46 247.41 
Total 8 3215.73 

% unaccounted for, thebaine 

1665.24 832.62 6.14* Treatments 2 
Sampling Error 6 813.24 135.45 
Total 8 2478.53 

Morphine leached/day 

Treatment 2 1900.80 950.40 18.88** 
Residual 6 301.95 50.33 
Total 8 2202.75 
Day 2 17577.61 8788.81  - 302.99*** 
Treatment x Day 4 3182.99 795.75 27.43*** 
Residual 12 348.08 29.01 
Total 18 21108.68 
Grand total 26 23311.42 

Codeine leached/day 

Treatment 2 39.5358 19.7679 7.763* 
Residual 6 15.2784 2.5464 
Total 8 54.8141 
Day 2 274.8614 137.4307 190.554*** 
Treatment x Day 4 62.2863 15.5716 21.591*** 
Residual 12 8.6546 0.7212 
Total 18 345.8023 
Grand total 26 400.6164 

Thebaine leached/day 

Treatment 2 121.699 60.850 3.998 ns 
Residual 6 91.319 15.220 
Total 8 213.019 
Day 2 331.611 165.805 63.589*** 
Treatment x Day 4 73.304 18.326 7.028** 
Residual 12 31.290 2.607 
Total 18 436.204 
Grand total 26 649.223 
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Appendix 4.3.5.2.B,C. The capsule alkaloid content (% dry weight basis) and yield (mgm) per sample, and capsule weight per sample 
of the Field Study. Data on which Tables 4.3.3-4  and Figures 4-.3.5-10 are based. 

Days after 
flowering Treatment Block 

Content (% dry weight basis) Yield per sample (mgm) Capsule weight 
sample per 

Morphine 	Codeine Thebaine Morphine Codeine Thebaine (gm) 

14 To (unstaked) 1 0.82 0.043 0.064 613.5 32.2 47.9 74.82 
2 0.83 0.028 0.051 574.1 19.4 35.3 69.17 
3 0.85 0.036 0.045 586.0 24.8 31.0 68.94 

Damaged 1 0.92 0.041 0.052 500.9 22.3 28.3 54.45 
2 1.10 0.054 0.048 572.9 28.1 25.0 52.08 
3 1.05 0.040 0.047 591.6 22.5 26.5 56.34 

- wax 1 1.06 0.040 0.070 582.9 22.0 38.5 54.99 
2 0.92 0.041 0.057 497.0 22.1 30.8 54.02 
3 1.02 0.041 0.057 563.7 22.7 31.5 55.27 

To (staked) 1 0.69 0.027 0.043 527.6 20.6 32.9 76.46 
2 0.73 0.030 0.059 643.6 26.5 52.0 88.17 
3 0.74 0.031 0.048 556.8 23.3 36.1 75.24 

Undamaged 1 0.92 0.034 0.041 584.3 21.6 26.0 63.51 
2 0.92 0.043 0.055 583.8 27.3 34.9 63.46 
3 0.88 0.036 0.055 554.3 22.7 34.6 62.99 

28 To (unstaked) 1 1.04 0.037 0.033 648.3 23.1 20.6 62.34 
2 1.10 0.032 0.033 691.6 20.1 20.7 62.87 
3 0.89 '0.029 0.036 708.7 23.1 28.7 73.63 

Damaged 1 1.05 0.039 0.026 618.3 23.0 15.3 58.88 
2 1.04 0.039 0.021 577.2 21.6 11.6 55.50 
3 0.82 0.034 0.024 588.1 24.4 17.2 71.72 

- wax 1 0.89 0.031 0.036 457.5 15.9 18.5 51.40 
2 0.97 0.029 0.019 525.6 15.7 10.3 54.19 
3 0.85 0.029 0.017 533.4 18.2 10.7 62.75 

To (staked) 1 0.86 0.021 0.022 628.0 15.3 16.0 73.03 
2 0.75 0.027 0.037 663.2 23.9 32.7 88.42 
3 0.88 0.024 0.031 652.9 17.8 23.0 74.19 

Undamaged 1 0.89 0.026 0.018 551.3 16.1 11.1 61.95 
2 0.80 0.037 0.038 516.9 23.9 24.5 64.61 
3 0.76 0.021 0.024 634.9 17.5 20.0 83.54 

42 To (unstaked) 1 1.36 0.039 0.034 845.2 24.2 21.1 62.14 
2 1.39 0.049 0.039 795.9 28.1 22.3 57.26 
3 1.67 0.067 0.050 974.1 39.1 29.2 58.33 

Damaged 1 1.06 0.030 0.025 539.3 15.3 12.7 50.88 
2 1.23 0.048 0.038 588.0 22.9 18.2 47.80 
3 1.15 0.034 0.032 525.6 15.5 14.7 45.70 

- wax 1 0.97 0.031 0.027 411.2 13.1 11.4 42.39 
2 0.96 0.025 0.021 429.5 11.2 9.4 44.74 
3 0.99 0.038 0.024 469.6 18.0 11.4 47.43 

To (staked) 1 1.17 0.039 0.031 831.8 27.7 22.0 71.09 
2 1.41 0.050 0.045 1078.5 38.2 34.4 76.49 
3 1.36 0.049 0.043 1070.7 38.6 33.8 78.73 

Undamaged 1 1.24 0.040 0.024 684.9 22.0 13.3 55.23 
. 

2 1.28 0.057 0.04u 796.2 35.5 24.9 62.20 
3 1.31 0.060 0.025 919.0 6.2.1 17.5 70.21 

56 To 	(unstake.) 1 
2 

1.30 
1.38 

0.039 
0.052 

0.026 
0.033 

832. (1  
797.8 

25.0 
30.1 

16.7 
19.1 

64.07 
57.81 

3 1.37 0.047 0.026 782.6 26.8 14.8 57.12 
Damaged 1 	. 

2 
0.92 
0.69 

0.047 
0.026 

0.039 
0.020 

411.1 
285.6 

21.0 
10.8 

17.4 
8.3 

44.69 
41.37 

3 0.77 0.036 0.020 334.6 15.6 8.7 43.46 
- wax 1 

2 
0.73 
0.72 

0.026 
0.026 

0.020 
0.013 

331.5 
298.1 

11.8 
10.8 

9.1 
5.4 

45.41 
41.40 

3 0.79 	0.041 0.023 389.1 20.2 11.3 49.26 
To (staked) 1 

2 

	

.35 	0.061 

	

.33 	0.058 
0.047 
0.046 

1200.6 
810.7 

54.2 
35.3 

41.8 
28.0 

88.94 
60.69 

3 .41 	0.068 0.040 1085.5 52.3 30.8 76.99 
Undamaged 1 

2 

	

.19 	0.072 

	

.04 	0.065 
0.039 
0.033 

804.7 
590.4 

48.7 
36.9 

26.4 
18.7 

67.62 
56.77 

3 .07 	0.065 0.038 601.8 36.6 21.4 56.25 
70 To (unstaked) 1 

2 

	

.49 	0.081 

	

.18 	0.047 
0.033 
0.027 

979.1 
714.6 

53.2 
28.5 

21.7 
16.3 

65.71 
60.56 

3 .35 	0.072 0.032 782.7 41.7 19.2 57.96 
Damaged 1 

2 

	

0.65 	0.025 

	

0.52 	0.016 
0.016 
0.016 

295.8 
212.4 

11.4 
6.5 

7.3 
6.5 

45.50 
40.85 

3 0.65 	0.021 0.017 247.0 8.0 6.5 38.00 
- wax 1 

2 

	

0.62 	0.026 

	

0.58 	0.019 
0.024 
0.007 

313.5 
224.8 

13.1 
8.2 

12.1 
3.0 

50.57 
43.23 

3 0.62 	0.015 0.005 263.5 6.4 2.1 42.50 

To (staked) 1 
2 

	

1.33 	0.079 

	

1.27 	0.060 
0.030 
0.043 

1296.2 
886.8 

77.0 
41.9 

29.2 
30.0 

97.46 
69.83 

Undamaged 
3 
1 
2 
3 

	

1.40 	0.068 

	

0.88 	0.032 

	

0.88 	0.032 

	

0.86 	0.026 

0.032 
0.018 
0.020 
0.018 

980.4 
563.1 
589.2 
364.9 

47.6 
20.5 
21.4 
11.0 

22.4 
11.5 
13.4 
7.6 

70.03 
63.95 
66.96 
42.43 



Appendix 4.3.5.2.D. The weight of alkaloids (mgm) detected  in the  leachate (field study) at daily intervals. 
Data on 	 FiguME11=T5 are-based.  

Days after 
flowering Treatment Block 

mgm Alkaloid detected in the leachate 

Morphine Codeine Thebaine 

Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 

14 Damaged 1 8.44 2.70 1.38 0.70 0.28 0.12 0.55 0.31 0.15 
2 10.60 4.17 1.86 0.50 0.30 0.11 0.71 0.53 0.15 
3 10.27 4.05 1.32 0.50 0.27 0.0 0.52 0.44 0.0 

- wax 1 10.25 1.71 1.59 0.76 0.18 0.16 1.24 0.44 0.34 
2 23.71 12.66 7.94 2.13 0.74 0.50 4.62 0.74 0.48 
3 17.30 5.31 5.06 1.28 0.39 0.33 0.34 0.55 0.77 

Undamaged 1 0.98 1.93 0.88 0.056 0.092 0.0 0.16 0.20 0.12 
2 8.14 5.93 3.43 0.42 0.42 0.20 0.65 0.49 0.31 
3 7.04 7.35 4.74 0.49 0.40 0.30 0.88 0.68 0.40 

28 Damaged 1 27.58 10.61 14.64 1.24 0.45 1.03 0.77 0.32 0.47 
2 31.29 6.15 9.97 1.44 0.18 0.67 0.92 0.21 0.35 
3 45.50 10.82 29.38 2.37 0.48 1.44 1.66 0.40 0.76 

- wax 1 31.08 12.73 9.23 1.24 1.24 0.55 1.77 0.76 0.57 
2 37.97 15.17 5.30 1.44 1.03 0.26 1.04 0.43 0.28 
3 31.29 13.15 10.18 1.13 1.03 0.71 0.87 0.27 0.21 

Undamaged 1 2.76 2.23 3.71 0.18 0.18 0.26 0.16 0.17 0.21 
2 17.82 9.76 2.33 1.42 0.30 0.22 0.61 0.63 0.29 
3 14.64 5.20 9.23 0.81 0.16 0.58 0.41 0.14 0.37 

42 Damaged 1 63.22 76.78 75.87 2.50 2.81 3.68 0.60 0.16 0.97 
2 68.52 80.12 82.63 2.65 3.75 4.17 0.37 0.21 0.96 
3 65.87 79.32 72.37 3.18 3.60 3.55 1.28 0.26 1.19 

- wax 1 122.40 112.66 79.53 6.12 4.05 3.39 1.33 1.47 1.56 
2 107.23 112.60 77.44 4.83 4.03 2.87 1.13 0.96 0.84 
3 119.22 136.83 92.39 4.96 5.74 4.76 0.68 0.77 1.13 

Undamaged 1 18.22 28.98 32.42 0.30 1.16 1.68 0.0 0.18 0.24 
2 26.81 29.94 53.03 1.36 1.38 2.45 0.37 0.36 0.53 
3 20.90 28.12 22.72, 0.93 1.59 1.09 0.16 0.25 0.25 

56 Damaged 1 119.79 107.97 86.61 5.47 7.50 4.59 2.30 2.97 2.79 
2 123.46 101.72 98.27 5.77 5.48 4.27 2.67 1.88 1.63 
3 155.84 104.04 85.49 8.92 5.44 4.54 1.66 1.02 1.48 

- wax 1 185.91 118.03 107.90 7.37 4.43 4.00 2.90 2.43 1.87 
2 122.88 97.72 88.50 4.37 3.80 4.24 1.46 1.50 1.54 
3 166.44 107.12 111.36 8.33 5.31 6.43 2.40 1.76 1.47 

Undamaged 1 76.53 68.02 88.11 4.77 3.92 4.52 0.92 1.14 1.64 
2 74.38 61.57 84.24 3.45 3.97 4.81 1.04 1.46 1.51 
3 100.27 74.45 78.44 5.97 4.43 5.04 1.50 1.62 2.40 

70 Damaged 1 239.24 144.64 115.67 13.44 7.10 6.65 2.79 1.99 1.53 
Z 162.Z3 117.17 93.78 8.82 7.07 5.74 2.28 1.58 2.00 
3 207.22 131.32 109.84 10.85 8.18 6.52 2.62 2.08 1.81 

- wax 1 216.76 128.61 125.60 14.84 6.41 8.79 3.40 4.34 4.17 
2 247.20 149.01 130.95 17.09 7.23 6.84 3.05 1.84 2.08 
3 244.93 130.73 164.38 14.63 6.21 7.41 1.88 1.53 2.49 

Undamaged 1 91.40 100.03 127.24 4.64 5.61 8.13 1.24 1.65 2.06 
2 127.11 112.40 99.28 5.33 5.62 5.09 0.99 0.88 1.25 
3 130.90 91.28 80.56 8.08 5.53 3.85 1.76 1.08 0.95 
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Appendix 4.3.5.2.E, F.  The percentage alkaloids leached over the three days and the 
percentage alkaloids unaccounted for ky -TeiChing for the  
ffird- study. Data on which Figures 4.3.16-19 are based.  

Days after 
flowering 

Treatment Block 

Alkaloids 

% Leached over 3 days % unaccounted for 

Morphine Codeine Thebaine Morphine Codeine Thebaine 

14 Damaged 1 2.0 3.4 2.1 16.3 27.2 38.8 
2 2.9 4.7 4.0 -2.7 -4.9 25.1 
3 2.7 3.1 3.1 -3.6 6.1 11.5 

- wax 1 2.2 3.4 4.2 2.8 28.2 15.4 
2 7.7 17.4 16.3 5.7 -31.8 -3.6 
3 4.7 8.1 5.3 -0.9 0.6 -6.9 

Undamaged 1 0.7 0.7 1.5 -11.5 -5.3 19.3 
2 2.7 3.9 2.8 6.6 -7.1 30.1 

. 3 3.4 5.1 5.4 -3.0 -2.4 -1.4 

28 Damaged 1 8.1 11.8 7.6 -3.5 -11.3 18.0 
2 6.9 11.4 7.1 9.7 -18.9 36.7 
3 12.1 18.6 9.8 4.9 -24.2 30.1 

- wax 1 8.2 13.1 15.1 21.3 17.9 -5.0 
2 8.4 13.6 8.4 15.5 8.3 41.9 
3 7.7 12.4 4.7 17.0 8.7 58.1 

Undamaged 1 1.6 4.0 3.3 10.8 -9.0 27.3 
2 5.8 8.1 4.7 17.6 -8.3 20.3 
3 4.8 8.7 4.0 -1.6 -7.2 8.8 

42 Damaged 1 25.5 37.1 8.2 10.6 0.0 31.6 
2 29.1 37.6 6.9 -2.9 -19.4 11.7 
3 22.3 26.5 9.4 23.7 33.8 40.3 

- wax 1 37.2 55.9 20.6 14.1 -10.1 25.2 
2 37.3 41.9 13.1 8.7 18.3 44.8 
3 35.8 39.6 8.8 16.0 14.3 52.1 

Undamaged 1 11.6 11.3 1.9 8.1 9.0 37.9 
• 2 13.8 13.6 3.7 16.0 -6.3 24.0 
3 7.8 9.3 1.9 7.5 -18.5 46.2 

56 Damaged 1 37.7 68.2 48.3 12.9 -52.3 -52.9 
2 39.4 51.6 32.4 24.8 12.5 24.2 
3 44.3 70.3 28.0 13.0 -28.6 13.5 

-wax 1 49.4 63.2 43.3 10.8 -10.4 2.2 
2 38.7 41.3 23.5 23.9 22.9 48.3 
3 49.2 74.7 37.9 1.1 -50.0 -14.2 

Undamaged 1 19.4 24.3 8.8 13.6 -14.1 28.1 
2 27.2 34.6 14.3 0.0 -39.0 18.9 
3 23.3 29.5 17.9 21.2 0.7 12.7 

70 Damaged 1 51.0 51.1 29.1 18.8 27.5 37.3 

2 52.2 76.0 35.8 18.1 1.0 24.2 

3 57.3 61.2 33.9 11.1 19.7 32.4 

- wax 1 48.1 56.4 59.3 20.0 18.8 -15.3 
2 73.8 109.5 42.6 -5.2 -38.3 38.8 
3 69.0 67.7 30.7 -2.6 17.0 58.2 

Undamaged 1 24.6 23.9 16.9 32.0 49.5 43.2 
2 38.2 38.3 10.4 -4.6 10.6 45.0 
3 30.9 36.7 16.9 31.9 40.2 49.0 
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Appendix 4.3.5.2.C.  Analysis of variance (split plot) of capsule alkaloid content and 

yield. Leaching Studies. Field Study.  

Source of Variation df Sum of Squares Mean Square Variance Ratio 

Capsule morphine content 

Blocks 2 0.005288 0.002644 0.498ns 
Maturity 4 1.230808 0.307702 19.937*** 
Residual 8 0.123472 0.015434 
Total 12 0.1345280 
Treatment 4 1.267781 0.316945 59.696*** 
Treatment x Maturity 16 2.088445 0.130528 24.588*** 
Residual 40 0.212373 0.005309 
Total 60 3 .568600  
Grand total 74 4.928168  

Capsule codeine content 

Blocks 2 0.00002912 0.00001456 0.33Ons 
Maturity 4 0.002818 0.0007045 4.926* 
Residual 8 0.001144 0.0001430 
Total 12 0.003962 
Treatment 4 0.003009 0.0007522 17.063*** 
Treatment x Maturity 16 0.008985 0.0005615 12.738*** 
Residual 40 0.001763 0.00004408 
Total 60 0.01375 
Grand total 74 0.01775 

Capsule thebaine content 

Blocks 2 0.00005043 0.00002521 0.507ns 
Maturity 4 0.008007 0.002002 48.529** 
Residual 8 0.0003299 3.00004125 
Total 12 0.008336 
Treatment 4 0.001554 0.0003887 7.820** 
Treatment x Maturity 16 0.001914 0.0001196 2.407* 
Residual 40 0.001988 0.00004971 
Total 60 0.005457 
Grand total 74 0.01384 

Capsule morphine yield 

Blocks 2 26443 13221 2.519ns 
Maturity 4 255339 63835 2.949ns 
Residual 8 173171 21646 
Total 12 428510 
Treatment 4 2135029 533757 101.679*** 
Treatment x Maturity 16 1131885 70743 13.476*** 
Residual 40 209978 5249 
Total 60 3476892 
Grand total 74 3931845 

Capsule codeine yield 

Blocks 2 67.13 33.57 1.079ns 
Maturity 4 695.29 173.82 1.494ns 
Residual 8 930.98 116.37 
Total 12 1626.28 
Treatment 4 4315.98 1079.00 34.688*** 
Treatment x Maturity 16 4705.11 294.07 9.454*** 
Residual 40 1244.23 31.11 
Total 60 10265.32 
Grand total 74 11958.73 

Capsule thebaine yield 

Blocks 2 13.49 6.75 0.267ns 
Maturity 4 3510.34 877.58 20.935*** 
Residual 8 335.35 41.92 
Total 12 3845.69 
Treatment 4 2886.81 721.70 28.610*** 
Treatment x Maturity 16 601.23 37.58 1.490ns 
Residual 40 1009.03 25.23 
Total 60 4497.07 
Grand total 74 8356.25 



449 Appendix 4.3.5.2.B, D.  Analysis 
-Tdar _ 

of variance (split plot) of alkaloids leached/day 
the capsule yi-614/sample. Field Study. 

-- 
Source of Variation df Sum of Squares Mean Square Variance Ratio 

Morphine leached/day 

Blocks 2 504.9 252.4 2.441  ns 
Harvest 4 356160.9 89040.2 552.844 xxx  
Residual 8 1288.5 161.1 
Total 12 357449.4 
Treatment 2 37714.5 18857.3 66.50C 
Treatment x Harvest 8 18855.9 2357.0 8.313 -- 
Residual 20 5670.9 283.5 
Total 30 62241.3 
Day 2 17381.2 8690.6 84.036xxx  
Day x Harvest 8 17654.3 2206.8 

21.339 xxx 

Day x Treatment 4 7474.1 1868.5 18.06 
Day x Treatment x Harvest 16 7351.5 459.5 4.443 " 
Residual 60 6204.9 103.4 
Total 90 56066.0 
Grand total 134 476261.0 

Codeine leached per day 

Blocks 
Harvest 

2 
4 

4.04 
1078.70 

2.02 
269.68 

2.672  n1( x  
187.870 x  

Residual 8 11.48 1.43 
Total 12 1090.19 
Treatment 
Treatment x Harvest 

2 
'8 

79.19 
57.29 

39.59 
7.16 

68.461 x),(„x, 
12.381 x--  

Residual 20 11.57 0.58 
Total 30 148.04 
Day 2 51.79 25.89 34.2 l8 °°<  
Day x Harvest 8 72.82 9.10 12.028 xxx  
Day x Treatment 4 32.43 8.11 10.71xxx 
Day x Treatment x Harvest 16 52.24 3.27 4.315xxx 
Residual 60 45.40 0.76 
Total 90 254.69 
Grand Total 134 1496.96 

Thebaine leached per day 
x 

Blocks 2 1.2442 0.6221 3.194 
Harvest 4 56.8299 14.2075 

21.153xxx 

Residual 8 5.3731 0.6716 
Total 12 62.2031 
Treatment 2 12.4125 6.2063 10.928

XXX 

Treatment x Harvest 8 4.9573 0.6197 1.091  ns 
Residual 20 11.3585 0.5679 
Total 30 28.7283 
Day 2 2.9710 1.4855 7.627

XX 

Day x Harvest 8 2.7571 0.3446 1.769 ns 
Day x Treatment 4 2.1599 0.5400 2.772

x 

Day x Treatment x Harvest 16 3.5244 0.2203 1.131  ns 
Residual 50 11.6869 0.1948 
Total 90 23.0993 
Grand Total 134 115.2749 

Capsule yield per sample 
Blouks 2 92.41 46.21 1.346 ns 
Maturity 4 1365.15 341.29 2.292 ns 
Residual 8 1191.24 148.91 
Total 12 2556.40 
Treatment 4 8299.05 2074.76 60.450

XXX 

Treatment x Maturity 16 523.16 32.70 0.953 ns 
Residual 40 1372.87 34.32 
Total 60 10195.07 
Grand total 74 12843.88 
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Appendix 4.3.5.2.E, F. Analysis of variance (split plot) of % alkaloids unaccounted for 

by leaching, and % leached in 3 days. Field Study.  

Source of Variation 
 

df  Sum of Squares  Mean Square  Variance Ratio 

% Morphine leached in 3 days 

Blocks 2 123.56 61.78 3.982115„.„ 
Maturity 4 13703.18 3425.80 102.069 
Residual 8 268.51 33.56 
Total 12 13971.69 
Treatment 2 2381.12 1190.56 76.747, 
Treatment x Maturity 8 1149.15 143.64 9.258 
Residual 20 310.31 15.52 
Total 30 3840.59 
Grand total 44 17935.84 

% Codeine leached in 3 days 

Blocks 2 191.84 95.92 1.598 
Maturity 4 19379.43 4844.86 20.883 
Residual 8 1855.97 232.00 
Total 12 21235.41 *** 
Treatment 2 4892.07 2446.04 40.761„, 
Treatment x Maturity 8 2309.39 288.67 4.810 
Residual 20 1200.19 60.01 
Total 30 8401.66 
Grand total 44 29828.90 

% Thebaine leached in 3 days 

Blocks 2 105.12 52.56 1.226 ns 
Maturity 4 5612.21 1403.05 52.243*** 
Residual 8 214.85 26.86 
Total 12 5827.06 
Treatment 2 1683.32 841.66 19.634*** 
Treatment x Maturity 8 918.22 114.78 2.678* 
Residual 20 857.34 42.87 
Total 30 3458.88 
Grand total 44 9391.05 

% Morphine unaccounted for 

Blocks 2 84.9 42.4 0.400 ns 
Maturity 4 934.9 233.7 2.190 ns 
Residual 8 854.0 106.7 
Total 12 1788.9 
Treatment 2 1.5 0.7 0.007 ns 
Treatment x Maturity 8 842.7 105.3 0.993 ns 
Residual 20 2121.3 106.1 
Total 30 2965.5 
Grand total 44 4839.2 

% Codeine unaccounted for 

Blocks 2 1597.6 798.8 1.864 ns 
Maturity 4 5441.1 1360.3 1.756 ns 
Residual 8 6198.6 774.8 
Total 12 11639.7 
Treatment 2 304.2 152.1 0.355 ns 
Treatment x Maturity 8 3299.8 412.5 0.963 ns 
Residual 20 8569.0 428.4 
Total 30 12172.9 
Grand total 44 25410.2 

% Thebaine unaccounted for 

Blocks 2 1182.9 591.5 1.47 ns 
Maturity 4 5038.0 1259.5 2.378 ns 

Residual 8 4237.1 529.6 
Total 12 9275.1 
Treatment 2 282.0 141.0 0.351  ns 

Treatment x Maturity 8 2625.3 328.2 0.817 ns 

Residual 20 8037.1 401.9 

Total 30 10944.4 

Grand total 44 21402.5 
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Appendix 4.4.4.1.1  Experiment 1. The effect of incubation time on the cumulative gas 

uptake (0) by the mature enzyme (crude) with various phenolic  

substrates. Data on which Figure 4.4.1 is based. Protein content  

= 1.74mgm/analysis. 

Substrate 

Time 

(minutes) 

Replication Catechol p-cresol p-coumaric 

acid 

caffeic 

acid 

dopa 

5 1 7.5 2.2 3.2 2.2 4.2 

2 1.1 1.1 1.1 2.3 6.4 

3 6.5 6.5 2.1 2.2 5.3 

4 1.1 -2.2 4.3 3.4 3.2 

10 1 11.9 4.3 4.3 4.3 8.4 

2 4.2 0.0 2.2 5.7 15.0 

3 9.7 8.6 3.2 2.2 7.4 

4 5.3 -3.3 4.3 6.8 11.8 

15 1 14.0 5.4 4.3 6.5 11.6 

2 5.3 0.0 2.2 8.0 18.2 

3 10.8 9.7 3.2 2.2 11.6 

4 7.4 -2.2 5.4 10.2 16.1 

20 1 15.1 7.6 4.3 8.6 13.7 

2 8.4 2.2 3.3 10.2 22.5 

3 13.0 11.9 4.3 6.5 14.7 

4 8.4 0.0 5.4 13.6 19.3 

25 1 16.2 9.7 4.3 10.8 15.8 

2 9.5 4.4 2.2 13.6 28.8 

3 14.0 15.1 3.2 3.2 18.9 

4 11.6 3.3 4.3 15.9 23.6 

30 1 17.3 13.0 4.3 15.1 20.0 

2 10.5 6.6 2.2 15.9 27.9 

3 16.2 18.4 4.3 11.8 23.1 

4 12.6 6.6 3.3 19.3 26.8 

40 1 18.3 19.5 4.3 18.3 23.1 

2 10.5 12.0 2.3 22.7 33.3 

3 17.3 24.9 3.2 15.1 26.3 

4 12.6 10.9 3.3 22.7 31.1 

50 1 18.3 24.9 3.2 21.5 26.3 

2 12.6 20.8 3.3 25.0 37.6 

3 19.4 30.3 4.3 19.4 30.5 

4 13.7 17.5 4.3 26.1 34.3 

60 1 19.4 31.3 3.2 24.7 30.5 

2 13.7 27.3 4.3 28.4 40.8 

3 20.5 33.5 5.3 22.6. 35.8 

4 16.9 26.3 2.2 31.8 39.7 

70 1 20.5 36.7 3.2 28.0 32.6 

2 14.7 33.9 5.4 32.9 44.0 

3 21.6 40.0 5.3 25.8 36.8 

4 16.9 30.6 3.3 35.2 41.9 

80 1 21.6 43.2 3.2 33.4 34.7 

2 15.8 41.5 5.4 37.5 46.2 

3 21.6 47.5 5.3 29.1 38.9 

4 16.9--  36.1-  - 2.-2 -32.4 44.0 
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Appendix 4'.4.4.1.1  Experiment 2. The effect of incubation time on the cumulative gas  

uptake (pl) by the mature enzyme with various concentrations of  

p-cresol. Data on which Figures 4.4.2 and 4.4.3 are  based.  

Protein content = 1.74mgm/analysis.  

Time 
(minutes) 

p-cresol  concentration (molar) 

Replication 10
-1 
 M 5x10

-2 
M 10

-2 
M 5x10

-3 
M 10

-3 
M 

5 1 4.3 5.4 2.1 1.1 5.3 
2 -2.1 -4.4 -5.4 0.0 -1.1 
3 3.2 3.2 6.4 2.2 -2.1 
4 -3.2 1.1 -5.4 -2.3 -2.1 
5 5.4 4.3 1.1 1.1 1.1 

10 1 6.5 7.6 3.2 0.0 5.3 
2 -3.2 -6.6 -5.4 0.0 -1.1 
3 3.2 3.2 6.4 1.1 1.1 
4 -2.1 1.1 -3.3 -1.1 0.0 
5 6.5 5.4 0.0 0.0 1.1 

15 1 5.4 7.6 3.2 0.0 5.3 
2 -2.1 -6.6 -3.3 3.4 -1.1 
3 4.3 4.3 6.4 2.2 2.1 
4 -1.1 3.3 -1.1 0.0 1.1 
5 4.3 4.3 -1.1 -4.3 0.0 

20 1 5.4 7.6 3.2 0.0 5.3 
2 -2.1 -6.6 -2.2 5.7 3.2 
3 3.2 4.3 6.4 3.2 4.2 
4 -2.1 4.4 1.1 1.1 3.2 
5 4.3 5.4 0.0 -2.2 1.1 

25 1 6.5 8.6 5.3 3.2 8.4 
2 -2.1 -6.6 0.0 9.1 6.4 
3 2.2 4.3 7.5 5.4 5.3 
4 0.0 7.7 4.3 5.7 7.5 
5 4.3 7.6 2.1 1.1 3.2 

30 1 4.3 8.6 6.4 6.5 8.4 
2 -1.1 -5.5 2.2 11.4 8.6 
3 5.4 6.5 11.8 9.7 8.4 
4 1.1 8.7 7.6 9.1 9.7 
5 6.5 8.6 5.3 0.0 8.4 

40 1 4.3 11.9 8.5 9.7 15.8 
2 0.0 1.1 8.7 18.2 14.0 
3 3.2 7.6 10.0 14.0 9.5 
4 2.1 9.8 13.0 14.8 15.0 
5 6.5 9.7 9.6 5.4 11.6 

50 1 4.3 15.1 15.0 16.1 17.9 
2 1.1 1.1 14.1 23.9 19.3 
3 2.2 11.9 22.4 19.4 14.7 
4 4.2 10.9 18.4 20.5 20.4 
5 4.3 14.0 13.9 9.7 11.6 

60 1 5.4 19.5 19.2 22.6 23.1 
2 3.2 8.7 20.6 30.7 24.7 
3 4.3 16.2 25.6 25.8 20.0 
4 4.2 10.9 10.8 26.1 23.6 
5 6.5 19.5 22.4 20.4 15.8 

70 1 6.5 24.9 27.7 28.0 27.4 
2 3.2 12.0 26.0 35.2 27.9 
3 3.2 21.5 32.1 31.2 22.1 
4 6.3 10.9 14.1 32.9 26.8 
5 7.6 23.8 25.9 21.5 18.9 

80 1 8.6 31.3 32.1 33.4 30.5 
2 7.4 19.7 32.5 43.2 33.3 
3 3.2 25.9 35.3 35.5 24.2 
4 7.4 9.8 20.6 37.5 31.1 
5 8.6 31.3 32.1 30.1 27.4 

90 1 6.5 35.7 36.3 38.7 32.6 
2 7.4 26.2 40.1 46.6 36.5 
3 5.4 32.4 47.0 44.1 28.4 
4 4.2 6.6 24.9 40.9 34.3 
5 11.9 36.7 36.3 33.4 28.4 
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- Appendix 4.4.4.1.1  Experiment 3. The effect of incubation time on the cumulative gas  

uptake (el) of the mature enzyme (crude) with various substrates.  

Data on which Table 4.4.2 and Figure 4.4.4 are based. Protein content = 1.74mgm/analysis.  

Substrate 

Time 

(minutes) 

Replication p-cresol p-cresol 

+ morphine 

p-cresol 

+ codeine 

p-cresol 

+ thebaine 

morphine codeine thebaine 

5 1 4.3 -1.1 -4.2 0.0 2.2 -1.1 1.1 

2 4.3 7.5 -1.1 -1.1 5.4 9.7 -4.3 

3 5.4 5.3 5.3 5.5 4.3 2.2 -2.2 

4 5.4 3.2 3.2 3.2 4.3 2.2 4.3 

5 5.4 1.1 0.0 4.4 4.3 0.0 

10 1 5.4 -1.1 -3.2 1.1 3.2 -2.2 3.2 

2 5.4 4.3 -2.1 -2.2 6.5 8.6 -5.4 

3 7.6 5.3 5.3 5.5 5.4 2.2 -3.2 

4 6.5 3.2 3.2 2.2 5.4 2.2 4.3 

5 6.5 0.0 -2.1 4.4 5.4 -2.2 

15 1 6.5 -1.1 -5.3 0.0 2.2 -3.2 4.3 

2 5.4 5.3 -3.2 -2.2 6.5 7.5 -5.4 

3 8.6 6.4 5.3 5.5 5.4 0.0 -4.3 

4 5.4 3.2 2.1 3.2 4.3 0.0 4.3 

5 7.6 - 1.1 -1.1 5.5 6.5 -2.2 

20 1 8.6 0.0 -4.2 3.3 2.2 -3.2 4.3 

2 6.5 5.3 -3.2 -2.2 6.5 5.4 - 6.5 

3 9.7 7.5 5.3 7.7 5.4 0.0 -3.2 

4 7.6 4.3 2.1 4.3 4.3 0.0 5.4 

5 7.6 2.1 -1.1 7.7 5.4 -3.2 

25 1 10.8 2.1 -3.2 5.5 2.2 -3.2 4.3 

2 8.6 6.4 -1.1 -1.1 6.5 4.3 -5.4 

3 11.9 8.5 5.3 8.7 3.2 -2.2 -2.2 

4 9.7 8.4 4.2 7.6 4.3 0.0 5.4 

5 9.7 6.4 1.1 10.9 6.5 -2.2 

30 1 14.0 5.3 0.0 6.6 3.2 -3.2 3.2 

2 11.9 9.6 2.1 0.0 5.4 4.3 -5.4 

3 14.0 11.8 8.4 12.0 3.2 -2.2 -3.2 

4  13.0 9.6 5.3 10.8 3.2 -1.1 5.4 

5 13.0 8.5 2.2 15.3 5.4 -3.2 

40 1 19.4 10.7 4.2 12.0 2.2 -4.3 3.2 

2 17.3 16.0 6.3 5.5 5.4 4.3 -4.3 

3 20.5 17.1 12.6 16.4 3.2 -2.2 -3.2 

4 20.5 13.9 9.5 17.3 3.2 -2.2 6.5 

5 18.4 13.9 8.4 20.8 5.4 -3.2 

50 1 25.9 16.0 10.5 18.6 2.2 -4.3 4.3 

2 23.8 17.1 11.6 12.0 5.4 3.2 -4.3 

3 24.8 27.4 17.9 23.0 2.2 -3.2 -3.2 

4 25.9 19.2 14.7 24.9 3.2 -2.2 5.4 

5 24.8 19.2 12.6 26.2 5.4 -4.3 

60 1 31.3 21.4 15.8 23.0 2.2 -4.3 3.2 

2 29.1 25.6 18.9 18.6 5.4 2.2 -5.4 

3 31.3 27.8 24.3 29.5 2.2 -3.2 -4.3 

4 32.4 25.6 22.1 28.1 3.2 -2.2 5.4 

5 32.4 24.6 18.9 30.6 5.4 -5.4 

70 1 36.7 27.8 22.1 29.5 1.1 -5.4 3.2 

2 34.5 32.1 24.2 27.3 4.3 4.3 -5.4 

3 37.8 34.2 31.6 36.1 2.2 -1.1 -2.2 

4 38.9 32.1 27.4 34.6 3.2 -2.2 5.4 

5 36.7 28.9 23.1 35.0 4.3 -6.5 

80 1 43.2 33.1 27.4 36.1 1.1 -6.5 3.2 

2 42.1 32.1 29.5 33.9 4.3 4.3 -2.2 

3 43.2 38.5 34.7 41.5 1.1 -4.3 -2.2 

4 44.3 37.4 33.7 37.8 3.2 -2.2 5.4 

5 43.2 34.2 29.5 37.2 4.3 -6.5 

90 1 48.6 38.5 33.7 40.5 2.2 -5.4 3.2 

2 46.4 42.7 34.7 41.5 4.3 4.3 -3.2 

3 49.7 45.9 40.0 45.9 1.1 -3.2 -1.1 

4 50.7 42.7 40.0 45.4 4.3 -2.2 5.4 

5 48.6 40.6 34.7 42.6 4.3 -6.5 



Appendix 4.4.4.1.1  Experiment 3. The effect of incubation time on the cumulative gas uptake (0) by the crude 
enzyme (mature) with p-cresol and inhibitors. Data on which Table 4.4.2 and Figure 4.4.4 

are based. Protein content = 1.74mgm/analysis.  

Time(minutes) 

Replication 

DIECA + p-cresol 4-CR + p-cresol Boiled, 	p-cresol 

1 2.3 4 5 1 2 3 4 5 1 2 3 4 5 

5 3.2 -1.1 -2.1 6.4 5.3 23 1.1 0.0 9.1 6.8 6.4 -1.1 -1.1 7.5 6.4 

10 4.3 -1.1 -1.1 8.5 5.3 4.5 1.1 1.1 11.4 6.8 9.7 -1.1 -1.1 9.7 5.4 

15 5.3 -1.1 -2.1 8.5 6.4 5.7 2.3 1.1 13.6 8.0 11.8 -1.1 -2.1 10.7 6.4 

20 6.4 -1.1 -2.1 9.6 6.4 6.8 2.3 2.3 14.8 10.2 12.9 -2.1 -2.1 11.8 7.5 

25 6.4 -1.1 -2.1 9.6 7.5 6.8 3.4 2.3 14.8 12.5 11.8 -1.1 -2.1 11.8 8.6 

30 5.3 -1.1 -2.1 10.7 9.6 6.8 4.4 3.4 17.0 13.6 11.8 -1.1 -3.2 11.8 8.6 

40 6.4 0.0 -2.1 11.7 9.6 8.0 6.8 4.5 20.5 15.9 11.8 -1.1 -3.2 12.9 9.7 

50 6.4 0.0 -2.1 11.7 8.5 10.2 6.8 6.8 22.7 18.2 10.7 -1.1 -3.2 11.8 9.7 

60 6.4 0.0 -2.1 12.8 8.5 12.5 10.2 9.1 25.0 20.5 12.9 -2.1 -3.2 12.9 9.7 

70 6.4 0.0 0.0 12 8 8.5 13.6 12.5 13.6 27.3 22.7 11.8 -2.1 0.0 12.9 9.7 

80 6.4 1.1 1.1 12.8 7.5 14.8 13.6 14.8 28.4 21.6 10.7 -2.1-1.1 12.9 7.5 

90 7.5 1.1 3.2 13.9 9.6 15.9 14.8 17.0 29.5 23.9 11.8 -1.1 	0.0 12.9 7.5 
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Appendix 4.4.4.1.1 	Experiment 4. The effect of incubation time on the cumulative 

gas uptake (0) by the crude and PVP-treated enzyme (mature)  

with various substrates. Data on which Figure 4.4.5 and  

Table 4.4.2 are based. Protein content = 1.73 (-PVP) and 1.63 (+PVP) mgm/analysis. 

Time 	. 

(minutes) 

Replication 

Substrate 

p-cresol 

(+PVP) 

p-cresol 

+ morphine 

p-cresol 

+ codeine 

p-cresol 	p-cresol 

+ thebaine 	(-PVP) 

morphine codeine thebaine 

5 1 2.2 0.0 6.5 7.6 -2.2 -1.1 -6.6 -4.3 

2 1.1 1.1 8.6 7.6 -4.3 2.2 -4.4 -5.5 

3 0.0 0.0 8.5 6.0 -5.3 -1.1 -6.4 -5.3 

4 2.3 -1.1 6.5 -1.1 -5.4 2.3 -3.4 -3.4 

5 4.3 -3.2 5.3 3.2 -5.3 2.1 -3.2 -3.2 

10 1 1.1 0.0 6.5 4.3 -2.2 -2.2 -6.6 -7.6 

2 2.2 2.2 8.6 6.5 -4.3 1.1 -4.4 -8.7 

3 1.1 0.0 8.5 6.0 -4.3 0.0 -8.5 -8.5 

4 4.5 -3.2 6.5 -4.3 -5.4 2.3 -4.5 -5.7 

5 5.4 -4.2 5.3 1.1 -8.5 3.2 -4.3 -5.4 

15 1 3.2 3.2 9.7 4.3 0.0 -2.2 -10.8 -8.6 

2 3.3 5.4 10.8 7.6 -3.2 1.1 -7.7 -8.7 

3 3.2 1.1 9.6 5.3 -3.2 0.0 -10.7 -9.6 

4 6.8 -2.2 6.5 1.1 -4.3 2.3 -8.0 -4.5 

5 7.5 -4.2 5.3 -1.1 -6.3 3.2 -7.5 -4.3 

20 1 6.5 6.5 13.0 6.5 1.1 -2.2 -11.9 -9.7 

2 4.4 8.6 14.0 10.8 -1.1 1.1 -7.7 -10.9 

3 7.5 4.3 11.8 8.5 -3.2 1.1 - 10.7 -9.6 

4 9.1 1.1 9.7 2.2 -4.3 3.4 -8.0 -5.7 

5 8.6 -2.1 6.3 1.1 -7.4 3.2 -7.5 -6.4 

25 1 7.6 9.7 16.2 9.7 4.3 -2.2 -13.0 -9.7 

2 6.6 10.8 16.2 15.1 0.0 0.0 -6.6 -10.9 

3 9.6 6.4 13.9 11.8 -1.1 1.1 -11.7 -10.7 

4 11.4 4.3 11.8 2.2 0.0. 2.3 -8.0 -6.8 

5 12.9 0.0 7.4 3.2 -5.3 2.1 -8.6 -6.4 

30 1 10.8 13.0 18.4 10.8 5.4 -2.2 -10.8 -8.6 

2 10.9 14.0 \ 18.4 18.4 2.2 0.0 -5.5 -9.8 

3 12.8 8.5 '17.9 13.9 1.1 0.0 -10.7 -10.7 

4 14.8 6.5 17.2 0.0 1.1 2.3 -9.2 -8.0 

5 15.0 3.2 13.7 6.3 -4.2 2.1 -8.6 -7.5 

40 1 18.4 18.4 27.0 19.11 19.4 -3.2 -13.0 -8.6 

2 17.5 19.5 24.9 24.9 14.0 0.0 -6.6 -9.8 

3 21.3 16.6 21.4 19.2 11.8 0.0 -11.7 -10.7 

4 22.7 12.9 23.7 14.0 11.8 2.3 -11.4 -8.0 

6 20.4 8.4 18.9 12.6 5.3 2.1 -9.7 -7.5 

50 1 24.9 25.9 33.5 25.9 25.9 -4.3 -14.1 -9.7 

2 26.2 25.9 31.3 31.1 20.5 -1.1 -7.7 -8.7 

3 28.8 20.3 28.9 25.6 18.2 -1.1 -11.7 -11.7 

4 30.7 19.4 32.3 19.4 19.4 1.1 -11.4 -8.0 

5 29.0 13.7 24.2 17.9 11.6 2.1 -8.6 -6.4 

60 1 31.4 32.4 39.9 35.6 31.3 -5.4 -14.1 -9.7 

2 33.9 32.4 38.4 40.0 27.0 -2.2 -8.7 -8.7 

3 35.2 25.6 36.3 36.3 23.5 -2.1 -12.8 -12.8 

4 36.4 26.9 37.7 26.9 25.8 2.3 -11.4 -9.1 

5 34.3 20.0 30.5 29.4 18.0 1.1 -8.6 -6.4 

70 1 36.8 39.9 46.4 42.1 39.9 -6.5 -14.1 -9.7 

2 41.5 38.9 44.3 45.4 33.5 -4.4 -8.7 -6.6 

3 42.6 33.1 41.7 40.6 31.0 -4.3 -12.8 -11.7 

4 44.3 34.4 44.1 35.5 34.4 1.1 -11.4 -9.1 

5 42.9 27.4 36.8 35.8 25.4 0.0 -8.6 -7.5 

80 1 45.4 47.5 52.9 44.3 46.4 -6.5 -16.2 -13.0 

2 49.2 45.4 51.9 47.5 37.8 -6.6 -9.8 -8.7 

3 51.2 40.6 47.0 45.9 35.3 -4.3 -23.9 -14.9 

4 51.1 40.9 50.6 43.0 39.8 -1.1 -12.5 -11.4 

5 49.4 33.7 42.1 36.8 29.6 -1.1 -9.7 -9.7 

90 1 49.7 55.1 59.4 52.9 51.8 -6.5 -16.2 -15.1 

2 55.8 52.9 55.1 56.2 43.2 -5.5 -9.8 -10.9 

3 56.3 45.6 53.4 52.4 41.7 -4.3 -13.9 -17.2 

4 57.9 47.3 56.0 44.1 46.3 -2.3 -13.6 -13.6 

5 55.8 42.2 46.3 43.1 37.0 -1.1 -9.7 -10.7 
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Appendix 4.4.4.1.1  Experiment 5. The effect of  incubation time on the cumulative gas uptake  (0) 
by the partially purified enzyme (mature) with various substrates.  Data on which 

Figure 4.4.6 and Table 4.4.2 are based. Protein content = 0.49mgm/analysis.  

Time  Replication 
(minutes) 

Substrate 

p-cresol  p-cresol 
+ morphine 

p-cresol 
+ codeine 

p-cresol  morphine 
+ thebaine 

codeine thebaine 

5 1 9.7 1.1 1.1 2.2 10.8 11.9 - 
2 9.7 2.2 2.2 -5.4 8.6 10.8 -6.6 

3 5.3 2.1 3.2 3.2 5.3 9.6 -6.4 
4 3.2 4.5 4.5 2.3 2.2 6.5 -4.5 

5 4.2 4.3 4.3 3.2 5.3 7.4 -4.3 

10 1 15.1 3.2 2.2 4.3 13.0 14.0 - 
2 13.0 3.3 2.2 -5.4 9.7 11.9 -8.7 

3 7.5 4.3 3.2 5.3 6.4 9.6 -7.5 

4 3.2 5.7 5.7 8.0 1.1 6.5 -5.7 

5 6.3 7.5 5.4 6.4 5.3 8.4 -4.3 

15 1 18.4 8.6 3.2 10.8 14.0 14.0 

2 15.1 7.7 3.3 -1.1 9.7 11.9 -8.7 

3 8.5 6.4 9.6 9.6 6.4 8.5 -7.5 

4 3.2 6.8 11.4 13.6 1.1 5.4 -6.8 

5 7.4 9.7 10.7 9.7 5.3 8.4 -5.4 

20 1 23.8 16.2 8.6 17.3 13.0 14.0 - 
2 21.6 14.2 8.7 5.4 7.6 11.9 -9.8 

3 12.8 12.8 18.1 17.1 4.3 8.5 -7.5 

4 9.7 11.4 20.5 
02:01 

5.4 -7.5 

5 10.5 16.1 19.3 ';': 52 7.4 -5.4 

25 1 29.1 25.9 14.1 
161.59 

14.0 - 
2 29.2 27.3 15.3 33 ..g 11.9 -10.9 

3 21.4 20.2 30.9 24.5 3.2 8.5 -8.5 

4 17.2 19.3 32.9 29.5 -2.2 5.4 -7.5 
5 16.8 22.5 31.1 23.6 0.0 7.4 -5.4 

30 1 38.9 35.7 22.7 31.4 14.0 14.0 - 
2 34.6 37.2 25.1 21.6 8.6 10.8 -12.0 

3 27.8 28.8 40.5 34.1 5.3 7.5 -7.5 
4 24.7 27.3 43.2 37.5 -1.1 5.4 -7.5 
5 22.1 32.2 39.7 31:1 _3.2 7.4 -5.4 

35 1 48.6 46.5 30.3 41.1 13.0 13.0 - 
2 43.2 48.1 36.1 31.4 7.6 9.7 -13.2 
3 35.3 37.3 51.2 44.8 5.3 7.5 -7.5 
4 33.4 36.4 54.2 48.9 -1.1 6.5 -7.5 
5 33.7 38.6 51.5 40.8 -4.2 7.4 -6.4 

40 1 58.3 55.1 37.8 49.7 14.0 14.0 
2 51.9 55.8 42.6 42.2 8.6 10.8 -13.2 
3 43.8 45.8 60.7 53.3 5.3 7.5 -8.5 
4 42.0 44.3 63.6 57.9 0.0 6.5 -7.5 
5 44.2 47.2 59.0 51.5 -4.2 8.4 -6.4 

45 1 68.0 67.0 47.6 59.5 '11.9 13.0 - 
2 61.6 64.5 51.4 50.0 7.6 9.7 -14.2 
3 53.4 56.5 69.3 62.9 4.3 7.5 -8.5 

4 52.7 54.5 71.5 67.0 -3.2 4.3 -7.5 
5 50.5 58.0 67.6 60.1 -2.1 5.3 -6.4 

50 1 76.7 73.5 53.0 68.1 10.8 10.8 

2 70.2 73.3 59.0 58.6 6.5 7.6 -15.3 

3 60.9 63.9 79.9 73.5 4.2 7.5 -8.5 

4 62.4 62.5 82.9 77.3 -2.2 4.3 -6.8 

5 58.9 64.4 78.4 68.7 0.0 3.2 -7.5 

55 1 85.3 81.1 61.6 75.7 10.8 13.0 - 
2 76.7 85.3 67.8 67.3 6.5 8.6 -15.3 
3 68.4 72.5 89.5 82.1 5.3 8.5 -8.5 
4 71.0 72.9 92.0 86.4 -2.2 5.4 -6.8 
5 68.4 71.9 88.0 76.2 0.0 6.3 -7.5 

60 1 95.0 90.8 68.1 82.2 10.8 11.9 - 

2 86.4 95.1 77.6 74.8 6.5 8.6 -16.4 

3 79.1 81.0 100.2 89.5 5.3 7.5 -8.5 

4 80.7 80.7 102.3 94.3 0.0 4.3 -6.8 

5 77.9 80.5 96.6 84.8 -1.1 4.2 -7.5 

65 1 104.7 98.4 76.8 89.7 10.8 11.9 - 

2 94.0 102.8 85.3 82.4 6.5 9.7 -16.4 

3 87.6 90.6 109.8 99.1 5.3 7.5 -8.5 

4 91.5 90.9 111.3 103.4 -1.1 4.3 -6.8 
5 85.2 89.1 106.3 92.3 -1.1 4.2 -7.5 

70 1 112.3 104.9 86.5 96.2 10.8 13.0 - 
2 102.7 110.4 95.1 90.0 6.5 10.8 -16.4 

3 94.0 100.2 118.3 107.6 4.3 7.5 -9.6 

4 97.9 98.8 119.3 110.2 -2.2 4.3 -8.0 
5 92.6 98.8 112.7 99.8 -1.1 5.3 -8.6 
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Appendix 4.4.4.1.1 	Experiment 6. The effect of incubation time on the cumulative gas uptake (ol) by the  

crude and PVP-treated enzyme (immature) with various substrates. Data on which Figure 

4.4.7 and Table 4.4.2 are based. Protein content = 0.86mgm/analysis.  

Time 

(minutes) 

Replication 

Substrate 

p-cresol 

(+ PVP) 

p-cresol 

+ morphine 

p-cresol 

+ codeine 

p-cresol 

+ thebaine 

p-cresol 

(-PVP) 

morphine codeine thebaine 

5 1 9.7 19.4 9.7 6.5 11.9 1.1 0.0 1.1 

2 4.4 14.0 6.5 7.6 10.8 -2.2 5.5 2.2 

3 10.7 10.7 7.5 3.2 6.4 2.1 0.0 3.2 

4 14.8 1.1 4.3 1.1 0.0 4.5 4.5 2.3 

5 12.9 7.4 4.2 4.2 3.2 5.4 3.2 2.1 

10 1 22.7 36.7 23.8 19.4 27.0 1.1 1.1 2.2 

2 13.1 29.2 21.6 19.5 23.8 -4.4 6.6 4.4 

3 22.4 22.4 19.2 12.8 19.2 2.1 2.1 4.3 

4 28.4 12.9 12.9 9.7 5.4 3.4 5.7 3.4 

5 20.4 15.8 14.7 15.8 11.6 5.4 5.4 4.3 

15 1 40.0 59.4 43.2 38.9 45.3 1.1 1.1 2.2 

2 37.2 49.7 38.9 38.9 38.9 -5.5 6.6 3.3 

3 38.4 40.6 37.4 32.1 36.2 3.2 2.1 4.3 

4 48.9 35.5 31.2 28.0 22.6 5.7 6.8 4.5 

5 37.6 40.0 31.6 33.7 27.4 5.4 6.4 3.2 

20 1 60.5 79.9 68.0 58.3 65.9 1.1 1.1 1.1 

2 59.0 67.0 51.9 56.2 56.2 -6.6 7.7 3.3 

3 61.8 51.7 54.5 47.0 55.6 3.2 2.1 4.3 

4 72.7 57.0 51.6 48.4 44.1 5.7 5.8 4.5 

5 58.0 61.0 53.7 54.7 45.2 5.4 6.4 3.2 

25 1 80.0 97.2 89.5 77.7 85.3 1.1 2.2 2.2 

2 79.8 83.2 78.9 74.6 74.6 -5.5 8.7 4.4 

3 81.0 75.9 74.8 67.3 74.8 4.3 3.2 5.3 

4 93.2 77.5 73.2 72.1 64.6 5.7 6.8 4.5 

5 76.2 72.6 74.2 74.7 66.3 5.4 7.5 3.2 

30 1 97.3 115 ..5 111.2 96.1 102.6 1.1 2.2 2.2 

2 99.5 99.4 98.3 91.9 90.8 -4.4 8.7 4.4 

3 .  101.2 90.8 95.1 83.4 88.7 5.3 3.2 4.3 

4 112.5 95.8 92.5 88.2 81.8 6.8 6.8 4.5 

5 97.7 89.4 95.8 90.5 82.1 6.4 7.5 3.2 

35 1 - 132.8 113.4 - 2.2 1.1 

2 114.5 108.1 8.7 4.4 

3 111.1 97.2 3.2 4.3 

4 110.8 106.5 6.8 4.5 

5 - 113.6 107.3 - 7.5 3.2 

40 1  ' 131.9 151.1 ,  151.1 130.6 139.0 3.2 2.2 2.2 

2 138.9 129.7 131.8 122.1. 124.3 -3.3 8.7 4.4 

3 139.6 119.7 129.3 112.2 119.7 6.4 3.2 5.3 

4 155.7 121.6 129.1 121.6 117.3 8.0 6.8 3.4 

5 137.4 126.3 129.4 122.1 110.5 8.6 7.5 4.3 

45 1 168.4 166.3 146.8 1.1 3.2 2.2 

2 145.9 145.9 137.2 -3.3 9.8 4.4 

3 133.6 142.1 130.4 6.3 4.3 5.3 

4 139.9 145.3 141.0 5.7 8.0 4.5 

5 136.8 145.2 136.8 8.6 8.6 4.3 

50 1 164.3 - 160.9 167.3 2.2 3.2 2.2 

2 173.9 154.5 157.8 149.1 159.9 -2.2 9.8 4.4 

3 174.8 145.3 154.9 142.1 146.4 6.4 4.3 5.3 

4 147.4 . 159.2 152.8 146.3 6.8 8.0 4.5 

5 169.6 147.3 158.9 151.5 138.9 9.7 8.6 4.3 

55 1 - c 3.2 3.2 2.2 

2 168.6 168.6 161.0 0.0 9.8 4.4 

3  - 158.2 152.8 6.4 4.3 5.3 

4 159.2 162.5 8.0 8.0 4.5 

5 159.9 - 10.7 8.6 4.3 

60 1 4.3 3.2 

2 180.5 0.0 9.8 

3 169.9 7.5 4.3 

4 167.9 8.0 8.0 

5 171.5 11.8 8.6 
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Appendix 4.4.4.1.1  Experiment 7. The effect of incubation time on the cumulative gas uptake (0) by the 

partially purified enzyme (immature)  with various substrates. Data on which Figure 

4.4.8 and Table 4.4.2  are based. Protein content  = 0.19mgm/analysis.  

Time 
(minutes) 

Replication 

Substrate 

p-cresol p-cresol 
+ morphine 

p-cresol 
+ codeine 

p-cresol  morphine 
+ thebaine 

codeine thebaine 

5 1 9.7 4.3 -2.2 -3.2 9.7 13.0 8.6 
2 9.7 3.3 -1.1 -1.1 8.6 16.2 9.7 
3 6.4 •3.2 -2.1 -1.1 10.7 8.5 6.4 
4 7.5 5.7 1.1 2.3 10.8 4.3 3.2 
5 6.3 5.4 1.1 6.4 8.4 9.5 6.3 

10 1 17.3 11.9 0.0 2.2 9.7 13.0 10.8 
2 17.3 7.7 -2.2 5.5 10.8 9.7 10.8 
3 13.9 10.7 0.0 4.3 10.7 8.5 4.3 
4 10.8 12.5 2.3 9.1 4.3 4.3 1.1 
5 9.5 11.8 2.1 14.0 9.5 8.4 6.3 

15 1 28.1 22.7 7.6 13.0 10.8 14.0 9.7 
2 25.9 18.6 8.7 17.3 10.8 9.7 9.7 
3 22.4 23.4 9.6 14.9 10.7 8.5 4.3 
4 17.2 25.0 10.2 20.5 4.3 5.4 0.0 
5 18.9 22.5 9.7 23.6 8.4 7.4 5.3 

20 1 42.1 37.8 18.4 24.9 10.8 14.0 8.6 
2 37.8 38.3 21.9 36.1 10.8 9.7 8.6 
3 35.3 40.5 21.3 29.8 10.7 7.5 4.3 
4 22.6 42.0 22.7 36.4 6.5 4.3 -1.1 
5 33.7 38.6 20.4 35.4 8.4 7.4 3.2 

25 1 55.1 51.9 33.5 42.2 9.7 14.0 8.6 
2 49.7 52.5 37.2 52.5 9.7 9.7 8.6 
3 51.3 54.4 37.3 46.9 9.6 7.5 4.3 
4 46.3 57.9 39.8 53.4 6.5 4.3 -2.2 
5 45.2 51.5 35.4 50.4 •6.3 7.4 2.1 

30 1 69.1 64.9 48.6 57.3 10.8 14.0 8.6 
2 63.8 64.5 52.5 67.8 9.7 9.7 8.6 
3 64.1 69.3 52.2 62.9 9.6 7.5 4.3 
4 63.5 71.6 55.7 70.4 5.4 4.3 -2.2 
5 61.0 64.4 49.4 65.5 6.3 7.4 2.1 

35 1 82.0 75.7 60.5 69.2 9.7 13.0 8.6 
2 76.7 80.9 65.6 82.0 9.7 9.7 8.6 
3 75.9 83.1 68.2 77.8 8.5 6.4 3.2 
4 7R.5 RR.0 7n.4 n4.1 C.4 4.3 - 1.2 
5 73.7 80.5 63.3 79.4 6.3 7.4 2.1 

40 1 95.0 86.5 74.6 85.4 8.6 13.0 6.5 
2 89.7 94.0 79.8 98.4 9.7 8.6 6.5 
3 90.8 98.0 79.9 94.8 8.5 6.4 3.2 
4 93.6 101.1 84.1 103.4 4.3 3.2 -2.2 
5 89.4 91.2 78.4 96.6 6.3 5.3 1.1 

45 1 109.0 98.4 80.4 96.2 8.6 13.0 7.5 
2 102.7 106.1 91.8 110.4 8.6 7.6 7.6 
3 102.6 108.7 92.7 107.6 8.5 6.4 3.2 
4 105.4 110.2 95.4 114.8 4.3 3.2 -1.1 
5 101,0 103.0 85.9 108.4 6.3 5.3 2.1 

50 1 122.0 105.9 97.3 104.9 7.6 11.9 7.5 
2 113.5 114.8 102.8 118.1 8.6 7.6 7.6 
3 113.3 117.2 104.4 117.2 7.5 5.3 3.2 
4 118.4 120.4 109.1 123.8 2.2 2.2 -2.2 
5 111.5 110.6 98.8 119.1 5.3 5.3 2.1 

55 1 132.8 111.4 102.7 110.3 8.6 11.9 6.5 
2 123.2 120.3 109.3 125.7 9.7 7.6 7.6 
3 122.9 124.7 113.0 125.8 8.5 5.3 2.1 
4 127.0 126.1 115.9 130.7 3.2 2.2 -3.2 
5 122.1 119.1 106.3 127.7 6.3 5.3 1.1 

60 1 142.8 115.7 109.2 114.6 7.6 11.9 5.4 
2 132.9 125.7 117.0 130.1 8.6 7.6 6.5 
3 133.6 131.1 122.6 131.1 8.5 6.4 3.2 
4 137.7 131.8 125.0 135.2 3.2 3.2 -2.2 

5 130.5 125.6 117.0 133.1 5.3 6.3 1.1 
65 1 150.0 118.9 117.8 117.8 8.6 11.9 5.4 

2 138.4 131.2 126.8 134.5 9.7 7.6 6.5 
3 142.1 136.4 132.1 135.3 8.5 5.3 3.2 
4 148.5 136.3 135.4 138.6 5.4 3.2 -2.2 
5 139.9 131.0 127.7 136.3 6.3 5.3 1.1 

70 1 160.9 122.2 125.4 121.1 7.6 11.9 6.5 
2 147.0 135.6 134.5 137.8 9.7 7.6 7.6 
3 149.6 141.7 137.5 138.5 8.5 5.3 3.7 
4 157.7 140.9 139.8 142.0 5.4 3.2 -1.1 
5 146.4 136.3 133.1 140.6 7.4 4.2 2.1 



459 Appendix 4.4.4.1.1 The specific activities of enzymes from the capsule against various  

substrates (Experiments 1-7, Warburg Analysis). Data on which Figure 

4.4.3 and Table 4.4.2 are based. 

Experiment 
Substrate Specific activity (pl/minute/mgm protein) 

No. Replication 1 2 3 4 5 

1 p-cresol 0.34 0.38 0.33 0.35 
catechol 1.03 0.23 0.73 0.42 
caffeic acid 0.27 0.29 0.22 0.37 
dopa 0.56 0.74 0.46 0.60 

2 
-1 

p-cresol  10  M - - - - - 
5 x 10

-2
M 0.28 0.30 0.28 - 0.31 

10 -2M 0.30 0.35 0.32 0.32 0.31 
5 x 10 -3M 0.32 0.34 0.33 0.33 0.33 
10 -3M 0.23 0.28 0.21 0.25 0.22 

3 p-cresol 0.33 0.34 0.33 0.36 0.35 
p-cresol  + morphine 0.32 0.30 0.32 0.32 0.30 
p-cresol  + codeine 0.32 0.32 0.31 0.32 0.30 
p-cresol  + thebaine 0.32 0.40 0.34 0.32 0.27 
morphine -0.22 0 -0.01 -0.02 -0.01 
codeine -0.10 0 -0.2 0 -0.04 
thebaine 0.02 0 0 0.02 
p-cresol  + 4-CR 0.09 0.10 0.11 0.16 0.15 

4 p-cresol  (-PVP) 0.38 0.34 0.34 0.40 0.36 
p-cresol  (+PVP) 0.41 0.47 0.45 0.44 0.43 
p-cresol  + morphine 0.42 0.40 0.38 0.41 0.38 
p-cresol  + codeine 0.40 0.41 0.37 0.37 0.34 
p-cresol  + thebaine 0.42 0.39 0.40 0.40 0.39 
morphine -0.05 -0.07 -0.05 -0.04 -0.04 
codeine -0.05 -0.04 -0.03 -0.04 -0.01 
thebaine -0.07 -0.01 -0.05 -0.05 -0.03 

5 p-cresol 3.79 3.66 3.37 3.72 3.53 
p-cresol  + morphine 4.11 3.99 3.99 3.98 3.84 
p-cresol  + codeine 3. .17 3.52 3.58 3.62 3.37 
p-cresol  + thebaine 3.67 3.78 3.96 3.88 3.77 
morphine -0.13 -0.05 0.01 -0.10 -0.05 
codeine -0.17 -0.25 -0.07 -0.06 -0.23 
thebaine - -0.35 -0.05 -0.06 -0.14 

6 p-Cresol  (-PVP) 3.55 3.35 3.20 3.58 3.21 
p-cresol  (+PVP) 3.56 4.00 3.87 4.24 3.80 
p-cresol  + morphine 3.76 3.29 3.44 4.16 3.40 
p-cresol + codeine 4.17 3.77 3.70 3.92 3.93 
p-cresol  + thebaine 3.84 3.61 3.53 4.02 3.81 
morphine 0.03 0.07 0.11 0.04 0.15 
codeine 0.09 0.05 0.07 0.03 0.07 
thebaine -0.03 0.03 0.01 0.04 -0.04 

7 p-cresol 14.09 13.58 13.61 15.08 14.49 
p-cresol  + morphine 14.81 14.72 15.51 16.44 14.50 
p-cresol  + codeine 14.67 15.09 15.25 15.89 14.62 
p-cresol  + thebaine 15.34 16.80 16.83 17.28 15.94 
morphine -0.53 -0.33 -0.48 -0.69 -0.35 
codeine -0.24 0 -0.41 -0.33 -0.32 
thebaine -0.48 -0.48 -0.26 -0.52 -0.73 



Appendix 4.4.4.1.1 Analysis of variance of specific activity, Warburg analysis.  460 

Source of variation df Sum of Squares Mean square Variance ratio 

Experiment 1 

Treatment 3 0.31294 0.10431 2.949ns 

Sampling error 12 0.42449 0.03537 

Tota) 15 0.73743 

Experiment 2 4.  

Treatment 3 0.02704 0.00901 24.476*** 

Sampling error 15(1) 0.00552 0.000268 
24.476 

Total 18 0.03256 

Experiment 3 

Treatment 3 0.002654 0.000885 1.312ns 

Sampling error 16 0.01079 0.000674 

Total 19 0.01344 

Experiment 4 

Treatment 4 0:01545 0.00386 8.253*** 

Sampling error 20 0.009363 0.0004681 

Total 24 0.02482 

Experiment 5 

Treatment 3 0.63344 0.21115 8.9159** 

Sampling error.  16 0.37891 0.02368 

Total 19 1.01235 

Experiment 6 

Treatment 4 0.96765 0.24191 4.16* 

Sampling error 20 1.16291 0.05815 

Total 24 2.13056 

Experiment 7 

Treatment 3 12.9796 4.3265 9.079*** 

Sampling error 16 7.6250 0.4766 

Total 19 20.6045 

one missing value. 



Appendix 4.4.4.1.2 GC-MS of the enzyme incubation solutions 

A  GC trace of the solution. Oven program: 20 °C to 280°C 

at 160C/minute. See Section 3.6.3. for details. 

Key to figure  

31 - Tail of the solvent peak. 

106 - p-cresol. 

A -  p-cresol peak, caused by system overload. 

126 - gain increased by 10x. 

348 - codeine. 

356 - morphine 

B  - thebaine 

B GC trace at a higher sensitivity 

Key to Figure.  

75 - p-cresol 

81 - gain change, p-cresol 

103 - 4-methylcatechol 

A  - Data system crash 

461 
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C Mass spectrum of p-cresol obtained from the trace shown in part A 

The reference spectra are obtained from Heller, S.S., Milne, G.W.A. 

(1978). EPA/NIH Mass Spectral Data Base. U.S. Government Printing 

Office, Washington. 
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D Mass spectrum of 4-methylcatechol (4-methyl-1,3 

benzenediol) obtained from the trace showniin part B 

465 

The mass spectrum of a pure sample of 4-methylcatechol. 
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APPENDIX 4.4.4.2 	GC-MS OF THE FUNGAL NUTRIENT SOLUTION 

A GC trace of the fungal solution following incdbation. Oven prognon: 210 °C to 

280°C at 16°C/minute after 3 minutes. See Section 3.6.6. for details. 

AT IC 
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Key to Ficure.  

17 - tail of the solvent peak. 

219- codeine. 

A - trace coantity of morphine, 

239 	thebaine 
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part A . The reference spectrum was obtained from Heller and 

Milne (1978). 
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E Mass trace of the fungal nutrient solution containing 

morphine as the sole alkaloid, analysed by placing the sample 

directly on the probe. The early peaks in the total ion count 

is from the solvent. The plateau is from a system overload 

as a result of a large sample. Note that the individual ion 

traces follow the same pattern as the total ion count. 
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F The mass spectrum obtained from the tailing portion of 

the trace shown in part E . Note it's similarity to the mass 

spectrum of morphine (part El). 
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Appendix 4.4.4.1.2 
 

Alkaloid yield (mgm) per sample of  

Experiment 8 (Enzyme Incubation).  

Data on which Table 4.4.3 is based. 

Alkaloid Yield (mgm) 

Treatment  Day  Replication  Morphine  Codeine  Thebaine 

T
o 

Nil 

p-cresol 

4-CR 

Boiled 

1  1  8.87  0.68  0.36 

1  2  8.72  0.67  0.35 

2  3  8.67  0.67  0.36 

2  4  8.70  0.67  0.36 

/  1  1  9.41  0.76  0.38 

1  2  9.54  0.76  0.37 

2  3  9.58  0.74  0.36 

2  4  9.35  0.71  0.36 

1  1  9.09  0.72  0.21 

1  2  9.19  0.73  0.22 

2  3  7.49  0.64  0.076 

2  4  8.37  0.60  0.13 

1  1  9.93  0.80  0.39 

1  2  9.74  0.75  0.37 

2  3  9.30  0.72  0.35 

2  4  9.34  0.69  0.36 

1  1  10.30  0.80  0.38 

1  2  10.75  0.79  0.39 

2  3  9.79  0.76  0.37 

2  4  9.69  0.73  0.38 



Appendix 4.4.4.1.2 Alkaloid yield (mgm) per sample of  

Experiment 9 (Enzyme Incubation). 

Data on which Table 4.4.4 is based.  
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Alkaloid-Yield (mgm) 

Treatment  Day  Replication  Morphine  Codeine  Thebaine 

T
o 	1  1  10.39  0.78  0.46 

 

2  2  10.10  0.73  0.45 

 

2  3  10.11  0.74  0.46 

Nil  1  1  10.33  0.78  0.45 

 

2  2  9.78  0.73  0.45 

 

2  3  10.25  0.77  0.46 

p-cresol  1  1  10.12  0.74  0.32 

 

2  2  10.18  0.74  0.26 

 

2  3  9.94  0.73  0.24 

 

p-cresol,boiled 1  1  9.75  0.73  0.43 

 

2  2  10.05  0.73  0.44 

 

2  3  9.78  0.74  0.43 

4-CR  1  1  9.90  0.74  0.45 

 

2  2  10.44  0.79  0.45 

 

2  3  10.04  0.74  0.43 

Washings  1  1  11.35  0.94  0.63 

 

2  2  10.64  0.87  0.63 

 

2  3  11.24  0.98  0.60 

 

Washings,boiled 1  1  10.92  0.90  0.58 

 

2  2  11.37  0.93  0.59 

 

2  3  10.82  0.89  0.57 
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Appendix 4.4.4.1.2 Analysis of variance of Experiments 8 and 9. Enzyme incubation  
experiments. 

Source of variation  df Sum of Squares Mean square Variance ratio 

Experiment 8 - Morphine 

6.7895 

1.3834 

1.5383 

9.7113 

1.6974 

1.3834 

0.1099 

15.45*** 

12.59** 

Treatment  4 

Day  1 

Residual  14 

Total  19 

Experiment 8 - Codeine 

Treatment  4 0.03167 0.007917 12.07*** 

Day  1 0.0140 0.01404 21.42*** 

Residual  14 0.00918 0.000656 

Total  19 0.05489 

Experiment 8 - Thebaine 

Treatment  4 0.14096 0.03524 46.78*** 

Day  1 0.00493 0.00493 6.54* 

Residual  14 0.01055 0.000753 

Total  19 0.15644 

Experiment 9 - Morphine 

Treatment  6 4.3124 0.71874 10.12*** 

Day  1 0.0145 0.0145 0.20ns 

Residual  13 0.9229 0.07099 

Total  20 5.2498 

Experiment 9 - Codeine 

Treatment  6 0.12783 0.02131 24.34*** 

Day  1 0.00029 0.00029 0.33ns 

Residual  13 0.01138 0.0008754 

Total  20 0.1395 

Experiment 9 - Thebaine 

Treatment  6 0.226981 0.03783 124.11*** 

Day  1 0.000771 0.000771 2.53ns 

Residual  13 0.003962 0.0003048 

Total  20 0.23171 



Appendix 4.4.4.1.2 Alkaloid yield (mgm) per sample  

of Experiment 10 (Enzyme Incubation).  

Data on which Table 4.4.5  

is based. 
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Alkaloid Yield (mgm) 

Treatment Replication Morphine Codeine Thebaine 

10 (norma
1

) 1 9.03 0.71 0.38 

2 8.97 0.74 0.37 

3 9.03 0.72 0.37 

p-cresol  (normal) 1 8.63 0.69 0.18 

2 9.07 0.71 0.17 

3 9.43 0.77 0.16 

T
o
(double) 1 16.92 1.36 0.64 

2 17.65 1.37 0.61 

3 16.77 1.10 0.56 

p-cresol(double) 1 16.60 1.10 0.49 

2 17.12 1.53 0.40 

3 17.13 1.48 0.41 

To (immature) 1 0.92 

2 0.94 

3 0.95 

Nil 1 0.92 

2 0.91 

3 0.89 

p-cresol 1 0.69 

2 0.77 

3 0.71 
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Appendix 4.4.4.1.2 Experiment 10. Analysis of variance of the three individual sets 

of treatments. 

Source of variation  df  Sum of Squares 
 

Mean square  Variance ratio 

Normal  Strength - Morphine 

Treatment  1 

Residual  4 

Total  5 

0.0017 

0.3234 

0.3251 

0.0017 

0.0809 

0.021ns 

Normal Strength - Codeine 

0 

0.00393 

0.00393 

0 

0.00098 

Ons Treatment  1 

Residual  4 

Total  5 

Normal Strength - Thebaine 

Treatment  1 0.06201 0.6201 930.24*** 

Residual  •  4 0.00026 0.000066 

Total  5 0.06228 

Double Strength - Morphine 

Treatment  1 0.0400 0.0400 0.25ns 

Residual  4 0.6271 0.1568 

Total  5 0.6671 

Double Strength - Codeine 

Treatment  .  1 0.0131 0.0131 0.33ns 

Residual  4 0.1574 0.0394 

Total  5 0.1705 

Double Strength - Thebaine 

Treatment  1 0.0433 0.0433 21.32** 

Residual  4 0.0081 0.0020 

Total  5 0.0515 

Immature - Morphine 

Treatment  2 0.0800 0.04001 54.56*** 

Residual  6 0.0044 0.00073 

Total  8 0.0844 



478 

Appendix 4.4.4.1.2  Alkaloid yield (mgm) per sample of  

Experiment 11 (Enzyme Incubation).  

Data on which Table 4.4.6 is based. 

Treatment Day Replication 

Alkaloid Yield  (mgm) 

Morphine Codeine Thebaine 

0 1 1 5.90 0.28 0.078 

1 2 5.97 0.27 0.071 

2 3 6.17 0.32 0.074 

2 4 6.20 0.29 0.064 

2.8x10
-3 

1 1 5.87 0.27 0.076 

1 2 5.90 0.27 0.064 

2 3 6.02 0.29 0.057 

2 4 6.06 0.28 0.064 

5.7x10
-3 

1 1 5.86 0.27 0.065 

1 2 5.85 0.26 0.061 

2 3 6.00 0.29 0.054 

2 4 5.85 0.28 0.049 

8.5x10 -3 1 1 5.73 0.27 0.058 

1 2 5.67 0.26 0.055 

2 3 5.72 0.30 0.046 

2 4 5.86 0.31 0.049 

1.13x10
-2 

1 1 5.86 0.27 0.049 

1 2 5.69 0.26 0.050 

2 3 5.70 0.30 0.044 

2 4 5.79 0.32 0.029 

1.7x10
-2 

1 1 5.16 0.27 0.053 

1 2 5.63 0.28 0.047 

2 3 4.81 0.28 0.026 

2 4 5.17 0.26 0.055 
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Appendix 4.4.4.1.2 
 

Alkaloid yield (mgm) per sample of  

Experiment 12 (Enzyme Incubation).  

Data on which Table 4.4.7 is based.  

Alkaloid Yield (mgm)  

Treatment  Day  Replication  Morphine  Codeine  Thebaine 

Nil(crude)  1  1  9.02  0.74  0.19 

1  2  10.04  0.78  0.21 

2  3  10.38  0.79  0.22 

2  4  10.51  0.76  0.22 

p-cresol(crude)  1  1  8.76  0.80  0.11 

1  2  9.59  0.85  0.12 

2  3  9.66  0.77  0.073 

2  4  9.91  0.79  0.061 

To (PVP)  1  1  10.14  0.77  0.20 

1  2  10.20  0.75  0.25 

2  3  11.17  0.85  0.22 

2  4  11.11  0.84  0.21 

Nil(PVP)  1  1  10.69  0.75  0.21 

1  2  10.66  0.72  0.21 

2  3  10.92  0.83  0.21 

2  4  9.90  0.74  0.19 

p-cresol(PVP)  1  1  9.30  0.71  0.093 

1  2  9.72  0.77  0.12 

2  3  9.54  0.70  0.052 

2  4  9.10  0.74  0.044 



Appendix 4.4.3.1.3 The capsule alkaloid 

weight basis) of the 

Losses in the Intact 

on which Table 4.4.8 

content (%, dry 

Enzyme Alkaloid 

Capsule. Data  

is based. 
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Alkaloid Content (%) 

Treatment Replication Morphine Codeine Thebaine 

T
o 

1 2.16 0.13 0.16 

2 1.86 0,13 0.36 

3 2.15 0.13 0.28 

4 2.03 0.14 0.19 

5 1.92 0.13 0.31 

Control 1 1.07 •  0.083 0.13 

2 1.00 0.067 0.051 

3 1.06 0.071 0.10 

4 0.99 0.055 0.065 

5 1.13 0.093 0.077 

Treatment 1 0.45 0.17 0.10 

2 0.68 0.090 0.11 

3 0.10 0.096 0.12 

4 0.99 0.087 0.16 

5 0.89 0.064 0.14 



Appendix 4.4.4.1.2,3 Analysis of variance  of Experiments 11 and 12, and Enzyme whole  

capsule studies. 	 481 

Source of variation  df  Sum of squares 
 

Mean square  Variance ratio 

Experiment 11 - Morphine  

Day  1  0.00282  0.00282  0.099ns 

Treatment  5  1.87908  0.37582  13.243*** 

Residual  17  0.48243  0.02838 

Total  23  2.36433 

Experiment 11 - Codeine  

Day  1  0.003504  0.003504  20.395*** 

Treatment  5  0.001037  0.0002075  1.208ns 

Residual  17  0.002921  0.0001718 

Total  23  0.007462 

Experiment 11 - Thebaine  

Day  1  0.0005607  0.0005607  12.152** 

Treatment  5  0.002541  0.0005083  11.017*** 

Residual  17  0.0007843  0.00004614 

Total  23  0.003886 

Experiment 12 - Morphine  

Day  1 	 0.8323  0.8323 

Treatment  4  5.3393  1.3348 

Residual  14  3.0378  0.2170 

Total  19  9.2095 

3.836ns 

6.152** 

Experiment 12 - Codeine  

Day  1  0.001445  0.001445 

Treatment  4  0.01515  0.003788 

Residual  14  0.02098  0.001499 

Total  19  0.03757 

0.964ns 

2.527ns 

Experiment 12 - Thebaine  

Day  1 	 0.002268  0.002268  5.060* 

Treatment  4  0.07893  0.01973  44.013*** 

Residual  14 	0.006276  0.0004483 

Total  19 	0.087470 

Enzyme Whole Capsule - Morphine content  

Treatment  2  5.1624 
 

2.5812  51.314*** 

Residual  12  0.5978 
 

0.0498 

Total  14  5.7602 

Enzyme Whole Capsule - Codeine content  

Treatment  2  0.00896 
 

0.00448  7.1554** 

Residual  12  0.00751 
 

0.00062 

Total  14  0.01647 

Enzyme Whole Capsule - Thebaine content  

Treatment  2  0.08509  0.04254 
 

15.30673*** 

Residual  12  0.03335  0.002779 

Total  14  0.1184 



Appendix 4.4.4.2.1 Alkaloid yield (mgm) per sample of  

Experiment 13 (Fungal Nutrient Solution  

Studies). Data on which Table 4.4.9  

is based. 
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Alkaloid Yield (mgm) 

Treatment 
 

Block  Morphine  Codeine  Thebaine 

16.79 

16.95 

16.71 

16.68 

17.41 

16.91 

16.92 

16.59 

16.54 

16.56 

17.11 

17.25 

10.47 

11.68 

11.82 

12.32 

11.45 

11.62 

2.50 

4.70 

0.48 

0.47 

0.50 

0.48 

0.50 

0.50 

0.36 

0.32 

0.34 

0.50 

0.49 

0.51 

0.32 

0.33 

0.32 

0.34 

0.27 

0.27 

0.27 

0.26 

T
o 
 1 

2 

3 

4 

Control(-glucose) 
 

1 

2 

3 

4 

Control(+glucose 
 

1 

2 

3 

4 

-Glucose 
 

1 

2 

3 

4 

+Glucose 
 

1 

2 

3 

4 

1.95 

1.95 

1.91 

1.74 

2.07 

1.90 

1.98 

1.86 

1.91 

1.92 

1.93 

1.98 

1.79 

1.80 

1.79 

1.95 

1.85 

1.87 

1.71 

1.70 



Appendix 4.4.4.2.1 Alkaloid yield (mgm) per sample of  

Experiment 14 (Fungal Nutrient Solution  

Studies). Data on which Table 4.4.10 

is based. 
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Alkaloid Yield (mgm) 

Treatment 
 

Block  Morphine  Codeine  Thebaine 

16.18 

16.54 

16.56 

16.67 

16.48 

16.59 

16.38 

16.83 

16.93 

17.14 

17.10 

16.90 

11.57 

10.78 

12.95 

12.58 

13.12 

14.40 

13.35 

13.35 

0.34 

0.36 

0.35 

0.35 

0.36 

0.50 

0.34 

0.48 

0.51 

0.52 

0.51 

0.51 

0.52 

0.49 

0.53 

0.37 

0.30 

0.30 

0.26 

0.31 

T
o 
 1 

2 

3 

4 

Control (-glucose) 
 

1 

2 

3 

4 

Control(+glucose) 
 

1 

2 

3 

4 

-Glucose 
 

1 

2 

3 

4 

+Glucose 
 1 

2 

3 

4 

1.79 

1.84 

1.84 

1.84 

1.81 

1.84 

1.80 

1.84 

1.89 

1.91 

1.90 

1.88 

1.90 

1.92 

1.92 

1.90 

1.58 

1.64 

1.57 

1.64 
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Appendix 4.4.4.2.1 Analysis of variance of fungal nutrient studies (Experiments 13 and 

14). 

Source of variation  df  Sum of squares  Mean square  Variance ratio 

Experiment 13 - Morphine 

Treatment  4 287.82 71.94 14.93*** 

Blocks  3 10.22 3.41 0.707ns 

Residual  12 57.82 4.82 

Total  19 355.86 

Experiment 13 - Codeine 

0.0803 

0.0131 

0.0885 

0.1819 

0.0201 

0.0044 

0.0074 

2.7162ns 

0.5946ns 

Treatment  4 

Blocks  3 

Residual  12 

Total  19 

Experiment 13 - Thebaine 

Treatment  4 0.1331 0.0333 9.25ns 

Blocks  3 0.0035 0.0012 0.33ns 

Residual  12 0.0431 0.0036 

Total  19 0.1797 

Experiment 14 - Morphine 

Treatment  4 79.6232 19.9058 66.31*** 

Block  3 0.5431 0.1810 0.60ns 

Residual  12 3.6025 0.3002 

Total  19 83.7688 

Experiment 14 - Codeine 

Treatment  4 0.2328 0.0582 194*** 

Block  3 0.0037 0.0012 4* 

Residual  12 0.0039 0.00064 

Total  19 0.2405 

Experiment 14 - Thebaine 

Treatment  4 0 ..1270 0.0318 10.96*** 

Block  3 0.0036 0.0012 0.41ns 

Residual  12 0.0347 0.00321 

Total  19 0.1653 



Appendix 4.4.4.2.2 Experiment 15. The alkaloid content (%, dry weight basis) and sample  485  
yield (mgm), and capsule percentage dry matter loss (Fungal Whole  

Capsule Studies). Data on which Table 4.4.11 is based.  

%dry 
 

Alkaloid content (%)  Alkaloid Yield (mgm)/sample 

Treatment  Block matter loss Morphine Codeine Thebaine Morphine Codeine Thebaine 

T  1 	 1.60  0.098  0.15  289.8  17.7 
o 

2  -  1.34  0.090  0.085  216.8  14.6 

3  1.59  0.11  0.10  291.0  20.5 

4  -  1.47  0.088  0.11  232.0  13.9 

Control  1  5.36  1.39  0.072  0.076  226.2  11.7 

2  7.84  1.51  0.11  0.17  239.4  17.0 

3  7.57  1.53  0.10  0.10  236.9  16.1 

4  9.19  1.57  0.097  0.072  272.9  16.9 

Embellisia 	1 	17.95  1.18  0.091  0.22  183.8  14.2 

2  15.86  1.25  0.10  0.15  194.5  16.2 

3  13,82  0.97  0.050  0.070  156.5  8.1 

4  17.18  1.08  0.075  0.15  164.5  11.4 

Alternaria 	1 	20.91-  0.73  0.093  0.22  112.4  14.3 

2  19.01  0.80  0.11  0.18  115.7  15.3 

3  21.05  0.75  0.061  0.072  130.7  10.6 

4  15.39  1.04  0.086  0.10  159.7  13.3 

Cladosporium 	1  13.76  1.35  0.11  0.13  217.8  18.1 

2  12.41  1.21  0.099  0.20  216.0  17.7 

3  13.65  1.35  0.078  0.092  202.8  11.7 

4  14.06  1.46  0.13  0.14  244.0  22.4 

27.2 

13.8 

19.0 

18.0 

12.4 

27.0 

15.8 

12.5 

34.3 

23.5 

11.3 

22.7 

33.9 

26.0 

12.5 

15.4 

21.0 

35.7 

13.8 

23.4 



Appendix 4.4.4.2.2 Experiment 16. The alkaloid content (%, dry weight basis) and sample
486 

yield (mgm), and capsule percentage dry matter loss (Fungal Whole  

Capsule Studies). Data  on which Table 4.4.12 is based.  

%dry 
 

Alkaloid content (%)  Alkaloid yield (mgm) 

Treatment  Block matter loss Morphine Codeine Thebaine Morphine Codeine  Thebaine 

Control  1  1.74  1.70  0.16  0.16  392.4  36.9  36.9 

 

2  -2.27  1.75  0.15  0.083  385.7  33.1  18.3 

 

3  2.18  1.92  0.20  0.093  388.0  40.4  18.8 

 

4  -0.26  1.61  0.14  0.12  275.3  32.6  28.0 

Dendryphion 	1 	7.49  1.90  0.21  0.19  373.0  41.2  37• 3  

 

2  9.74  1.88  0.18  0.095  385.0  36.9  19.5 

 

3  7.74  1.79  0.20  0.16  373.6  41.7  33.4 

 

4  5.84  2.02  0.20  0.20  420.4  41.6  41.6 

Alternaria 	. 1  7.50  - 1.46  0.18  0.13  302.5  37.3  26.9 

 

2  6.52  1.57  0.17  0.12  328.6  35.6  25.1 

 

3  9.56  1.55  0.16  0.095  362.2  37.4  22.2 

 

4  9.96  1.49  0.18  0.10  293.5  35.5  19.7 

All  1  15.76  1.50  0.19  0.12  293.4  37.2  23.5 

 

2  9.28  1.63  0.19  0.11  333.2  38.8  22.5 

 

3  10.01  1.47  0.19  0.11  290.6  37.6  21.7 

 

4  14.11  1.49  0.18  0.092  283.8  34.3  17.5 

Saprophytes  1  6.72  1.80  0.19  0.19  364.9  38.5  38.5 

 

2  1.23  1.84  0.18  0.13  384.0  37.6  27.1 

 

3  7.47  1.68  0.20  0.17  345.6  41.1  35.0 

 

4  4.77  1.72  0.20  0.16  340.2  39.6  31.6 
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Appendix 4.4.4.2.2 	Analysis of variance of fungal whole capsule studies (Experiments 

15 and 16). 

Source of variation 	df Sum of squares Mean square Variance ratio 

Experiment 15 - % dry matter loss 

293.62 
1.12 

38.68 
333.41 

97.97 
0.37 
4.29 

22.77*** 
0.087ns 

Treatment 	 3 
Blocks 	 3 
Residual 	 9 
Total 	 15 

Experiment 15 - Morphine content 

Treatment 	 4 1.3059 0.3264 23.11*** 
Blocks 	 3 0.03057 0.0102 0.72ns 
Residual 	 12 0.16950 0.014125 
Total 	 19 1.5060 

Experiment 15 - Morphine yield 

Treatment 	 4 44305.5 11076.4 16.50*** 
Blocks 	 3 840.2 280.1 0.42ns 
Residual 	 12 8054.5 671.2 
Total 	 19 53200.2 

Experiment 15 - Codeine content 

Treatment 	 4 0.00157 0.00039 1.08ns 
Blocks 	 3 0.00110 0.00367 1.01ns 
Residual 	 12 0.00436 0.00036 
Total 	 19 0.00703 

Experiment 15 - Codeine yield 
72.37 
21.26 

18.09 
7.09 

1.63ns 
0.64ns 

4 ii.88kilent 3 
Residual 	 12 132.87 11.07 
Total 	 19 226.50 

Experiment 15 - Thebaine content 

Treatment 	 4 0.00596 0.00149 0.8147ns 
Blocks 	 3 0.0179 0.00597 3.26ns 
Residual 	 12 0.0219 0.001830 
Total 	 19 0.0458 

Experiment 15 - Thebaine yield 

Treatment 	 4 118.71 29.68 0.60ns 
Blocks 	 3 447.81 149.27 3.01ns 
Residual 	 12 594.80 49.57 
Total 	 19 1611.33 

Experiment 16 - % Dry matter loss 

Treatment 	 4 311.74 77.94 16.40*** 
Blocks 	 3 25.58 8.53 1.79ns 
Residual 	 12 57.02 4.75 
Total 	 19 394.34 

Experiment 16 - Morphine content 

Treatment 	 4 0.4352 0.1088 12.65*** 
Block 	 3 0.0145 0.0048 0.56ns 
Residual 	 12 0.1030 0.0086 
Total 	 19 0.5527 

Experiment 16 - Morphine yield 

Treatment 	 4 24150.2 6037.5 12.26*** 
Block 	 3 1276.3 425.4 0.86ns 
Residual 	 12 5908.9 492.4 
Total 	 19 31335.4 

Experiment 16 - Codeine content 

Treatment 	 4 0.0034 0.0009 4.5* 
Block 	 3 0.0008 0.0003 1.5ns 
Residual 	 12 0.0024 0.0002 
Total 	 19 0.0066 

Experiment 16 - Codeine yield 

Tre?tment 	 4 60.86 15.22 4.13* 
Block 	 3 33.92 11.31 3.07ns 
Residual 	 12 44.17 3.68 
Total 	 19 138.95 

Experiment 16 - Thebaine content 

Treatment 	 4 0.0125 0.0031 5.17" 
Block 	 3 0.0066 0.0022 3.67* 
Residual 	 12 0.0067 0.0006 
Total 	 19 0.0258 

Experiment 16 - Thebaine yield 

Treatment 	 4 474.96 118.74 3.88* 
Block 	 3 263.99 87.99 2.87ns 
Residual 	 12 367.50 30.62 
Total 	 19 1106.45 
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Appendix 4.5.4.2  The  effect of commercial storage on alkaloid content (% day weight basis) and % moisture content. Data on which 
fables 4.5.2 and 4.5.4-5, and Figures 4.5.1-2 are based.  

% moisture  Morphine content (5)  Codeine content (5) 
 

Thebaine content (%) 
• Treatment Weeks of storage 

Rep 1  Rep 2 Rep 3 Rep 1  Rep 2 Rep 3 Rep 1  Rep 2  Rep 3 Rep 1  Rep 2 Rep 3 

 

40°C  0  14.43  14.66  11.72  2.20  2.16  2.17  0.14  0.13  0.10  0.13  0.15  0.066 
1  14.47  13.61  12.51  2.13  2.25  2.06  0.14  0.13  0.10  0.10  0.088  0.065 
2  13.69  13.68  12.80  1.99  2.19  2.09  0.13  0.13  0.10  0.095  0.099  0.059 
3  13.43  13.00  12.95  2.06  2.12  2.07  0.14  0.12  0.11  0.10  0.10  0.060 
4  13.65  13.46  13.14  2.11  2.21  2.11  0.14  0.14  0.11  0.11  0.13  0.062 
5  13.80  13.51  13.45  2.17  2.17  2.16  0.14  0.12  0.11  0.11  0.10  0.072 
7  13.31  13.11  13.02  1.99  2.13  2.05  0.10  0.14  0.11  0.10  0.099  0.068 
9  13.86  13.66  13.37  2.03  2.18  2.01  0.13  0.14  0.10  0.086  0.089  0.055 
11  13.21  12.98  12.90  2.00  2.13  1.88  0.14  0.13  0.11  0.10  0.10  0.068 
15  13.40  13.52  13.44  1.97  2.14  1.93  0.14  0.13  0.094  0.10  0.091  0.068 
19  13.94  13.35  13.23  2.14  2.10  2.02  0.13  0.12  0.093  0.10  0.096  0.061 
27  15.05  15.50  14.87  1.93  2.15  1.94  0.14  0.16  0.11  0.12  0.12  0.088 
35  13.42  13.95  14.04  2.02  2.07  1.99  0.15  0.15  0.11  0.094  0.085  0.042 

 

70°C  0  14.02  16.39  15.65  2.02  2.19  2.20  0.13  0.15  0.12  0.11  0.13  0.11 
1  15.13  15.25  15.27  2.05  2.11  2.11  0.13  0.12  0.12  0.10  0.099  0.11 
2  13.59  14.75  14.26  2.19  2.09  2.09  0.15  0.12  0.12  0.12  0.084  0.088 
3  12.91  14.08  14.00  2.03  2.09  2.02  0.13  0.13  0.11  0.10  0.10  0.079 
4  13.08  14.02  13.58  2.02  2.17  2.03  0.14  0.13  0.11  0.099  0.11  0.083 
5  12.96  13.47  13.90  2.09  2.00  2.14  0.12  0.12  0.12  0.11  0.10  0.092 
7  12.76  13.06  13.13  2.08  2.11  2.02  0.12  0.12  0.11  0.11  0.11  0.079 
9  12.96  13.29  13.52  2.09  2.06  2.16  0.14  0.13  0.12  0.083  0.089  0.088 
11  12.56  12.80  12.85  1.98  2.04  2.00  0.13  0.13  0.11  0.10  0.084  0.080 
15  12.97  13.16  13.14  2.03  1.96  1.92  0.14  0.11  0.11  0.11  0.084  0.077 
19  13.03  13.25  13.44  2.15  2.04  2.02  0.13  0.12  0.11  0.11  0.094  0.093 
27  14.56  14.74  14.58  1.95  1.91  1.90  0.15  0.11  0.10  0.12  0.099  0.089 
35  13.49  13.09  13.36  2.05  2.09  2.07  0.15  0.14  0.14  0.096  0.11  0.081 

 

100°C  0  15.29  13.62  13.22  2.00  2.14  2.14  0.12  0.11  0.12  0.096  0.098  0.11 
1  15.93  13.81  13.75  1.95  2.10  2.16  0.12  0.10  0.12  0.10  0.084  0.099 
2  15.08  13.51  13.03  2.01  2.12  2.11  0.12  0.11  0.14  0.090  0.090  0.11 
3  14.48  13.20  13.02  2.12  2.12  2.22  0.14  0.12  0.14  0.11  0.099  0.12 
4  14.01  13.14  13.07  1.81  2.05  2.33  0.12  0.11  0.15  0.10  0.082  0.10 
5  13.73  12.95  12.90  2.03  2.03  2.14  0.12  0.11  0.13  0.096  0.075  0.11 
7  13.59  13.02  12.86  1.98  2.15  2.18  0.12  0.12  0.13  0.094  0.084  0.10 
9  13.65  12.91  13.03  2.05  2.11  2.19  0.13  0.13  0.13  0.094  0.077  0.10 

11  13.46  13.06  12.83  1.92  2.11  2.03  0.13  0.12  0.12  0.094  0.076  0.11 
15  13.56  13.17  12.93  1.94  2.15  2.09  0.13  0.12  0.13  0.11  0.082  0.12 
19  13.12  12.63  12.67  1.92  1.88  2.07  0.12  0.13  0.12  0.093  0.099  0.11 

27  13.29  13.40  13.25  1.87  2.11  2.14  0.15  0.15  0.16  0.092  0.072  0.10 

35  13.46  12.79  13.00  1.97  2.01  2.02  0.14  0.13  0.14  0.10  0.074  0.10 
_ 

Field dry  0  15.71  15.51  14.60  1.98  1.91  2.23  0.14  0.13  0.16  0.12  0.13  0.12  , 
1  15.21  15.13  14.47  1.83  1.92  1.90  0.13  0.14  0.14  0.10  0.13  0.11 
2  14.51  .14.14  13.57  1.82  1.91  1.96  0.12  0.13  0.15  0.11  0.099  0.13 
3  14.52  13.87  13.74  2.04  1.95  2.11  0.14  0.12  0.15  0.13  0.11  0.13 
4  13.90  13.77  13.33  2.00  1.99  1.92  0.14  0.12  0.13  0.10  0.10  0.11 
5  13.61  13.81  13.90  1.72  1.94  2.10  0.13  0.13  0.16  0.092  0.11  0.13 
7  13.10  13.27  13.25  1.76  1.82  1.87  0.12  0.14  0.14  0.092  0.11  0.12 
9  13.63  13.29  13.29  1.80  1.83  1.93  0.13  0.13  0.15  0.092  0.11  0.12 

11  13.19  13.15  13.43  1.78  1.78  2.04  0.11  0.13  0.16  0.086  0.12  0.12 
15  13.02  13.44  13.51  1.73  1.90  1.88  0.12  0.15  0.14  0.10  0.12  0.13 
19  13.02  12.86  13.13  1.72  1.96  1.88  0.12  0.14  0.14  0.087  0.13  0.14 

27  13.74  13.58  13.15  1.92  1.87  1.97  0.16  0.15  0.16  0.10  0.096  0.10 
35  13.53  13.89  13.60  1.89  1.96  2.01  0.15  0.15  0.16  0.12  0.13  0.15 
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Appendix 4.5.4.2 Analysis of variance (split plot) of Alkaloid and moisture  

content (Storage studies).  

Source of variation df Sum of squares Mean square Variance ratio 

Nbigture content 

Treatment 3 3.2372 1.0791 0.625ns 

Residual 8 13.8216 1.7277 

Total 11 17.0589 

Storage 12 37.7957 3.1496 19.877*** 

Treatment x Storage 36 21.6269 0.6007 3.791*** 

Residual 96 15.2115 0.1585 

Total 144 74.6340 

Grand Total 155 91.6969 

Morphine content 

Treatment 3 0.733925 0.244642 4.525* 

Residual 8 0.432559 0.054070 

Total 11 1.166484 

Storage 12 0.285227 0.023769 5.174*** 

Treatment x Storage 36 0.258583 0.007183 1.564* 

Residual. 96 0.440974 0.004593 

Total 144 0.984785 

Grand Total 155 2.151269 

Codeine content 

Treatment 3 0.005136 0.001712 0.985ns 

Residual 8 0.01391 0.001739 

Total 11 0.01905 

Storage 12 0.005731 0.0004777 5.378*** 

Treatment x Storage 36 0.003769 0.0001047 1.179ns 

Residual 96 0.008526 0.0000888 

Total 144 0.01803 

Grand Total 155 0.03707 

Thebaine content 

Treatment 3 0.01162 0.003874 1.412ns 

Residual 8 0.02195 0.002743 

Total 11 0.03357 

Storage 12 0.004077 0.0003397 3•779*** 

Treatment x Storage 36 0.007584 0.0002101 2.343*** 

Residual 96 0.008631 0.00008991 

Total 144 0.02029 

Grand Total 155 0.05386 
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Appendix 4.5.4.2 The effect of drying at various temperatures on the capsule alkaloid 

content (% dry weight basis). Data on which Table 4.5.3 is based.  

Alkaloid Treatment 
Alkaloid content  (%) 

Rep 1 Rep 2 Rep 3 

Morphine 40
o
C before drying 2.27 2.53 2.22 

40°C after drying 2.20 2.16 2.17 

70
o
C before drying 2.45 2.47 2.38 

70°C after drying 2.02 2.19 2.20 

100°C before drying 2.04 2.14 2.24 

100
o
C after drying 2.00 2.14 2.14 

Codeine 40°C before drying 0.14 0.13 0.10 

40
o
C after drying 0.14 0.13 0.10 

70°C before drying 0.16 0.13 0.12 

70°C after drying 0.13 0.15 0.12 

100
o
C before drying 0.13 0.14 0.13 

100°C after drying 0.12 0.11 0.12 

Thebaine 40
o
C before drying 0.12 0.12 0.078 

40°C after drying 0.13 0.15 0.076 

70
o
C before drying 0.12 0.088 0.11 

70
o
C after drying 0.11 0.13 0.11 

100
o
C before drying 0.087 0.10 0.14 

100°C after drying 0.096 0.098 0.11 



1 1.96 1.92 1.88 1.84 2.00 1.86 

2 1.89 1.88 1.99 1.71 1.92 1.97 

3 1.88 1.91 1.97 2.00 1.73 2.07 

4 1.85 1.99 1.88 1.99 1.94 1.80 

5 1.89 1.95 1.96 1.80 1.75 1.99 

6 1.87 1.90 1.83 1.90 1.86 1.87 

1 0.44 0.40 0.38 0.31 0.34 0.33 

2 0.41 0.42 0.36 0.27 0.32 0.33 

3 0.42 0.34 0.35 0.35 0.30 0.37 

4 0.38 0.32 0.30 0.30 0.34 0.31 

5 0.39 0.39 0.34 0.33 0.31 0.35 

6 0.39 0.32 0.34 0.33 0.31 0.31 

1 0.27 0.28 0.31 0.29 0.25 0.26 

2 0.24 0.31 0.30 0.25 0.25 0.28 

3 0.24 0.20 0.28 0.26 0.20 0.27 

4 0.27 0.28 0.18 0.20 0.21 0.28 

5 0.24 0.25 0.26 0.21 0.18 0.28 

6 0.24 0.19 0.24 0.26 0.23 0.21 

Morphine 

Codeine 

Thebaine 

2.01 

1.91 

1.94 

1.83 

2.03 

1.79 

0.37 

0.29 

0 : 32, 

0.33 

0.36 

0.33 

0.28 

0.24 

0.26 

0.19 

0.24 

0.25 
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Appendix 4.5.4.3 The effect of freeze-drying and storage at 4° C on alkaloid content  

(% dry weight basis). Data on which Table 4.5.6 is based.  

Alkaloid content (%) 

Alkaloid  Replication  
Nil  Oven Freeze- 1 day 2 days 3 days 6 days 

dried  dried 



Appendix 4.5.4.2, 3. Analysis of variance of freeze-drying and 4°C storage 

(Section 4.5.4.3) and before and after drying of the  

storage material (Section 4.5.4.2).  

Source of variation df 	Sum of squares Mean square Variance ratio 

Morphine content, freeze-drying and 4
o
C storage  

Treatment  6  0.0226  0.0038  0.53ns 
Sampling error  35  0.2534  0.0072 
Total  41  0.2760 

Codeine content, freeze-drying and 4 °C storage  

Treatment  6  0.0346  0.0058  7.25*** 
Sampling error  35  0.0280  0.0008 
Total  41  0.0626 

Thebaine content, freeze-drying and 4°C storage  

Treatment  6  0.0076  0.0013  1.08ns 
Sampling error  35  0.0419  0.0012 
Total  41  0.0495 

Morphine content before and after drying  

Treatment  5  0.2735  0.0547  5•74** 
Sampling error  12  0.1143  0.0095 
Total  17  0.0378 

• 
Codeine content before and after drying  

Treatment  5  0.0009  0.00018 
 

0.67ns 
Sampling error  12  0.0032  0.00027 
Total  17  0.0041 

Thebaine content before and after drying  

Treatment  5  0.0006  0.00012 
 

0.22ns 
Sampling error  12  0.0066  0.0005 
Total  17  0.0072 
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Appendix 4.5.4.4. Sorption isotherm of commercial poppy straw. Data on which Figure 

4.5.3. is based. 

Desorption Adsorption 

Moisture content Relative humidity Moisture content Relative humidity 
(%) (%) (%) (%) 

8.22 24.1 7.81 30.0 

10.28 40.2 10.13 44.3 

12.16 54.3 12.07 56.1 

14.25 63.2 14.13 65.7 

18.12 75.8 15.99 72.5 

19.59 79.2 18.11 77.7 

21.96 84.4 19.97 80.8 

23.06 86.1 21.95 85.0 

25.59 86.6 23.92 84.4 

28.03 91.0 28.06 91.1 
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