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TO MY PARENTS

If you give a man fish, he will have a meal.
If you teach him to fish, he will have a living.
If you are thinking a year ahead, sow seed.
If you are thinking ten years ahead, plant a tree.
If you are thinking one hundred years ahead, educate the
people,
By sowing seed once, you will harvest once.
By planting a tree, you will harvest ten fold.
By educating people, you will harvest one hundred fold.

Anonymous Chinese Poet 
420 B. C.
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ABSTRACT

The curds of cauliflower (Brassica oleracea var.botrytis 
L .) which are representative of the European biennials, 
European annuals and Australian types were used to 
extract aspartate aminotransferase (EC 2.6.1.1) and acid 
phosphatase (EC 3.1.3.2). These enzymes were separated 
into their isoenzymes using polyacrylamide gel 
electrophoresis and were shown to have different numbers 
of isoenzymes depending upon which of the three main 
groups of cauliflower cultivars were used. The enzymes 
examined showed evolutionary divergence of the 
cauliflower types.

Growth and development, storage and frost damage in 
cauliflowers were examined in relation to peroxidase 
activity. Physiological age in different parts of the 
curds and between different size curds was shown to have 
very little effect on peroxidase activity. Total 
peroxidase activity in the stem was about 2 times the 
value in the curds. A gradual increase of peroxidase was 
found to occur with duration of storage period at 7°C. 
Peroxidase activity remained low when cauliflowers were 
kept at low temperatures, namely both -1+1°C and -5+l°C, 
but increased rapidly on warming up at 7°C for 2 days.

Isolation and partial purification of the peroxidase were 
carried out using conventional methods, including



(vil)

ammonium sulphate precipitation, Sephadex G-lOO molecular 

sieve and DEAE Cellulose ion exchange chromatography. 
Further purification was achieved using Phenyl Sepharose 
hydrophobic interaction chromatography. Peroxidase 
activity was localized in the 50-95% ammonium sulphate 
precipitation. Molecular sieve chromatography showed a 
broad peak of peroxidase activity and molecular weight 
was estimated to be about 42,000. Polyacrylamide gel 
electrophoresis and isoelectric focusing of this fraction 
showed the existence of two peroxidase isoenzymes with P^
6.7 and 7.3 using guaiacol as substrate; one of the 
isoenzymes also possessed a simultaneous lAA oxidase 
activity. Optimal pH and temperature with guaiacol as a 
substrate was found to be pH 5.6 and 50°C. Kinetic 
studies indicated an apparent Km of 8.3 mM for guaiacol 
at an optimal hydrogen peroxide concentration and a Km of 
6.25 mM for hydrogen peroxide at an optimal guaiacol 
concentration.
By including hydrophobic interaction chromatography in 
the purification scheme, a homogeneous cauliflower 
peroxidase isoenzyme was obtained. It showed as a single 
band in polyacrylamide gel electrophoresis and sodium 
dodecyl sulphate-polyacrylamide gel electrophoresis. 
Molecular weight estimation of this peroxidase isoenzyme 
was 41,000+1,000. The elution profiles of white and green 
cauliflowers and white sprouting broccoli peroxidases by 
hydrophobic interaction chromatography were found
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to be different. Green cauliflowers with high frost 
resistance were found to^high percentage of peroxidase 
activity bound very tightly to the hydrophobic resin. 
Similar peroxidase activity patterns using guaiacol, 
o-dianisidine and pyrogallol were obtained.

Antiserum specific for the homogeneous peroxidase from 
cauliflower (c v . Milreef) was used to examine homology 
among cauliflower peroxidases and among peroxidases from 
green and white cauliflowers, white sprouting broccoli 
and horseradish. The antiserum cross reacted with all 
cauliflower peroxidases as well as peroxidases from green 
cauliflower, white sprouting broccoli and horseradish, 
indicating the antigenic sites were similar.
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INTRODUCTION

Cauliflowers belong to the family Cruciferae and to the 
species Brassica oleracea L . Botanists classify them as 

Brassica oleracea var. botrytis L .

Cauliflowers are one of the three main Brassica crops 
grown in the United Kingdom, which account for 35-40% of 
the total outdoor vegetables in England and Wales . 
Attempts to produce supplies all the year round have 
resulted in different types of plant being selected, 
mainly varying in their low temperature requirement.
Thus, only in the relatively frost free, extreme South 
West of Britain (Cornwall), Pembrokeshire and the Channel 
Islands are cauliflowers produced between late November 
to early May. These follow the autumn cauliflowers of 
Lancashire, Kent and Lincolnshire, and precede the 
overwintering cauliflowers of the latter two counties.

The December-April period is the only time of the year 

when large numbers of cauliflowers are imported into 
Britain. Although these imports fluctuate considerably 
from year to year, they usually amount to 10-20% of the 
annual retail value of the crop.

1) Origins of cauliflowers
1.1) Evolution from the wild
Numerous wild forms of cauliflower and broccoli-like 
vegetables grow along the coasts of the Mediterranean



sea. From this region, cauliflowers spread all over 

Europe. Development of the wild species to give the white 
headed forms of cauliflowers and the purple, white and 

green sprouting broccoli took place.

1.2) Evolution of cauliflower from broccoli 

Broccoli, Brassica oleracea var. italica, came from the 
Levant, Cyprus, Crete and Italy. It was not mentioned 
until 1660 and was referred to as 'sprout colli-flower' 
or 'Italian Asparagus' in Miller's Gardener's Dictionary 
of 1724.
A distinction between cauliflower and broccoli, based on 
the relative ontogeny at marketable maturity, was 
proposed by Gray (1982) and is shown in Diagram 1. As all 
flower buds open in broccoli while in cauliflowers, many 
are fleshy, deformed and sterile , broccoli might be 
expected to have preceded the cauliflower in the 
evolution of the species.

1.3) Envolution of ancient cauliflower types 
Cauliflower, as in other langauges ('Blumenkohl', 
'Bloomkool', 'Cavolo-fiore') translates as the flowering 
cole. 'Broccoli' is derived from Latin 'brachium' meaning 
branching (Boswell, 1949) and used to describe in Italy a 
wide range of sprouting brassicas, including cabbages and 
turnips. In Italy, the term 'broccoli' is often used to 
describe the green or purple headed cauliflowers, whereas 
in Britain, it applied to autumn maturing cultivars and
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for types maturing in winter and spring (Horne, 1954).

There were several secondary centres of development of 
cauliflowers. From the sixteeth century, the annual or 
summer kinds of cauliflowers were bred in central to 
north west Europe, including Germany, Belgium and 
Denmark. These included the Danish, the Alpha, the 
Erfurter and the Mechelse types. The annual type was 
first reported by herbalist Dodoens (Nieuwolf, 1969) and 
known as Brassica Cypria in the Netherlands, perhaps 
indicating an origin in Cyprus. Cauliflower was first 
grown in France in the sixteeth century as Cyprus' 
cabbage. It appeared in England in the seventeeth century 
(Hyams, 1971). No native forms of the crop were recorded 
(Robinson, 1905) although cauliflower seed from Cyprus 
was used to grow the crop in England in 1586 (Boswell, 
1949 ) .
Another secondary area of development was the maritime 
regions of north west Europe, including parts of France, 
Britain and the Netherlands. From the eighteeth century 
onwards, this area with its milder winters, supported 
development of biennial forms. This development 
eventually led to plants which formed curds from late 
autumn. Novo and St. Malo types, to the following spring 
firstly with Angers types, then Old English and finally 
Walcheren types, Roscoff and Old Cornish which headed 
during winter.



1.4) Recent evolution
Since the beginning of the nineteeth century, two further 
groups of cauliflowers have appeared, probably 
recombinants of European annuals and biennials. British 
colonization resulted in European cauliflowers being 
established in India and Australia. To cope with the hot 
humid conditions found in India annual types were 
developed, probably in part by mutation. These have now 
spread throughout tropical regions of the world. In 
Australia, many of the recombinant types mature much 
later under British conditions than does the ancestral 
annual type.

1.5) Recent developments
Until about fifty years ago, the principal varieties 
grown in Britain consisted of the north west European 
annuals for summer production, imported Italian seed for 
the autumn, the Old Cornish type for winter heading in 
the South West and Old English biennial types for spring 
production in the Midlands and north of England.
Since then, Italian Stocks have been improved, notably by 
the Dutch to give varieties such as Flora Blanca and its 
derivatives for late summer and autumn production. 
Australian varieties have been found to be suitable for 
the same period and early winter. The Roscoff type, from 
Brittany, has completely replaced the Old Cornish. The 
Walcheren type from the Netherlands supplements the Old



English stocks.

In recent years, cross-bred stocks have been developed. 
For example, performance for the autumn period being 
improved by crossing the Flora Blanca type with the Le 
Cerf, a late maturing annual from France and earlier 
annuals such as Alpha and Danish Giant. The maturity 
range of the Roscoff types is being extended by crossing 
with Italian stocks for early winter maturity and with 
the Angers for late winter.

The increase in cross-breeding of stock results in the 
distinction between the ancestral and modern types 
becoming very much less marked. These developments have 
presented the reseacher with a continuous variation in 
character .
In an attempt to overcome this problem. Crisp (1982) 
examined the susceptibility to cabbage root fly and 
clubroot. In these investigations, he considered 
cauliflowers under 5 main groups. These are Italian, 
North European annuals. North West European biennials, 
Asian and Australian.

One of the aims of the investigation presented in this 
thesis was to search for genetic markers at the enzyme 
level to help distinguish the precise origin of some of 
the cauliflower stocks. Polyacrylamide gel 
electrophoresis was used for the purpose.



1.6) Electrophoresis of isoenzymes 
Electrophoresis is basically a process of forced 
diffusion with an electric field. On applying an 
electrical gradient, the protein molecules of the sample 
move through a gel. Different proteins assume different 
charges, often with different net sign, at different pHs, 
and their rates of migration through the gradient differ 
according to their charge and molecular weight. This 
results in separation of the different proteins into 
bands which can be shown up after staining or by 
spectrophotometric methods.

The gel electrophoresis of enzymes in higher plants have 
shown that many of the molecules exist in multiple 
molecular forms and are called isoenzymes. These are 
enzymatically active proteins catalysing the same 
reaction and occurring in the same species but differing 
in certain of their physio-chemical properties.

Isoenzymes are widely distributed in higher plants and 
exhibit Mendelian genetics (Scandalios, 1969; Manwell and 
Baker, 1970; Reddy and Garber, 1971), making them useful 
as genetic markers at the molecular level. Qualitative 
and/or quantitative isoenzyme variations have been 
utilized in biochemical, physiological, pathological, 
morphogenetic and chemotaxonomic investigations in a 
large variety of plants.



1.7) Cultivar identification

Cultivar identification through electrophoresis has been 
done on a large number of plants including: 

barley, Hordeum vulgare L ., (Bassiri, 1976; Fedak, 1974), 
wheat, Triticum aestivum L ., (Kasarda et a l , 1973; Menke 
et a l , 1973),

corn, Zea mays L . (Brown and Allard, 1969a, 1969b), 
Agrostis palustris Huds and Poa pratensis L . (Wilkinson 
and Bread, 19 72),

potato, Solanum species (Desborough and Peloquin, 1968; 
Zwartz, 1966)
and broadbeans. Vicia faba L . (Bassiri and Rouhani, 1976)

Allen (19 84) used polyacrylamide gel electrophoresis to 
examine the many important enzymes involved in both 
carbohydrate and amino acid metabolism for cultivar 
identification of cauliflowers. Only two of the enzymes 
investigated showed any difference in the number and 

relative mobility (Rgpg) of their isoenzymes between the 
different cultivars examined. These two are aspartate 
aminotransferase EC 2.6.1.1 and acid phosphatase EC
3.1.3.2. He considered that they would be useful as 
marker enzymes. The isoenzyme patterns of these two 
enzymes were continued in these investigations using 
further cultivars.



Losses before and after harvest are very high in 
cauliflowers. These have been estimated to be as high as 

49% by Coursey (1971). In a number of these losses 

temperature is of considerable significance. It is 
important in buttoning, frost damage and storage of the 

curds. A considerable amount of information has been 
obtained on the physiology involved in these losses.

2) Button formation
During the production of the crop, the most interesting 
and least understood physiological disorder is a 
condition known as 'buttoning'. This occurs in the early 
summer crop. The simplest definition of buttoning is most 
probably 'the occurrence of small unmarketable curds' 
(Weibe, 1981). Jensma (1957), Skapski and Oyer (1964) and 
Merza and Newton (1982) reported plants which formed 
buttons had already initiated a curd when transplanted 
and Nieuwhof (1969) stated that buttoning was caused by 

premature transition of the plant to the generative 
stage. Robbins, Nightingale and Schermerhorn (1931) 
called buttons, small premature heads and although Carew 
and Thompson (1948) and Wurr and Fellows (1984) disagreed 
with the use of the term 'premature', it is still 
commonly believed that buttoning is caused by premature 
curd initiation of cauliflowers.
Buttoning mainly occurs in early summer cultivars, those 
which head in April and May. Curds of buttoned plants are



10

smaller and appear earlier than those of normal plants. 
Weibe (1981) stated that too early initiation of the curd 
retarded leaf growth because the curd is a strong sink of 

assimilates. Therefore, these plants also have less leaf 

weight even though the number of leaves is nearly the 
same .
Buttoning is an important commercial problem and it can 
affect as much as 75% of the crop (Birkenshaw, Wurr and 
Fellows, 1982). Research on this problem is mainly 
concerned with factors such as low temperatures when 
plants are young, delayed planting, limited supply of 
nitrogenous salts, overcrowding of plants, moisture 
levels and transplant size.

2.1) The effect of low temperatures
Susceptibility to injury by frost is a major cause of 
damage to cauliflowers and other crops. Frost damage and 
secondary infections of damaged areas cause a substantial 
loss amongst the winter heading cauliflowers. To reduce 
this problem, these cultivars are grown in a limited area 
of South West Cornwall where there is much less chance of 
frost. Despite not being truly hardy, they are able to 
withstand several nights of slight frost and often show 
no damage to the curd. Exposed curds are very liable to 
frost damage whereas unexposed curds are only affected by 
prolonged temperatures below 0°C. Although no specific 
experiments have been done to assess frost resistance in 
the field, the ability of cultivars to withstand cold
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damage to the leaves has been examined. However, no 
useful cultivar differences have been found in the 
resistance of curds to frost damage. These results 

indicate that curd tissue is inherently susceptible to 

frost damage.

Much effort has been made to investigate the actual 

process of freezing and its process through plant tissue 
(Lyons, Graham and Raison, 1979; Levitt, 1980). Freezing 
can be induced intracellularly (inside the protoplast) or 
extracellularly (intercellular space). Intracellular 
freezing is often lethal due to the disruption of cell 
membranes and cell organizations by the formation of ice 
crystals inside the cells. However, this rarely occurs 
during mild frost because the cytoplasm has the capacity 
to remain in the liquid state at temperatures below the 
theoretical freezing point (supercooling effect). Some 
plants are frost hardy because they are able to avoid 
intracellular freezing and can withstand intercellular 

freezing and its consequences (Levitt, 1980). Levitt 
considered that the causes of supercooling effect are 
probably the accumulation of solutes in the cytoplasm 
which lower its freezing point by a few degrees. 
Supercooling of the cytoplasm is possible due to the 
absence of sites suitable for ice nucléation and the 
synthesis of so called cryoprotective agents such as 
sugars, polyols and amino acids. Lineberger and Steponkus 
(1980), Santaurius (1975) and Le Saint (1960) suggested
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that cryoprotective agents may protect vulnerable 

proteins and/or membranes from freezing injury. 
Alternatively, these cryoprotective agents may combat the 

movement of water towards extracellular freezing sites by 

raising cytoplasmic potential (Lyons et a l , 1979).

In cauliflowers, mild frost causes extracellular 
freezing; water diffuses from cells (mainly vacuoles) to 
the intercellular space at sites of ice crystallization. 
On thawing, water is taken up by the cells and therefore, 
no permanent damage is done. However, if freezing is more 
severe, water is not reabsorbed (Wiegand, 1906) and so 
dehydration takes place as a result of water loss. A high 
cell solute concentration effectively raises the osmotic 
pressure of the cell and mechanical stress will be 
experienced owing to ice accumulation and cell 
contraction (Lyons et a l , 1979).



13When freezing injury takes place in cauliflowers, leakage 
of ions from the cell occurs. On thawing, water 
infiltrates into the intercellular spaces giving rise to 
soaked water logged appearance to the damaged tissue 

(Prilleux, 1869). This water soon evaporates, leaving 
curd tissue which is damaged and with a higher dry matter 
content. A marked increase of at least 20% in dry weight 
may result from a severe frost. The curd tissue 
deteriorates but discolouration caused by oxidation of 
the tissue does not become apparent until 3 to 7 days 
after freezing.

Rutherford et al (1978) made use of the discolouration of 
cauliflower curd due to frost, as visual assessment of 
the extent of damage. Like other workers, they used an 
arbitary scale of 0 to 5, where 0 indicated no damage and 
5 represented severe damage. Similar discolouration is 
seen in cauliflowers exposed in mild temperatures for 
long durations as that found for harsh temperatures for 
short periods. However, as visual damage does not occur 
until 3 to 7 days after a frost, the marketable quality 
of the curd exposed to freezing temperatures could not be 
assessed immediately.

2.2) Storage at low temperatures and in controlled 
atmosphere (CA)
Cauliflowers are generally not stored for long periods of 
time. Nevertheless, if they have not been damaged during
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lifting they can be kept for periods up to 3 weeks at 1°C 
and relative humidities of 95-98 percent. Storage beyond 
this point usually leads to rapid deterioration in 
quality. However, bruises and cuts turn brown during 
storage and are quickly colonised by soft rotting 
organisms. Slightly immature Extra and Class I heads (EEC 
1981) are best if storage is necessary. The leaves should 
not be trimmed very much before storage, since further 
trimming is necessary before marketing to remove the 
callosed cut surfaces of stalk and midribs which become 
dry and discoloured during storage.

For successful prepacking, field heat should be removed 
as quickly as possible. The longer it takes to reduce the 
temperature to 1°C, the shorter the storage potential of 
the crop. Cauliflowers have been successfully hydrocooled 
or vacuum cooled. Cauliflowers can be hydrocooled from
21.1 to 4.4°C within 20 minutes if the water is 1.1°C. 
Vacuum cooling requires 30 minutes for an equivalent 
cooling if the curds are wet. If the curds are dry, they 
can only be cooled to slightly below 10°Cÿ this is not 
desirable (Stewart and Barger, 1961). Ice bank cooling 
using positive ventilation is by far the best method for 
the rapid cooling of cauliflowers. Wilting of the 
cauliflowers during storage is a major problem. When 
water loss exceeds 5 percent the outer leaves wilt and 
the curd becomes rubbery. This can be avoided by 
maintaining more than 95 percent relative humidity, which
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is readily attained by wrapping each head in perforated 
film or placing polythene pallet covers over crates of 
cauliflowers which have been cooled; high humidity is 
maintained by an ice bank store.

For short term storage, 1-7 days, cauliflowers should be 
cooled as quickly as possible to 3-4^C, at which 
temperature they are held, though 1°C being preferred. 
Short term storage is to enable more orderly distribution 
to market outlet to take place and as a management aid to 
even out labour use.

For long term storage, 7-21 days, cauliflowers should be 
cooled to l^C as quickly as possible. Polythene covers 
should be placed over the pallet to reduce desiccation. 
There must be adequate air circulation between pallets 
for the maintenance of the required temperature within 
the containers. Long term storage may be necessary to 
guarantee a constant market supply and to avoid temporary 
supply surpluses. However, the outer leaves of 
cauliflowers tend to turn yellow and the inflorescences 
open due to longitudinal growth. Therefore, retrimming 
will be necessary after 2 weeks.Both retrimming and 
regrading will certainly be required after 3 weeks of 
storage.
Cauliflowers are one of the vegetables in which CA 
storage is gaining practical importance. Stroll (1974)
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recommended an atmosphere of 0-3% CO^ and 2-3% 0  ̂ at 0°C 
and relative humidity of 95 percent for a 40 days storage 
period of most cultivars of cauliflowers. Similar results 
were obtained by Adamicki and Kepka (1977).

Lipton et al (1967) showed that the threshold level of 
'CO^ injury' in cauliflowers was around 5% CO^. Such COg 
injury was evident only after cooking and was apparent in 
the form of darking, softening, off-odours and 
off-flavours. They recommended wrapping cauliflowers in 
perforated film and low concentration of CO^ for CA 
storage of cauliflowers.

Shipway (1974) observed similar effect of CO^ injury when 
cauliflowers were stored in tightly sealed non-perforated 
polyethylene bags. He used film packs sufficiently 
permeable to CO^ to prevent damage to cauliflowers during 
storage.

Lipton and Harris (1976) found curds stored in 1% CO^ 
developed off-flavours and off-odours when cooked. 
Aeration completely counteracts CO^-induced injury but 
not the damage caused by low amounts of 0^. No difference 
in quality was observed when curds stored up to 3 weeks 
at 2.5, 5 or 7.5°C in 2, 4 or 6% compared to that 
stored in air.
CA storage minimized the undesirable changes of long term 
storage of cauliflowers. Bohling and Hansen (1980)
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studied the extent to which modified atmospheres 
influence the respiration of cauliflower in commercial 
cauliflowers with leaves and inflorescences without 
leaves. They found that inflorescences without leaves 

always exhibited a greater respiration intensity than 
those with green outer leaves. The respiration inhibiting 
effect of the CA, was more pronounced in the 
inflorescences than in the outer leaves. These studies 
confirmed the relatively low effect of an atmosphere in 
which only the 0^ content was lowered.

2.2.a) Chemical control of losses
Leaf abscission of cauliflowers during storage could be 
prevented by treatment with naphthalene acetic acid (NAA) 
or 2,4 dichlorophenoxy acetic acid (2,4D) (Lee et a l , 
1949). Combined treatments of NAA or 2,4D with low 
temperature storage (0°C) were shown to extend the 
storage life of good quality cauliflowers as long as 6 
weeks (Hruschka and Kaufman, 1949). Reduction in weight 
loss and leaf abscission was observed in cauliflower 
wrapped with shredded paper containing 50 to 100 mg NAA 
and stored in 0°C (Stewart, 1956). Yellowing of 
cauliflower during storage could be retarded by combined 
application of 2,4D and benzyladenine (BA) (Kaufman and 
Ringel, 1961). A CA consisting of 2.5% CO^ and 2.5% 0^ at 
0°C with prestorage treatment of senescence and microbe 
inhibiting chemicals like N-6-BA and mycostatin nearly 
doubled the refrigerated life of polyethylene-packaged



cauliflower florets (Salun^^e, 1984)

2.3.b) Irradiation
Radiation processing must be carried out on a large scale 

to be economic. Radiation doses up to 5 x 10^ rd or rates 
as large as 3 x 10  ̂ rd/hour did not increase the storage 
potential of cauliflower; higher doses than 3 x 10  ̂ rd at 
1 and 3 x 10  ̂ rd/hour were found to have a deleterious 
effect (Salunkhe, 1961).

Very little work has been done on the biochemical changes 
involved in these losses. In frost damage and storage, a 
very obvious visible effect is the browning. This is a 
widespread phenomenon in fruits and vegetables. It is 
undesirable in cauliflowers because of the unpleasant 
appearance and the concomitant development of 

off-flavour.

There is very good evidence to indicate that enzymes are 
directly involved in formation of off-flavours and 
odours, and possibly, darkening of the colour, due to the 
production of intermediates when tissue cells have been 
injured. Of all the enzymes naturally occurring in 
vegetables, the oxidases have been found to be very 
useful indicators of the tendency of various vegetables 
and fruits to deteriorate in storage.

Although the main enzyme causing browning reactions is
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phenolase, it was found to be absent from cauliflowers 
(Rosoff and Creuss, 1949). However, Johnson and Zilva 
(1939) demonstrated the presence of peroxidase in 
cauliflowers. Correlations have been claimed between 
peroxidase activity and the development of off-flavours 
in stored vegetables, for example, corn on the cob (Lee 

and Hammes, 1979) and Brussel sprouts (Steinbuch et a l , 
1979; Tijskens et a l , 1979).

The objectives of my work were to determine if storage 
and frost damage of cauliflower curds could be possibly 
be related to peroxidase activity.

3) Biochemistry of peroxidase
The peroxidase enzymes (EC 1.11.1.7 donor, hydrogen 
peroxide oxidoreductase) are members of the group of 
oxidoreductases. They decompose hydrogen peroxide in the 
presence of a hydrogen donor. Peroxidase is widely 
distributed in higher plants and is also found in some 
animal tissues and in some microorganisms.

There are three classes of peroxidase (Reed, 1975) 
Firstly, the ferriprotoporphyrin peroxidases named 
because of their prosthetic group ferriprotoporphyrin 

III, also called protohaematin IX (Diagram 2).
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Peroxidase enzymes belonging to this group are found in 
higher plants of which particularly abundant sources are 

horseradish, Japanese radish and fig-sap.
Perriprotoporphyrin peroxidases have also been identified 
in animals, for example tryptophan pyrrolase and thyroid 
iodine peroxidase. They are also found in microorganisms 
for example, yeast Cytochrome C peroxidase which has been 
purified by Abrams et al (1942).
The second class of peroxidase enzymes also contains an 
iron-porphyrin prosthetic group. This group which is 
different from ferriprotoporphyrin III, is not removed on 
treatment with acidic acetone as occurs with the 
ferriprotoporphyrin present in the former group of 
peroxidases. This group of enzyme is Known as the 
verdoperoxidases due to the green colour of the purified 
enzyme in contrast to the brown colour of purified 
ferriprotoporphyrin peroxidases. Examples of this enzyme 
are lactoperoxidase found in milk and myeloperoxidase 
from myelocytes.
The final group of peroxidases are the flavoprotein 
peroxidases which contain flavin-adenine dinucleotide as 
their prosthetic group. These peroxidase enzymes are 
found in Streptococci and in several animal tissues.

A considerable amount of the work presented in this 
thesis concerns the higher plant ferriprotoporphyrin 
peroxidases.
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3.1) Peroxidase catalysed reactions
Peroxidase catalyses peroxidatic , oxidatic , catalatic 
and hydroxylation reactions. These four types of 

reactivity will be considered separately.

3.1.a) Peroxidatic reactions

Peroxidatic reactions involve the oxidation of a 
hydrogen donor by hydrogen peroxide in the presence of 
peroxidase. Most assays of peroxidase activity are based 
on this type of reaction and substrates for oxidation by 
a peroxide include p-cresol, guaiacol, resorcinol, 
benzidine and o-dianisidin e . However, while horseradish 
peroxidase is fairly non-specific with regard to the 
hydrogen donor, only hydrogen peroxide, methyl hydrogen 
peroxide and ethyl hydrogen peroxide can act as hydrogen 
acceptors (Reed, 1975).

The general peroxidatic reaction can be written as 
follows :

2 A H 2 + ^ 2 ^ 2 -----  ̂ HAAH (polymerised product) + '̂ 2̂^

The first step in the peroxidatic reaction is thought to 
be the replacement of a molecule of H^O, at one of the 
coordination positions of the haem iron, with hydrogen 
peroxide. This step is essentially irreversible (Ugarova 
and Lebedeva, 1978) and is rapidly followed by the
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formation of peroxidase Compound I (peroxidase-Fe^=0). It 
is proposed that Compound I reacts rapidly with a 
molecule of the hydrogen donor to form Compound II 
(Peroxidase-Fe^^-OH) and a free radical from the hydrogen 
donor. The next step involves reaction of Compound II 
with a second molecule of hydrogen donor to regenerate 
the original enzyme (Peroxidase-Fe^^^.H 2 O ) and a second 
free radical from the hydrogen donor. This sequence of 
reactions can be represented as shown in Diagram 3.

Diagram 3 (after Whitaker, 1972)

P er.-Fe ''H p

H A HP

^ Per.-F̂ "Hpj

IVPer.-Fe-O H  

Compound II
N:

AH' AH

\j/

Per.-F'e=0 

Compound I
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Excess hydrogen peroxide results in the formation of 
peroxidase Compound III (not shown), oxygenated 
ferroperoxidase, from Compound II (Maehly, 1955; Yamazaki 

and Piette, 1963). Compound III is inactive in 
peroxidatic reactions and decays slowly back to active 
peroxidase.
The free radicals, AH' produced by the above reaction 
scheme can be removed in a variety of ways. The first 
reaction which can occur is the interaction of two 
radicals with each other giving a polymerised product. 
This is the fate of the radicals produced from the 
oxidation of guaiacol. Two free radicals form a dimer 
(HAAH) which then becomes a substrate for peroxidase 
catalysed oxidation resulting in the final product, 
tetraguaiacol. A second reaction which results in the 
removal of free radicals, is the interaction of two free 
radicals to give one molecule each of oxidised and
reduced compound (2AH '----> A+AH 2 ).The two possible
reactions to remove free radicals result in peroxidase 
catalysed oxidatic and hydroxylation reactions (Whitaker, 
1972 ) .

3.1.b ) Oxidatic reactions
Peroxidase can catalyse the oxidation of indole acetic 
acid, dihydroxyfumarate, NADH and other compounds by 
molecular oxygen. Trace amounts of hydrogen peroxide are 
required for peroxidase catalysed oxidatic reactions
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the initial step is the production of free radicals of 
the hydrogen donors by the peroxidatic reaction 
described above. However, instead of these free radicals 
interacting with each other, the free radicals catalyse 
the reduction of molecular oxygen to perhydroxyl 
radicals. The perhydroxyl radicals can then oxidise 
another molecule of hydrogen donor to a free radical, and 
the cycle continues. Yamazaki and Piette (1963) proposed 
the scheme shown below for the peroxIdase-oxIdase 
reaction :

i/2(YH+Y) -* YH HO

YHHO.

1 /2
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By this mechanism, following the initial priming of the 
system with hydrogen peroxide, the hydrogen donor YH^ is 
oxidised at the expense of molecular oxygen.

3.1.C) Catalatic reactions 
Peroxidase can catalyse the reaction
2 > 2 H 2 O + 0 2

in the absence of a hydrogen donor. The rate of this 
reaction is some 1,000 times slower than the peroxidatic 
and oxidatic reactions (Whitaker, 1972).

3.1.d) Hydroxylation reactions
In the presence of dihydroxyfumaric acid and molecular 
oxygen, peroxidase can hydroxylate a variety of aromatic 
compounds (Buhler and Mason, 1961) for example, p-cresol, 
tyrosine, phenylalanine and benzoic and salicylic acids.

HO— C— COOH
H oHOOC— C— OH ■ 2

0 = 0 — COOH1 +
C O — COOH

HO2

Dihydroxyfumaric acid  

OH

p-creso l

Diketosuccinic  acid  

OH

OH

4 m ethy lcatecho l
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A general mechanism for the action of peroxidase proposed 
by Whitaker (1972) is shown in Diagram 4.
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3.2) Physiological roles of peroxidase
Peroxidase has been implicated in many metabolic changes 
and reactions of plant tissues. However, the role that it 

plays in metabolism is not clear due to the large number 
of reactions it catalyses and to the considerable number 

of isoenzyme species. Peroxidase has been linked with 
respiratory control, gene control, hormone metabolism and 
degradation of many plant metabolites(Haard, 1977). Some 
of the proposed peroxidase functions will be discussed. 
These are injury and infection, role of peroxidase in 
ethylene synthesis, lignification, plant growth and 
development and oxidation of indole acetic acid.
3.2.a) Injury and infection
Peroxidase activity increases on wounding of sweet potato 
tissue and this process is mediated by the production of 
ethylene by the wounded tissue (Imaseki, 1970). Matsuno 
and Uritani (1972) found that cut-injured and ethylene 
treated tissues contained an additional peroxidase 
isoenzyme to those normally found in sweet potato. They 
suggested that this new peroxidase isoenzyme was involved 
in the formation of a lignin-like substance on the cut 
surface. This increase in peroxidase activity after 
wounding sweet potato tissue results from de novo protein 
synthesis of the enzyme rather than peroxidase activation 
(Shannon et a l , 1971).
Tough-ening of asparagus spears occurs within hours after 
harvest (Haard, 1977). This is due to lignification of 
fibrovascalar tissue, caused by the synthesis of new
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peroxidase isoenzymes as a result of ethylene production 
by the wounded tissue.
A rise in peroxidase activity is also a characteristic of 
wounded as well as infected plant tissue. Farkas and 

Stahmann (1966) reported that the increase in peroxidase 
activity following infection of Pinto bean leaves with 
Southern bean mosaic virus was associated with the de 
novo synthesis of more of the two peroxidase isoenzymes 
rather than synthesis of new peroxidase isoenzymes 
(Novacky and Hampton, 1968).

Peroxidase activity increased in sweet potato following 
black rot infection (Kawashima and Uritani, 1963). Both 
ethylene and higher activities of peroxidase and 
polyphenol oxidase can increase resistance of sweet 
potato to black rot infection (Stahmann et a l ,1966). 
Stahmann et al (1966) suggested therefore that peroxidase 
may function in disease resistance by increasing the 
biosynthesis of aromatic compounds which could form a 
physical or chemical barrier against black rot infection. 

The disease resistance was proposed to be mediated by 
ethylene, which caused an increase in the peroxidase 
activity of sweet potato tissue. However, Stahmann et al
(1966) did not find that ethylene increased the 
peroxidase activity in other plant tissues. Therefore, 
Stahmann and Demorest (1973) suggested that a specific 
peroxidase isoenzyme may be involved in the synthesis of 
stress metabolites following black rot infection. If a
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specific peroxidase isoenzyme having this function does 
exist, it has not yet been identified (Matsuno and 
Uritani, 1972; Haard and Marshall, 1976).
Higher levels of peroxidase activity had also been found 

in wheat showing resistance to wheat ste-m dust disease 
(Seevers et a l , 1971) and to wheat leaf rust disease 
(Johnson and Cunningham, 1972) during infection than 
non-resistant wheat. This increase in peroxidase activty 
was the result of an increase of a single isoenzyme and 
peroxidase did not appear to be responsible for the 
resistance to infection (Seevers et a l , 1971). Therefore, 
the precise role of the high levels of peroxidase present 
in infected plant tissues is not clear.

3.2.b) Role of peroxidase in ethylene synthesis 
Ethylene can be produced from methional by peroxidase 
iCtion in the presence of hydrogen peroxide and certain 
cofactors (Yang, 1967). Mapson and colleages (Mapson, 
March and Wardale, 1969; Mapson and Wardale, 1967; 1968), 
in a series of experiments, demonstrated the conversion 
of methional or the ®^-keto analog of methionine, c<-keto-'^ 
methythiobutyrate (KMB) to ethylene by cell free extracts 
of cauliflower florets. Three enzymes were reported to be 
involved in the conversion of methionine to ethylene in 
the cauliflower extract system: a transaminase which 
converts methionine to KMB; glucose oxidase which 
generates hydrogen peroxide and a peroxidase which 
utilizes hydrogen peroxide to produce free radicals in a
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reaction with methional or KMB to form ethylene (Mapson, 

1970 )

Yang (1967) proposed a mechanism for ethylene synthesis 

from methional in which peroxidase catalyses the 
formation of methional free radicals via the production 
of oxygen free radicals ( 0^''). Ethylene is then 
produced by the reaction:

2CH-S-CH-CH-CHO + 20H

(m ethional free  rad ica l)

H
I
OH

(CHS)̂

m e t h y l
d i s u l f i d e

2CH=CH2 + 

ethylene

2HCOOH
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The peroxidase catalysed step can be bypassed by the 
presence of flavin mononucleotide (FMN) and light. 

Photoactivated FMN can cause the formation of methional 
free radicals leading to ethylene synthesis and this 
avoids the requirementfor oxygen free radicals. Mapson 
and Wardale (1972) proposed that ethylene can also be 
synthesized from 4 methylmercapto-2-oxobutyric acid in 
the presence of peroxidase. The reaction resulting in 
ethylene synthesis from this precursor is either 
partially or totally dependent on the presence of indole 
acetic acid.
A role of peroxidase in ethylene synthesis is potentially 
important in the physiological function of the enzyme, 
since ethylene is involved in many process in plant 
growth and senescence.

3.2.C) Lignification
Earlier studies on the biosynthesis of lignin carried out 
by Freudenberg (1959) used radioactive labelled 
precursors of phenylpropanoid units, C^C^. Shikimic and 
prephenic acids were proposed to be the original 
precursors, which are converted to coniferyl and 
sinapic alcohols. Coniferyl alcohol was polymerized in 
vitro in the presence of fungal laccase or peroxidase.
The high polymer obtained had an infra-red spectrum very 
similar to that naturally occurring lignin found in 
coniferous trees. Freudenberg (1959) proposed that free
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radicals in phenyl propanoid units such as coniferyl 
alcohol are generated by the action of peroxidase and 
these units are then condense to form the lignin polymer. 

Support for this theory/hypothesis has come from several 
studies (Higuchi, 1957; Stafford, 1965) and in particular 
from i^ v itro experiments (Siegel, 1962) in v>/hich 
lignin-like material has been formed on a polysaccharide 
matrix from a solution of eugenol, hydrogen peroxide and 
peroxidase.

Brown (1964) proposed a pathway for the biosynthesis of 
lignin in monocots as shown in Diagram 5.

s u c ro s e — ►  — »  shikimic acid

/ \/ \
pheny la lan ine  tyrosine

/ /
^ - h y d r o x y  . -Caf fe ic

cinnamic acid
ferulic
acid sinapic

acid
acid

aldehyde  aldehyde.aldehyde

alcoholalcohol alcohol

Peroxidase HO.

A c id -a ld e h y d e -a lc o h o l  lignin complex
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A positive correlation between peroxidase localization in 
cell walls of wound vessel elements of Coleus and 

lignification sites has been shown by Hepler et al 
(1971). This supports the postulate that peroxidase 
,oarticipates in lignin biosynthesis. However, there are 
several reports in the literature suggesting, in contrast 
that lignin deposition and peroxidase localization do not 
occur together in xylem walls. Wandrop and Bland (1958) 

in studies in Eucalyptus and Pinus and Koblitz (1961) in 
an analyses of Taxus, Populus and Aesculus both find 
that, while young xylem elements show a positive reaction 
for peroxidase, the enzyme disappears as soon as 
lignification begins. Thus partly or completely lignified 
tracheary elements appear to have no peroxidase. De Jong
(1967) working on root tips of Allium and Czaninski and 
Calesson (1969) on woody tissues of Robinia and Acer 
found that there was no detectable peroxidase within the 
lignified walls of tracheary elements, whereas in 
agreement with others (Koblitz, 1961; Van Fleet, 1959) 
there was a strong localization of peroxidase in the 
unlignified walls of sieve tubes and companion cells of 
phloem and in other tissues. Hall and Sexton (1972) found 
that peroxidase was not present during the early stages 
of xylem differentiation but developed as the cells 
matured. This might explain the discrepancies in the 
peroxidase activity detected by other workers who may 
have investigated different stages of development.
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Stafford and Bravinder-Bhee (1972) found 2 major 
peroxidase isoenzymes associated with cell walls.
Although one of the isoenzymes which gives a positive 

histochemical lignin tests, is absent from the cell walls 
of the stele, suggests its iji vivo function is not 
lignification. It was proposed that the other isoenzyme 
may function in lignification.

Ethylene gas has been found to result in isoperoxidase 
changes in asparagus and Haard et al (1974) proposed 
that these isoenzyme changes result in lignification 
causing texture changes in asparagus spears during 
maturation. Following harvesting, asparagus spears 
toughen rapidly due to lignification and it was suggested 
that this is due to wound ethylene causing the 
isoperoxidase changes which lead to lignification (Haard 
et a l , 1974). The characteristic gritty texture of pear 
fruit is due to sclereids or stone cells but too many of 
these result in poor quality fruit. Sclereid tissue is 
1ignocellulosic in nature and peroxidase may be involved 
in the synthesis of the lignin in the stone cells 
(Ranadive and Haard, 1973). Peroxidase activity is higher 
in pear varieties having more stone cells and Ranadive 
and Haard (1973) proposed that Ca^^ may control lignin 
deposition by affecting peroxidase localization. In this 
proposed peroxidase function, the localization of the 
enzyme appears to be more important than the relative 
amounts of the various isoperoxidases.
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3.2.d) Plant growth and development
There have been several reports of changes of peroxidase 
activity or isoenzyme distribution during plant 
development. Studies relating to the increase of 
peroxidase activity generally focus on the number of new 
isoenzymes that arise due to plant
growth.

Kruger and LaBerge (1974a; 1976) claimed that peroxidase 
activity changed throughout the development of wheat and 
barley. The increase of peroxidase activity during wheat 
germination was associated with variations in isoenzyme 
intensities (Kruger and LaBerge, 1974b). A cationic 
isoenzyme of barley peroxidase which appears during 
germination was shown by Scandalios (1974) to be 
synthesized de novo. The cellular distribution and 
activity of peroxidase A from extreme dwarf tomato was 
found by Gordon and Alldridge (1971) to change during 
development.

Peroxidase can act as an intermediate in the control of 
plant growth by ethylene (Ridge and Osborne, 1970; Henery 
et al , 1974). Ridge and Osborne (1970) showed that there 
was an inhibition of cell elongation of etiolated peas on 
exposure to ethylene. This was also accompanied by an 
increase of wall bound peroxidase and wall proteins rich 
in hydroxyproline. Two possible explanations were
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proposed for the role of ethylene in preventing cell 
elongation through peroxidase (Ridge and Osborne, 1970; 
1971). Peroxidase could have a special function as a 
hydroxylating enzyme or peroxidase is one of the proteins 
rich in hydroxyproline found in plant cell walls. An 
increase in wall hydroxyproline has been suggested to be 
one of the factors preventing cell elongation (Ridge and 
Osborne, 19 70).

Ethylene induced-abscission in flower pedicels of 
Niciotiana tabacurn L . causes an increase of peroxidase 
activity. Henery et al (1974) suggested that the increase 
in peroxidase activity might be associated with changes 
in hydroxyproline rich proteins which in turn effect the 
extensibility characteristics of the wall.

Peroxidase has often served as a parameter of metabolic 
activity during growth alterations. Mutant dwarf plants 
from natural (Evans and Alldridge, 1965) and ionisation 
induced (Muller, 1969) sources contain several fold 
greater specific activities of peroxidase than controls. 
Enzymatic activity is decreased by gibberellin but is 
increased during the growth restricted states of 
senescence (Birecka and Galston, 1970) and cold 
acclimatisation (Kacperska-Palacz and Uliasz, 1974 ). An 
inverse relationship between growth and peroxidase 
activity has been noted in cultures of excised corn roots 
(Van Hoof and Gasper, 1970) and dwarf plants (McCune,



39
1961). Causes of the inverse relationship of peroxidase 
activity and growth have been attributed largely to the 
ability of peroxidase to oxidize indole acetic acid (lAA ) 
(Hinnman and Lang, 1965), to mediate polymerization of 
lignin (Stafford, 1960) and an effect on respiration by 
cytochrome oxidation (McCune, 1961). Peroxidase has also 
been said to be involved in fruit ripening and while 
soluble peroxidase activity shows little change during 
the ripening of bananas (Haard and Tobin, 1971), 
considerable increases in bound peroxidase activity have 
been observed (Haard, 1973). This increase in peroxidase 
activity could be important in ethylene biosynthesis, 
chlorophyll degradation or lAA oxidation (Nagle and 
Haa rd, 1975 ).

3.2.e) Oxidation of indole-3-acetic acid (lAA)
Peroxidase can catalyse the oxidation of indole acetic 
acid (Shinshi and Noguchi, 1975; Hoyle, 1978, Srivastava 
and Van Huystee, 1973; 1977). Since the concentration of 
lAA is important in plant growth and development , any 
function of peroxidase in lAA degradation could be of 
physiological significance. Although a low concentration 
of hydrogen peroxide was required to promote lAA 
oxidation (Morita et a l , 1962), later work suggested that 
hydrogen peroxide may not be necessary (Hinnman and Lang, 
1965; Yamazaki and Yamazaki, 1973). Support for this 
comes from the fact that the presence of catalase which 
removes any hydrogen peroxide present, did not inhibit
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the reaction. A different mechanism could be involved in 
the oxidation of lAA by peroxidase to the mechanism 
previously described.

The mechanism of peroxidase-catalysed oxidation of LAA 

was studied in detail by Yamazaki and Yamazaki (1973). 
They proposed that the usual requirement for hydrogen 
peroxide to initiate the oxidatic reaction was bypassed 
due to the presence of small amounts of lAA peroxide in 
the lAA solution. The lAA peroxide might initiate the 
reaction by reacting with peroxidase in the same way as 
hydrogen peroxide to produce enzyme compounds which then 
catalyse LAA oxidation. Superoxide anion radical is not 
an intermediate in the peroxidase-catalysed oxidatic 
reactions of lAA, since LAA oxidation is not inhibited by 
superoxide dismutase (Yamazaki and Yamazaki, 1973). Thus, 
an LAA peroxide radical is proposed to be the 
intermediate formed during the peroxidase-catalysed 
oxidation of lAA.

It is generally accepted that peroxidase is responsible 
for some LAA oxidase activity, but it has not yet been 
clearly established whether all such activity can be 
ascribed to peroxidase or whether separate lAA oxidase 
enzymes also exist. Sequeira and Mineo (1966) reported a 
specific non-peroxidatic LAA oxidase isoenzyme. They 
noted different pH optima and thermal inactivation for 2 
types of enzymatic activities of preparations from
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tobacco roots . They also observed the loss of lAA 
oxidase activity but not of peroxidase after several 
weeks of storage. Shinshi and Noguchi (1975) used various 

separation techniques to compare peroxidase and lAA 
oxidase activities from tobacco cells suspension culture. 
They found that peroxidase and lAA oxidase activity 
coincided and suggested that lAA oxidase activity is all 
due to peroxidase. While some anionic peroxidase 
isoenzymes also show polyphenol oxidase (PPO) activity, 
separate PPO enzymes can be obtained from tobacco cells. 
The cationic peroxidase isoenzymes did not show PPO 
activity (Shinshi and Noguchi, 1975). Srivastava and Van 
Huystee (1977) investigated the peroxidase, lAA oxidase 
and PPO activity of four anionic isoenzymes from peanut 
cells in suspension medium and found that each isoenzyme 
catalysed all 3 types of reactions. -The specific 
activities of each of the enzymes differed among the 4 
isoenzymes. The lAA oxidase function exhibited sigmoidal 
kinetics indicating that it may be a regulatory or 
allosteric enzyme. This is important in the maintaining 
of an optimal level of lAA since excess lAA would enhance 
lAA oxidase activity. They proposed that the peroxidase 
molecule, by virtue of the 3 enzyme activities, could 
control the shikiinic acid pathway favouring either lignin 
formation, phenolic oxidation or an accumulation of lAA. 
Thus, an association of peroxidase, lAA oxidase and 
polyphenol oxidase activities to a single protein 
molecule would be highly beneficial for plants.
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4) Aims of research
As outlined in the previous sections, it is clear that 
there is good evidence to link peroxidase with plant 

tissue damage resulting from mechanical injury and other 
stresses such as temperature, humidity and wind. This may 
lead to enzymes coming into contact with substances from 
which they are normally separated by cellular 
compartmentation. Such active enzyme systems are known to 
result in the loss of quality of stored vegetables (Reed, 
1975) .
Moreover, it is of interest that peroxidase also plays a 
role in plant growth and development by the oxidation of 
indole acetic acid. This indole acetic acid oxidase 
activity could be involved in the regulation of indole 
acetic acid levels in normal developed cauliflowers and 
the physiological disorder of buttoning whereby the curds 
remain in a small unmarketable size. It is therefore 
important to determine the effect of frost and of 
postharvest storage of cauliflowers on the activity of 
peroxidase. The level of indole acetic acid oxidase 
activity also needs to be investigated in button and 
normal curds.

This enzyme may not play a central role in frost damage, 
embryogenesis and development. However, all the 
information obtained will be of very considerable 
importance in the studies of the fine detail of these 
physiological processes.
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The aim of the work reported herein is to concentrate on 
peroxidase, to determine its precise role in the cell. 

This will be achieved ultimately by raising monoclonal 

antibodies to the pure peroxidase and would allow 
detailed unambiguous analysis of the isoenzyme system. 
Ultimately such antibodies could be used to precipitate 
peroxidase mRNA polysomes from gently disrupted cells.
The mRNA is easily isolated from the resulting 
immunoprecipitate of mRNA/ribosomes/factors/peroxidase. 
Standard procedures are available to prepare a copy DNA 
(cDNA) from the peroxidase mRNA. The cDNA can also be 
conveniently radiolabelled, and would be a very powerful 
probe to look at gene expression (DNA and RNA level) 
during development, storage and stress. Such an approach 
would avoid the difficulties of interpreting enzyme rate 
analysis in disrupted tissue and relating this back to 
the situation Ln vivo. The DNA probe analysis suggested 
above avoids such problems and interference as peroxidase 
physiological inhibitors (if they are present), zymogen 
formation and control, etc.
Finally with the technique of protein engineering by site 
directed mutagenesis, it may be possible to produce cDNA 
coding for "hyperactive" peroxidase which could be 
genotypically incorporated into single cells. Such cells 
could possibly be stimulated via embryogenesis to growth, 
thus incorporating the required gene (peroxidase) in a 
whole plant to give enhanced protection against stress.
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MATERIALS AND METHODS
1) Experimental material.
1.1) Vegetables
Plant materials were grown at several field sites. 
Roscoff and Early Summer heading cultivars were grown at 
Bath University Experimental Station and at Long Ashton 
Research Station. Some autumn heading cultivars were 
grown in Bath whilst others were obtained from a local 
farmer,Mr Whitemore at Swainwick. The cauliflowers from 
these sources were always lifted as required and used 
immediately.
Winter heading cauliflowers were sent from South West 
Cornwall by Mr Haine. Early Summer heading (winter 
heading) cultivars and those cauliflowers used for the 
buttoning experiment were grown at Stockbridge House 
Experimental Horticulture Station. Cauliflowers from 
South West Cornwall and Stockbridge House Experimental 
Horticulture Station were sampled and extracted 24 hours 
after field selection.
White sprouting broccoli was grown at Bath University 
Experimental Station and was sampled when required. 
Autumn heading green cauliflowers were a gift from Dr 
Peter Crisp of National Vegetable Research Station, 
Wellesbourne and were sampled 24 hours after harvest.
All plant materials were grown under standard conditions 
with no deficiency in available nutrient.
The top 2mm of curd was used for green and white 
cauliflowers, and broccoli sampled. The tissue was
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selected evenly from across the whole diameter of the 
head.

1.2) Chemicals
All the chemicals were obtained in the analar grade from 
Sigma and BDH Chemicals Ltd., Poole, Dorset.
Thirty percent (w/v) hydrogen peroxide (analar grade) was 
also purchased from BDH Chemicals Ltd. and was stored 
under refrigeration. Solutions of hydrogen peroxide were 
prepared by diluting analar 30% (w/v) hydrogen peroxide 
in distilled water or buffer as required.

2) Preparation of buffers
Glycine-HCl buffers with a pH range 2 to 3.6 were 
prepared from 0.2M glycine and 0.2M HCl. 0.2M acetic acid 
and 0.2M sodium acetate solutions were used to prepare 
sodium acetate buffers with a pH range of 3.6 to 5.6. 
Sodium phosphate buffers with a pH range 5.7 to 8 were 
prepared from 0.2M sodium dihydrogen orthophosphate and 
0. 2M disodium hydrogen orthophosphate solutions. Tris 
buffers from 0.2M tris(hydroxymethyl) aminomethane 
solution and 0.2M HCl with a pH range of 7.2 to 9.0 and 
glycine-NaOH buffers from 0.2M glycine and 0.2M NaOH with 
a pH range of 9.0 to 10.0 were prepared by the method as 
described by Gomori (1955). According to Gomori, the 
actual pH of the buffer at 23°C will be within +0.05pH of 
the stated value.
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3) Isoenzyme investigations on cauliflower cultivars
3.1) Extraction of enzymes from cauliflowers for 
polyacrylamide gel electrophoresis
Crude extracts were used for polyacrylamide gel 
electrophoresis to avoid any artefactual consequences of 
the handling or 'purification' of the enzymes.

The extraction buffer contained lOOmM morpholinopropane 
sulphonic acid(MOPS) pH 8.0 to maintain pH stability, 
O.OSmM ethylenediaminetetraacetic acid (EDTA) to chelate 
heavy metals, Ig per 100 ml of polyvinylpyrrolidone (PVP) 
to bind phenolics and 50mM mercaptoethanol to prevent 
enzyme browning. For each extraction, 5g of the surface 
2mm of the whole curd was washed, dried and ground to a 
slurry with 10 ml of cold extraction buffer at 4°C using 
a pestle and mortar. The slurry was squeezed through a 
single layer of muslin and centrifuged at 15,000g for 30 
minutes at 4°C. The supernatant was used directly for 

electrophoresis as acid phosphatase and aspartate 
aminotransferase gave more clearly defined isoenzyme 
ba nds .

3.2) Polyacrylamide gel electrophoresis (PAGE) 
Polyacrylamide gel elctrophoresis (PAGE) using the 
discontinuous electrophoresis system was selected as the 
technique for screening multiple forms of enzymes
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extracted from cauliflower curd.

Polyacrylamide gels are formed by polymerization of a 
mixture of acrylamide with a small proportion of N-N' 
methylene bisacrylamide. Polymerization is brought about 
by the presence of free radicals, most conveniently 

generated by adding ammonium persulphate in the 
separation gel. N,N,N',N'-tetramethyl-1,2-diaminoethane 
(TEMED) is added as a catalyst. The process is inhibited 
by excess of oxygen. An alternative source of free 
radicals is photolysis by ultraviolet light of small 
amounts of riboflavin which is added to the monomer 
solution in the spacer gel. Gelation is due to the 
cross-1 inking by methylene bisacrylamide of long chain 
polyacrylamide molecules to form macromolecules of 
parallel chains which together make up the gel. Pore size 
depends on the total acrylamide concentration and also on 
the proportion of methylene bisacrylamide present, being 
smaller as the total acrylamide concentration is 
increased, but reaching a minimum value with respect to 
methylene bisacrylamide concentration when the latter 
constitutes about 5% of the total acrylamide 
concentration. Polyacrylamide gels can be cast in narrow 
glass tubes or between glass plates arranged vertically 
with the anode downwards. Separation takes place in a 
small pore gel (separation gel), above which is a 'spacer 
gel' of larger pore size (i.e. lower acrylamide 
concentration) made in a buffer solution of lower
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A buffer of different composition is used in the 
electrode vessels. In this arrangement, the protein 
components migrate downwards to become concentrated at 
the interface between the larger and smaller pore gels, 
before entering and being separated in the latter. Thus, 
the proteins enter the smaller pore gel as extremely 
narrow zones (or stacks) and well resolved bands are 
obtained. Concentration is due to the Kohlrausch effect, 
by which a steep potential gradient is formed at the 
sharp boundary between ions of lower mobility ('trailing 
ions') and faster, 'leader ions' in an electrophoretic 
system. Glycinate ions have a lower mobility than 
chloride ions and therefore trail behind the chloride 
ions in a tris/glycine buffer system. With the 
arrangement of spacer gel and separating gel, proteins 
ions do not enter the separating gel until the front 
between different buffer ions has passed through so that 
broadening before separation begins can not occur. 

Following electrophoresis , the gel is removed from its 
tube/glass plates and staining is used to locate the 
positions of the isoenzyme bands.

3.3) Preparation of stock solutions for use in 
polyacrylamide gel electrophoresis.
Stock solution A contained 50 ml IM HCl, 36.6g tris and 
0.23 ml TEMED made up to 100 ml with distilled water. The
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pH of this solution was 8.9.
Stock solution B contained 30g acrylamide and 0.8g 
methylene bisacrylamide made up to 100 ml with distilled 
water.

Stock solution C contained 0.15g ammomium persulphate 
made up to 100 ml with distilled water. This was always 
prepared immediately before use.
Stock solution D contained 48 ml IM KOH, 2.87 ml glacial 
acetic acid and 0.46 ml TEMED made up to 100 ml with 
distilled water; pH 6.8.
Stock solution E contained 0.004g riboflavin in 100 ml of 
distilled water and was made up each time required.
Stock solutions A, B and D can be stored for several 
months at 4°C in brown glass bottles.
Stock tris glycine buffer was prepared containing 6.0g 
tris and 28.8g glycine in 1 litre distilled water, its pH 
was 8.3. A 1 in 10 (v/v) dilution of this buffer was used 
in the reservoirs.

3.4) Gel preparation
Different concentrations of acrylamide ranging from 4-8% 
were used to optimise the separation of acid phosphatase 
and aspartate aminotransferase. A Ferguson plot was 
constructed to enable the optimum concentration of 
acrylamide to be calculated. Five percent acrylamide was 
found to be the optimum concentration for the 
fractionation of these enzymes.(see Results, Fig.5 )



50

3. 4.a) Separation gel
The recipes described below for the separation and spacer 
gels yield a sufficient volume of gel mixture for 12-15 
rod gels or a slab gel. The final concentration of 

acrylamide in the separation gel is 5%.

3.75 ml of solution A and 5 ml of solution B were mixed 
with 19.75 ml of distilled water; the resulting mixture 
deaerated in a Buchner flask and then mixed with 1.5 ml 
of freshly prepared solution C. Polymerization of 
acrylamide and bisacrylamide begins immediately ammonium 
persulphate is added and so the gel solution was very 
rapidly transferred into gel tubes (10 cm in length x 0.5 
cm internal diameter). The gel tubes were filled with gel 
solution to a length of about 7 cm using a syringe and 
taking care not to trap any air bubbles in the tubes. 
Immediately, a layer of distilled water was added to the 
top of the gels by carefully running water down the side 
of the gel tubes, using a syringe and fine bore needle. 
Care was taken to prevent mixing of the water with the 
gel solution. This procedure ensures that when set, the. 
gels have a flat upper surface and it also prevents the 
top of the gel being in contact with excess oxygen which 
inhibits the polymerization process. The gels were then 
left to set in cold room for about 30 minutes. Although 
low temperature will slow down the polymerization 
process, it is important that the temperature of
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polymerization should be the same as the temperature of 
electrophoresis to avoid problems of gel expansion or 
contraction caused by a change of the temperature 
(Chrambach and Rodbard, 1971). Once set, the layer of 

water was removed from the top of the gels enabling them 
to be overtopped with 0.2 ml of spacer gel.

3.4.b) Spacer gel
The final acrylamide concentration in spacer gel is 2.5%.

Spacer gel was made up in a similar way to the separation 
gel. 2.5 ml of solution B and 5 ml of solution D were 
mixed with 10 ml of distilled water. The resulting 
mixture was deaerated before the addition of 2.5 ml of 
the catalyst, solution E. The careful procedure of 
overlayering the gel surfaces with water was followed as 
above .
Flat slabs of acrylamide (1.5 x 16 x 14 cm) made up as 
above were also used.

3.5) Enzyme separation
The layer of water was removed from the top of the gels 
and the tubes/slabs placed in the electrophoresis 
apparatus. Before addition of the tris glycine buffer at 
pH 8.3, 5 pi of 0.01% bromophenol blue (BPB) was added to 
each tube or well; the extracted protein ranged from 
50-100 pi in each tube/well. Electrophoretic separation 
was towards the anode using a Vokam 400/80 power pack at
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4°C, initially at a current of 3 mA/tube or well, until 
the tracking dye had passed through the spacer gel 
(approximately 30 minutes) and then at 1-2 mA/tube or 
well until the tracking dye was 0.5 cm from the end of 

the tube or plate. The gels were removed from the 
supports and incubated in the specifc enzyme stains.

3.6) Enzyme staining procedure
Acid phosphatase EC 3.1.3.2 distribution was detected 
using sodium <-naphthyl phosphate as substrate (Hobson,
1974) coupled to the stain Fast Red (Fig.l.a).
The reaction mixture for acid phosphatase consisted of
6.7 mg sodium ^-naphthyl phosphate and 25 mg Fast Red 
dissolved in 25 ml of O.lM sodium acetate buffer, pH 5.0. 
Reaction with acid phosphatase gave dark red bands on a 
yellow background.

Aspartate aminotransferase EC 2.6.1.1 was detected using 
Fast Violet B as a stain, according to Brewer (1970). 
(Fig.l.b)
The reaction mixture for aspartate aminotransferase 
consisted of 133 mg DL aspartic acid, 19 mg 
ketoglutaric acid, 12.5 mg pyridoxal phosphate and 35 mg 
Fast Violet B dissolved in 25 ml of O.lM sodium phosphate 
buffer, pH 7.0. Reaction with aspartate aminotransferase 
gave dark red bands on a red background.

Since the tétrazolium salts are light sensitive, staining
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Fig.l The main principles of dye staining used in the 
polyacrylamide gel electrophoresis experiments.

(a) Acid phosphatase EC 3.1.3.2
An orthophosphate mono-ester + HO

= an alcohol + orthophosphate.
oc naphthyl phosphate

Acid phosphatase

Cokxred dye

(b) Aspartate aminotransferase EC 2.6.1.1
DL-Aspartic acid + Ketoglutaric acid 

= oxaloacetate + glutamic acid

Aspartate
aminotransferase

I Fast Violet Boxak>acetat(

DL Aspartic acidKetoglutaric acid

Coloured dye
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was carried out at room temperature in the dark. The time 
taken for bands to develop after the incubation of the 
gel varied. Aspartate aminotransferase developed 
immediately and had to be scanned in the densitometer as 

soon as possible. The stain for acid phosphatase 
developed more slowly at room temperature and required at 
least 2 hours before it could be scanned. Storage of the 
reaction mixtures at 4°C enabled the time taken for 
staining to be extended so as to allow time for all gels 
to be scanned before the bands over developed.

Densitometer tracings were made using a Fison Gel 
Scanner, in conjunction with a Fison 
Absorbance/Fluorescence Monitor UA 5 at 560 n m . In 
addition the relative number and position of the bands 
representing multiple forms were recorded by eye, to aid 
interpretation of the densitometer tracings.

5) Nomenclature
All enzymes were named according to the Enzyme 
Nomenclature Recommendations (1978). The electrophoretic 
data were expressed in terms of i .e the relative
mobility compared with the bromophenol blue and were 
calculated as follows:

^ 3 p 3  - distance from end of spacer gel to multiple forms 
distance from end of spacer gel to the beginning 
of the BPB band
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The Rgpg figures were determined from the densitometer 
tracings as well as from measuring the bands visually.

The critical measurement points were from the end of the 
spacer (easily recognized by a vertical line on the 
tracings) to the beginning of the BPB band. The peak area 
representing the BPB band could vary on the tracings and 
for consistency of the data a standard method of 
determining the beginning of the BPB was devised. A 
tangent was drawn to the slope of the BPB peak nearest to 
the spacer tracing and the beginning of the band was 
judged to be where the tangent intersected the baseline.

5) Protein measurement
Protein concentrations of the enzyme extracts were 
measured using the 'Bio-Rad' protein assay based on the 
protein dye binding method described by Bradford (1976). 
The concentrated dye reagent containing dye, phosphoric 
acid and methanol was diluted and filtered prior to use 
in the standard assay procedure.

5.1) Standard assay procedure
5.0 ml diluted dye reagent (1 in 5 ml dilution ) were 
added to triplicate samples of 0.1 ml of
standard/sample/blank (sample buffer) and mixed avoiding 
excessive foaming. After a period of from 5 minutes to 1 
hour, the absorbance at 595 nm was measured against a
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reagent blank.
For each batch of unknown samples, a standard curve was 

prepared by using triplicate samples of bovine serum 
albumin (BSA) from 13.2 to 66 pg/ml and by calculating the 
best fit line using a linear regression programme (Fig.

2). Unknowns were read from the standard curve.
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Fig.2 Typical standard curve of Bio Rad protein assay
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6) Extraction, separation and measurement of peroxidase 

activity.
6.1) Peroxidase extraction techniques 

Cauliflower peroxidase was extracted from an acetone 
powder. To enable small amounts of materials to be used, 

it was also extracted directly from tissue using a buffer 
of high ionic strength and a detergent.

6.2) Acetone powder preparation
Acetone powder preparation was used because it eliminates 
catalase which interfers with peroxidase measurement by 
destroying H 2 O 2 . Also it removes phenolic substances, 
tannins and probably other organic substances which could 
alter the peroxidase activity . Cold acetone (-15°C) was 
used to reduce enzyme dénaturation to a minimum. The 
acetone powder was always used if sufficient cauliflower 
curd was available.

This method was basically the same as that described by 
Patil and Zucker (1965) with minor modifications. The top 
2 mm of washed and dried curd tissue was used; the amount 
varying from 10 to 30g depending upon the size of the 
head. The tissue was chilled to -15°C for 30 minutes 

before suspending it in cold acetone (l:3w/v; -15°C ) 
overnight. After homogenization in a blender for 1-2 
minutes with 2 volumes of cold acetone, it was filtered 
and the residue after a further washing with 2 volumes of
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cold acetone, was freeze-dried overnight. A yellowish 
white powder was collected and stored at -15°C in a 
desiccator until used.

6.3) Enzyme extraction from acetone powder 
Extraction buffers consisting of 0, O.lM, Ü.3M, 0.5M,
0.7M and l.OM KCl in 0.05M sodium acetate buffer, pH 5.6 
and 0.1% Triton X-100 were tried. Since it was found that 
extraction buffer consisting of 0.7M KCl and 0.1% Triton 
X-100 in 0.05M sodium acetate buffer, pH 5.6 gave the 
highest amount of enzyme released from the pellet, this 
was used for all the extractions of peroxidase.

0.5g of freeze-dried powder was ground with 10 ml of the 
extraction buffer (0.7M KCl and 0.1% Triton X-100 in 
0.05M sodium acetate buffer, pH 5.6) and allowed to stand 
for at least half an hour at room temperature. The 
suspension was then centrifuged at 15,000g for 30 minutes 
at 4^C. The supernatant was carefully removed using a 
Pasteur pipette and used for assay measurements. When 
required for examination, the pellet was resuspended in 5 
ml of distilled water (pellet fraction) and the resulting 
suspension used.

6.4) Enzyme extraction from tissue
If only small amounts of curd tissue could be obtained 
from the very small sized cauliflowers used when 
different stages of development was being examined and
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also in one of the storage experiments, then a direct 
extraction method was used. As for the extraction of 
enzyme from acetone powder, the same range of extraction 
buffers were initially used. It v/as found that tissue 

grinding with 0.7M KCl and 0.1% Triton X-100 in 0.05M 

sodium acetate buffer, pH 5.6 gave extracts with the 
highest activity and so was used throughout the work.

Ig of the top 2 mm of the curd was ground in a pestle and 
mortar at 4°C with 1 ml of extraction buffer (0.7M KCl 
and 0.1% Triton X-100 in 0.05M sodium acetate buffer, pH
5.6). The homogenate and washings were thoroughly mixed 
and centrifuged at 15,000g for 30 minutes at 4°C. The 
supernatant was used for peroxidase assay. When required 
for examination, the pellet was resuspended in 5 ml of 
distilled water (pellet fraction) and the resulting 
suspension used.

6.5) The assay of peroxidase activity
Many colourmetric assay methods are available to follow 
the peroxidase catalysed oxidation of phenolic and 
aromatic substances which are all based on the following 
reaction :

ROOH + A H ^ -------> H^O + ROH + A

The oxidation of the hydrogen donor AH^ is often 
accompanied by a colour change due to the formation of
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product A. This colour change can be measured 
spectrophotometrically to give the initial rate of the 
reaction, which is proportional to the enzyme activity 
provided the substrates are present in saturating 

concentrations. If present in excess, however, 8^02 is 
thought to cause the conversion of peroxidase Compound II 
(ferriperoxidase) which catalyses peroxidatic reactions 
into Compound III (oxygenated ferroperoxidase) which 
cannot catalyse peroxidatic reactions (Maehly, 1955; 
Yamazaki and Piette, 1963 ) (see Introduction, page 26). 
Compound III then reverts slowly to the active Compound
II. For this reason, H 2 O 2 should not be present at high 
concentration since the peroxidase activity will be 
decreased.

Various hydrogen donors have been used in the assay of 
peroxidase activity in solution for example o-dianisidine 
(Nagle and Haard, 1975; Lebedeva et a l , 1977), pyrogallol 
(Willstatter and Stoll, 1918; Stafford, 1965), guaiacol 
(Lu and Whitaker, 1974; Adams, 1977) and 
o-phenylenediamine (Vetter et a l , 1958; Duben et a l ,
1975) . For each hydrogen donor, it is important that both 
suitable conditions of pH and temperature are chosen, and 
that absorbance changes are measured at the optimum 
wavelength for each particular method, so that the assay 
used in its most sensitive form.
Guaiacol, o-dianisidine and pyrogallol were used in the 
assay of brassica peroxidase. Guaiacol method of assay
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was used throughout this work except for fractions 
eluted from phenyl-Sepharose columns where o-dianisidine 
and pyrogallol were used.

6.5.a) Guaiacol method of assay
The guaiacol method for the assay of peroxidase activity 
is a simple and most widely used method requiring only 

guaiacol, ^2^2 buffer in the assay mixture. The
reaction is started by the addition of peroxidase and the 
absorbance changes followed spectrophotometrically as a 
function of time. The major product of the reaction is 
tetraguaiacol (Whitaker,1972).

4

Guaiacol

OH

OCH

O -

OCH,OCH

Tetragualacol
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The substrate mixture tor the assay of peroxidase 
activity contained 2.9 ml of 0.02M of guaiacol and 
0.0075M hydrogen peroxide in O.lM sodium acetate buffer 
at pH 5.6 in a cuvette. The reaction was started by the 
addition from 25 to 100 pi of peroxidase extract. The 
initial change in absorbance at 420 nm, due to 
tetraguaiacol formation was followed at room temperature 
using a Unicam SP 1800 double beam U.V Spectrophotometer, 
equipped with an AR 25 Linear Recorder. Absorbance 
readings were measured against a blank consisting of the 
substrate mixture and 25-100 pi of distilled water. For 
measurement of peroxidase in the pellet fraction, a 
stopped assay was used to overcome problems associated 
with sedimentation. The absorbance was read immediately 
after the sample of pellet fraction was added and again 
after shaking 1 minute later.

6.5.b) 0-dianisidine method of assay
The kinetics of the oxidation of o-dianisidine by in
the presence of peroxidase was studied by Lebedeva et al 
(1977) and the reaction scheme is as follows :

OCH OCH

Compound 1

OCH
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2 molecules of the primary oxidation product 

4,4-diimino-3,3 dimethoxy-biphenyl (Compound 1) condense 
to form the end product bis(3,3-dimethoxy-4 amino) azo 
biphenyl (Compound 2). The development of a brown colour 
due to the production of Compound 2 can be followed 
spectrophotometrically. A reaction mixture was prepared 
as described by Burnette and Flick (1978) containing 2.8 
ml of O.lM sodium phosphate at pH 6.0, 0.1 ml of 0.08% 
H^O^ in O.lM sodium phoshate buffer at pH 6.0 and 0.1 ml 
of enzyme extract. The enzymatic reaction was started by 
the addition of the hydrogen donor, 0.1 ml of 1% 
o-dianisidine in analytical grade methanol. The initial 
reaction rate measured by following the formation of 
oxidized dye at 460 nm , at room temperature using a 
Unicam SP 1800 U.V Spectrophotometer, with a Unicam AR 25 
Linear Recorder. In the absence of peroxidase activity, 
the reagents used were found to form a white precipitate 
when mixed. To avoid this, peroxidase activities were 
measured against a blank consisting of 3 ml of O.lM 
sodium phosphate buffer at pH 6.0.

6.5.C) Pyrogallol method of assay
Pyrogallol was the first commonly used substrate in the 
assay of peroxidase activity (Willstatter and Stoll, 
1918). This assay results in the formation of 
purpurogallin. The method of assay used was an adaptation 
of that given by Stafford (1965). The reaction mixture
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contained 2.8 ml of O.lM sodium phosphate buffer at pH

6.0, 0.1 ml of 0.3% ^2^2 O.lM sodium phosphate buffer
at pH 6.0 and 0.1 ml of enzyme extract. The enzymatic 
reaction was started by the addition of the hydrogen 

donor, 0.1 ml of O.OIM pyrogallol and the initial change 
in absorbance at 430 nm at room temperature using a 
Unicam SP 1800 double beam U.V Spectrophotometer, with a 
Unicam AR 25 Linear Recorder.

6.6) Unit definition
All peroxidase assays were carried out in triplicate and 
the results were averaged. The initial rates were 
measured, being linear for at least 5 minutes. One unit 
of enzyme activity is defined as the amount of enzyme 
that caused a change of absorbance of 0.01 per minute. 
Specfic activity was defined as the unit activity per mg 
protein.

6.7) Effect of guaiacol concentration on peroxidase 
activity
Aliquots of 0.1 ml of cauliflower extract were assayed
for peroxidase activity as described in section 6.5.a

- 2with a range of guaiacol concentrations; 5x10 M and 
1x10 ^M in 95% ethanol and 5x10 to 3.5x10 ^M in 50% 
ethanol.

6.8) Effect of ^2^2 concentration on peroxidase 
activity
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-4 -2H 2 O 2 concentrations from 5x10 M to 5x10 M were used at 

20 mM guaiacol in O.lM sodium acetate buffer at pH 5.6.

6.9) Assay of peroxidase activity at different pH values 
using the guaiacol method.
Peroxidase activity was measured, in triplicate, at each 
pH value chosen by carrying out the assay in O.lM glycine 
HCl, pH 2.0 and 3.0, O.lM sodium acetate buffer at pH
4.0, 4.5, 5.0, 5.2, 5.4 and 5.6, O.lM sodium phosphate 
buffer at pH 5.8, 6.0, 6.5, 7.0 and 8.0 and O.lM 
glycine-NaOH at pH 9.0 and 10.0.

6.10) Comparison of the two extraction methods 
Investigations were carried out in which the two 
extraction techniques were compared. These are as 
follows :

6.10.a) Between two halves of cauliflower
3 cauliflowers were divided into halves. The top 2 mm of 
curd tissue of one half of each of the 3 cauliflowers was 
used for the preparation of acetone powder and remaining 
half for direct extraction. The peroxidase activities 
obtained using the 2 different extraction methods were 
measured and compared.

6.10.b) Between the different areas within a cauliflower
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^ o u t e r — the outermost florets'

►  middle— the next outermost 
florets*

^  inner—the remainder

Three cauliflowers (cv. Roscoff No.3) were examined 
separately. From each head a sample was taken from outer, 
middle and inner parts of each of the curds as shown 
above; these differ in physiological ages, the inner 
tissue being younger. Peroxidase was extracted by both 
extraction methods and its activities were determined.

In all remaining experiments, acetone powders were 
prepared except in part of low temperature treatment and 
in the examination of cauliflower development where 
insufficient material was unavailable. Here the direct 
extraction technique was used.

7) Investigations on cauliflowers
7.1) Effect of stages of development on peroxidase 
activity
The cauliflowers used ranged in size from 4 to 17 cm in
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diameter. The hybrid (cv. Vigar) was used because 
little variation would be expected to occur between 
plants. The samples were taken from the top 2 mm of each 
of the 10 heads, the subsequent 2 mm (floret) and a 
further 2 mm (stem) for each cauliflower. Peroxidase was 
extracted using 0.7M KCl and 0.1% Triton X-100 in 0.05M 
sodium acetate buffer, pH 5.6 and its activity 
determined.

7.2) Effects of duration of storage at 7°C on the 
peroxidase activity of cauliflowers.
The storage temperature of 7°C was used as this is the 
average value of those suggested by several J . Sainsibury ' s 
superma rkets.
Three cultivars (cv. Magis, French Seale and Roscoff No.
3) were used. For each experiment, cauliflowers of 
uniform size and maturity were selected (EEC Grade Extra 
or 1: EEC 1981 ); all were good quality visually scored 0 
according to Rutherford et al (1978). Visual damage was 
scored by a scale of 0 (no damage to the curd, 0%) to 5 
(completely damaged curd, 100%). 18 cauliflowers were 
used for each experiment. All the heads were cut into 3 
approximately equal sized samples. Acetone powder 
extracts were made for each of the 18 cauliflowers at 
zero time and their peroxidase activities were determined. 
The remaining 2/3 heads were placed in a Fison 
Environmental Storage Cabinet at a constant 7°C and 95% 
relative humidity with good ventilation. It is important
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to adequately control relative humidity and the 
ventilation of air since conditions of water vapour 
deficit or anaerobiosis can cause other physiological 
disorders in cauliflowers. Acetone powder extracts were 

made from half of each of the remaining 2/3 heads for 
each of 3 of the cauliflowers for increasing periods of 
storage up to 216 hours and their peroxidase activities 
were measured. Before extraction the visual appearance of 
each cauliflower head was determined.

7.5) Effects of low temperature treatment on peroxidase 
activity
Temperature controlled cabinets were used to simulate 
frost to cauliflowers. Most experiments were conducted at 
either -1+1°C or -5+l°C, representing slight and moderate 
frosts, respectively. The most useful temperature was 
-5°C, the temperature at which significant crop damage 
occurs in the field.
Before low temperature treatment, cauliflowers were 
washed, dried and the leaves removed. One fifth of each 
cauliflower was sampled at zero time. The top 2 mm of the 
curd was cut for the preparation of acetone powder. The 
remaining four-fifths of each cauliflower was then 
divided into two approximate equal portions. One was kept 
at 7°C (control) throughout the experiment whilst the 
other was given a cold treatment either at -1+T°C or -5+l°C 
for times varying between 6 to 60 hours. Immediately 
after each treatment, each curd was cut into two, one of
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the low temperature treated portions and one of its 
corresponding control portions were used to prepare 
acetone powders. The remaining control and low 

temperature treated were kept at 7^C for 48 hours, after 
which their visual qualities were estimated. The Diagram 
6 summarises the sampling procedure.

Fan cooled and thermostatically controlled Griffin 
incubators were used to cool the cauliflowers to the low 
temperature, that is -1+1°C or -5+l°C. Humidity was not 
controlled, so to limit dehydration the stalk end of the 
cauliflower was enclosed in a polythene bag. Cling film 
was used to cover up the cut areas where florets had been 
taken for acetone powder preparation or extraction.
After samples were taken for extraction, the remaining 
frost damaged tissue was transferred to a Fison 
Environmental Cabinet for warming up to 7°C.

Similar experiments were carried out in which 
cauliflowers subjected to 5 and 10 hours at -5°C were 
allowed to warm up for 10 and 72 hours at 7°C. In these 
experiments, cauliflowers were divided as shown in 
Diagram 7 which summarises the sampling procedure. As 
there were insufficient material to prepare acetone 
powder, fresh buffer extraction of peroxidase was 
necessa ry .
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Diagram 6 Sampling procedurg of cauliflower curd at low 
temperature (-1+1 C or -5+1 C) for 
times varying from 5 to 60 hours.

Control ( 7 0 ) Low temperature treatment

X hrs a t \-1±1C or -5 + 1 0

X hrs at) 1±10 or
at 70X +  48 hrs

- 5 ± 1 0  +  48 /hrs  at 7 0

0 hr

X = 24 , 36, 48 or 60 hours at-l + l*̂ C.
X = 5, 10, 24 or 48 hours at-5+l°C.
  = initial cut.
  = cut after X hours.
All the low temperature treated curds were allowed to 
warm up for 48 hours at 7 C before being examined 
and extracted for peroxidase activity.
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Diagram 7 Sampling procedure of cauliflower curd at 
-5+1 C for 5 and 10 hours.

Control ( 7 0 ) Low temperature treatment

70Y hr
t -5 ± 1 0

Y hrs a t \ - 5 ± 1 0  + 1 0  hrs at 7 0Y + 1 0  hrs/at 7 0

Y hrs at -9+1°C +  72 hrs at 7CY + 7 2  hrs\at 7C

Y = 5 or 10 hours. 
   initial cut.

= cut after Y hours.
  = cut after Y f 10 hours.
All the low temperature treated curds were allowed to 
warm up for 10 and 72 hours at 7 C before 
being examined and 'extracted.
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8) Dry weight determinations
About 2-3g of sample tissue was weigh-ed accurately and 
dried in the oven (80°C) to constant weight.

9) Partial purification and characterisation of 

peroxidase
9.1) Extraction of peroxidase
Acetone powder was used as the starting material for the 
purification and characterisation of cauliflower 
peroxidase. Peroxidase was extracted from the acetone 
powder with buffer only in order to eliminate any effects 
of Triton X-100 and KCl.

The dried acetone powder was suspended in 20 volumes 
(w/v) of O.lM sodium acetate buffer, pH 5.6 and stirred 
for 1 hour at room temperature. The suspension was 
centrifuged at 20,000g for 30 minutes at 4°C and the 
supernatant was referred as the crude enzyme extract. 
Further purification steps were conducted at 4^C unless 
otherwise stated.

9.2) Ammonium sulphate precipitation
Ammonium sulphate fractionation was carried out on 
duplicate 50 ml samples of the crude enzyme extract. The 
required amount of finely ground ammonium sulphate was 
added gradually and left to stir for 1 hour.
Fractionation was carried out at 0-30, 30-50, 50-70 and 
70-95% ammonium sulphate saturation. After 15 minutes
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centrifugation at 20,000g to remove the insoluble 

material, the supernatant was carefully decanted and the 
next batch of ammonium sulphate added to it as before.

The pellet was redissolved in 4 ml of O.lM sodium acetate 
buffer, pH 5.6, dialysed twice against 6 litres of the 
same buffer overnight and cleared by centrifugation at 
15,000g for 30 minutes.

9.3) Sephadex G-lOO gel filtration
2 ml of the concentrated ammonium sulphate fraction from 
50-95% saturation containing 15 mg of protein was applied 
to a column (50 x 0.5 cm) of Sephadex G-lOO (Pharmcia) 
previously equilibrated with O.lM sodium acetate buffer, 
pH 5.6. The proteins were eluted with the same buffer at 
a flow rate of 30 ml per hour. 3 ml fractions were 
collected. Proteins were estimated spectrophotometrically 
at 280 nm and peroxidase by enzyme assay using guaiacol 
as substrate.

To enable an estimate of the molecular weight of the 
enzyme to be made, markers of bovine serum albumin (M Wt
68,000), ovalbumin (M Wt 44,000), myoglobin (M Wt 18,500) 
and cytochrome C (M Wt 12,350) were run separately on the 
Sephadex G-lOO column, and the volume of eluant required 
to remove each marker from the column was recorded.

9.4) DEAE- Cellulose chromatography
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The active fractions from Sephadex G-IOO gel filtration 
were pooled, dialysed overnight against O.OlM sodium 
phosphate buffer, pH 6.0 and freeze-dried. The powder was 

dissolved in 2 ml distilled water before applying on to a 
DEAE- Cellulose column (10 x 1 cm) previously 
equilibrated with O.OlM sodium phosphate buffer, pH 6.0. 
The enzyme was eluted with a 100 ml linear gradient of 0 
to 0.05M NaCl in the same buffer at a flow rate of 18 ml 
per hour. 30 ml of 0.5M NaCl in O.OlM sodium phosphate, 
pH 6.0 was used to elute any remaining proteins off the 
column .

9.5) Polyacrylamide gel electrophoresis
Electrophoresis was performed on 7% polyacrylamide gel at 
4°C in 0.16M tris and 0.13M glycine at pH 8.3 (see 
section 3.2, page4G). Samples containing up to 60 pg 
protein were applied in 10% sucrose and run at 2 mA/tube. 
The gels were stained for peroxidase isoenzymes, indole 
acetic acid oxidase isoenzyme(s) and proteins.

9.6) Staining procedures
9.6.a) Detection of peroxidase isoenzymes
Various hydrogen donors were used to detect peroxidase
using catechol, guaiacol, o-dianisidine,
tetramethyl-benzidine, pyrogallol and chlorogenic acid.

After electrophoresis, the gel were immersed in O.OlM of 
catechol, o-dianisidine or guaiacol in 0.05M sodium
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acetate buffer at pH 5.6 and room temperature for 30, 20 
and 5 minutes respectively. They were then soaked in 0.1% 
H^Og for band development (Macko et a l , 1967). Using 
tetramethyl-benzidine, pyrogallol and chlorogenic acid, 
the incubation solutions (that is, O.OlM substrate in 
0.05M sodium acetate buffer, pH 5.6) contained 0.1% HgOg 
so that isoenzyme band formation could be observed 
directly during the period of enzyme incubation with 
substrate and hydrogen peroxide. The relative mobilities 
of the coloured bands were estimated and the intensity of 
the bands were recorded.

9.6.b) Detection of indole acetic acid oxidase 
isoenzyme(s )
Gels were incubated overnight in a reaction mixture 
containing 2mM indole acetic acid (lAA ) , O.lmM 
dichlorophenol, O.lmM MnCl^ in a O.lM sodium phosphate 
buffer, pH 6.0. The isoenzymes were visualised by 
transferring the gels, at the end of the incubation 
period, to a modified reaction mixture used by Meudt and 
Gaines (1967) containing 0.5% p-N,N-dimethylamino 
cinnamaldéhyde in IN HCl. The zymogram data were recorded 
immediately before band fading occurred.

9.6.C) Detection of protein bands
Gels were placed in small tubes filled with staining 
solution prepared by dissolving 0.24g of Coomassie 
Brillant Blue R-250 in a mixture of 200 ml of 50% ethanol
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and 40 ml of glacial acetic acid and removing insoluble 
material by filtration through Whatman No. 1 filter 
paper. Staining was at room temperature for 2-10 hours. 

The gels were removed from the staining solution, rinsed 
with distilled water, and placed in a destaining solution 
which was made up of 210 ml of methanol, 70 ml glacial 
acetic acid and 420 ml of distilled water. The length of 
the gels after destaining and the position of the blue 
protein zones were recorded. The gels were stored in 7.5% 
acetic acid solution.

9.7) Isoelectric focusing in polyacrylamide gels 
Like PAGE, isoelectric focusing is a method used for the 
separation of enzymes in a gel. However, in isoelectric 
focusing, separation is according to their isoelectric 
points. This technique has a higher resolving powder than 
conventional electrophoresis. Polyacrylamide gels are 
prepared in a similiar manner to the gels used in 
polyacrylamide gel electrophoresis, but the isoelectric 
focusing gels contain ampholytes, which allow a pH 
gradient to be set up in the gel under the influence of 
an electric field. Acrylamide polymerization is caused by 
the same chemical catalysis described for polyacrylamide 
gel electrophoresis, and following gelation, the gel tube 
is placed in the apparatus, with an alkaline buffer in 
the upper reservoir and an acidic buffer in the lower 
chamber. The pH gradient set up in the gel is such that 
the top of
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the gel is alkaline and the bottom is acidic. When the 
isoenzyme mixture is applied , it will move into the gel 
under the influence of an electric field, and each 

isoenzyme will continue to move until it reaches the 
point in the gel at which it has no net charge, that is, 
its isoelectric point. Bands of enzyme activity 
corresponding to isoenzymes with different isoelectric 
points can then be detected by staining. The method used 
in the isoelectric focusing experiment is described 
below.

9.7.a) Preparation of stock solutions for use in 
isoelectric focusing
Stock solution A , the acrylamide solution, contained 
14.25g acrylamide, 0.75g methylene bisacrylamide and 25g 
sucrose made up to 50 ml with distilled water. This 
solution was filtered through Whatman No. 1 filter paper. 
Stock solution B contained 2 mg of riboflavine and 60 mg 
potassium persulphate in 5 ml of distilled water and was 
made up each time required.
Stock solution C , protecting solution, contained 50 mg 
sucrose and 0.1 ml of ampholines (pH 5-7) made up to 2 ml 
with distilled water.
Stock solutions A and C can be stored for several months 
at 4°C in brown glass bottles.

Stock solution D , the upper reservoir buffer was 0.02M 
NaOH solution.
Stock solution E, the lower reservoir buffer was O.OlM



79

o-phosphoric acid prepared by making 0.67 ml o-phosphoric 
acid up to 1 litre with distilled water.

9.7.b) Gel preparation
The recipes yield a sufficient volume of gel mixture for 
10 rod gels. The concentration of acrylamide in the gel 
wa s 7 % .
5 ml of solution A was mixed with 13.75 ml of distilled 
water and 1 ml of ampholine (pH 5-7) and deaerated. 0.25 
|il of solution B and 20 pi TEMED were then added to the 
above solutions. Gel tubes (12 cm in length x 0.5 cm 
internal diameter) were then filled with the gel solution 
to a length of 10 cm using a Pasteur pipette, and taking 
care not to introduce any air bubbles into the gel. The 
gel solution was overlayered with distilled water and 
allowed to set at room temperature for up to 1 hour. The 
gels could be prepared in advance, cold stored overnight 

at 4°C.

9.7.C) Isoenzymes separation by isoelectric focusing in 
polyacrylamide gels
After the gels had set in the tubes, the layer of water 
was removed from the surface and the gel tubes placed in 
a water cooled electrophoresis tank with 1.2 litres of 
freshly prepared anolyte (solution E) in the lower tank 
and 250 ml of freshly prepared catholyte (solution D) in
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the upper tank. Any air bubbles were removed from both 
ends of the gel tubes. The apparatus was then connected 
to a power pack, the lower reservoir to the positive 
terminal, and the upper reservoir to the negative 
terminal. A pH gradient was then set in the gels by 
applying 100 V maximum current for 1 hour. Once the gels 
were prefocused, the catholyte was discarded and one gel 
tube replaced by a rubber stopper. This gel was used to 
measure the pH gradient formed, as described in next 
section. The tops of the remainder gels were dried by 
shaking the inverted apparatus, the last few drops were 
soaked up by small strips of filter paper. Enzyme sample 
was pipetted onto the gels in a volume of 50-200 pi and 
carefully overlayered with 50 pi of protecting solution 
(solution C) to prevent the top of the gel from direct 
contact with the catholyte. The tubes were then carefully 
filled to the top with fresh catholyte and the gels were 
focused at a constant voltage of 500 V for 16 hours. When 
focusing was complete, the gels were removed by rimming 
with distilled water. They were then stained in guaiacol 
(See section 9.6.a, page 75) .

9.7.d) Measurement of pH gradient
The gel which was removed from the apparatus prior to 
sample application was removed from its tube and 
sectioned into 5 mm portions. Each portion was placed in 
1 ml of degassed 0.025M KCl and allowed to stand for 3 
hours at room temperature or overnight at 4°C. The pH of
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each gel portion was then estimated by measuring the pH 
of the 1 ml solutions.

9.8) Sodium dodecyl sulphate- Polyacrylamide gel 
electrophoresis (SDS-PAGE)
Electrophoresis in polyacrylamide gels in the presence of 
the anionic detergent sodium dodecyl sulphate (SDS) was 
used for the separation of protein subunits and the 
determination of their molecular weights. The protein 
mixture was denatured by heating at 100°C in the presence 
of SDS and a thiol reagent (to cleave disulphide bonds). 
Under these conditions, most polypeptides bind SDS in a 
constant weight ratio. The intrinsic charges of the 
polypeptide are insignificant compared to the negative 
charges provided by the bound detergent, so that the 
SDS-polypeptide complexes have essentially identical 
charge densities and migrate in polyacrylamide gels of 
the correct porosity strictly according to polypeptide 
size.

9.8.a) Preparation of stock solutions for use in SDS-PAGE 
Stock solutions A, B and C required for the preparation 
of SDS-PAGE were the same as those for PAGE described in 

Section 3.3, page48•
Stock solution D contained 6g of tris made up to 100 ml 
with distilled water and pH to 6.8 with IM HCl.
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Stock solution E contained lOg SDS made up to 100 ml with 
distilled water.
Stock solution F , the sample buffer, contained 2% (w/v) 
SDS, 5% (v/v) 2-mercaptoethanol, 10% (w/v) sucrose and 
0.02% (w/v) bromophenol blue as a marker dye in 0.0625M 

tris-HCl pH 6.8.
Stock reservoir buffer was prepared containing 3.03g 
tris, 14.4g glycine and Ig SDS in 1 litre distilled 
water, its pH was 8.3.

9.8.b) Gel preparation
The recipes described below for separation and spacer 
gels yield material for 8 rod gels.

9.8.C) Separation gel
The final concentration of acrylamide in the separation 
gel was 11%.
3.75 ml of solution A, 11 ml of solution B and 0.015 ml 
of TEMED were mixed with 13.45 ml of distilled water and 
deaerated. 1.5 ml of solution C and 0.3 ml of solution E 
were then added to the gel mixture. Gel tubes (10 x 0.5 
cm) were filled to a height of 8 cm with the gel solution 
and allowed to set as described previously.

9 . 8 . d ) Spa ce r gel
The final acrylamide concentration in the spacer gel was 
2.5%.
2.5 ml of solution B, 5 ml of solution D and 0.015 ml



83

TEMED were mixed with 11.3 ml of distilled water. The 
resulting mixture was deaerated before the addition of 1 
ml of solution C and 0.2 ml of solution E. 0.1 ml of the 

spacer gel mixture was then used to overtop the 
sepa ration g el.

9.8.e) Protein separation
Ereeze-dried protein samples were suspended in solution 
F. The final concentration was approximately 0.5 mg/ml. 
The solution was heated to 100°C in a water bath for 90 
seconds. Approximately 30 pi of the protein solution was 
applied to each gel. The samples were then allowed to 
enter the spacer gels at a current 2 mA per gel after 
which electrophoresis was continued at 3 mA per gel until 
the marker had travelled approximately 0.5 cm from the 
end of the gel. The gels were fixed overnight at 37°C in 
methanol: acetic acid: water in the ratios of 5: 1: 5. 
They were then stained and destained as described in 
section 9.6.C, page 76.

9.9) Effect of temperature on cauliflower peroxidase 
activity
Aliquots of crude cauliflower extract (0.2 ml) were 
placed in Pyrex testtubes and heated to the required 
temperature by incubating the testtubes in a water bath 
for 5 minutes. After heat treatment, the extracts 
containing peroxidase activity were rapidly cooled by 
placing the testtubes in iced water and then assayed
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immediately using guaiacol as the substrate. Triplicate 
samples were used for each temperature treatment. The 
percent peroxidase activity remaining after treatment was 

calculated from the initial activity.

10) Hydrophobic chromatography
Hydrophobic interaction chromatography has been shown to 
be useful in the studies of polyphenol oxidase in peaches 
(Flurkey and Jen, 1978) and in the separation of 
1ipooxygenase and peroxidases in soybean (Flurkey et a l , 
1978). This technique is based on the availability of a 
region of exposed hydrophobic surface on the protein 
molecule under the condition of investigation. The 
hydrophobic interaction between the protein molecules and 
the gel matrix can be influenced by a number of factors 
to facilitate the specific binding of particular enzymes 
of similar hydrophobicity (Shaltiel, 1974).
In this work, hydrophobic chromatography was carried out 
using phenyl Sepharose CL-4B to separate the peroxidases 
present in white and green cauliflowers and white 
sprouting broccoli.

10.1) Extraction of brassica peroxidase for hydrophobic 
ch romatography
2.5g of acetone powders were suspended in 250 ml of 
extraction buffer consisting of 0.05M dipotassium 
hydrogen orthophosphate and IM KCl at pH 6.5. The 
suspension were stirred for 1 hour at ambient
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temperature, then centrifuged at 15,000g at 4°C for 30 
minutes and the supernatant was filtered through glass 
wool to remove floating particles. The filtrate was made 

IM with respect to ammonium sulphate by adding solid 
crystals of the salt, the pH adjusted to 6.5 and allowed 
to equilibrate for 2 hours. The suspensions were then 
filtered through Whatman No. 4 filter paper and labelled 
"before column extract".

10.2) Chromatography on phenyl Sepharose CL-4B 
Pre-swollen phenyl Sepharose CL-4B (Pharmacia, Uppsala, 
Sweden), a hydrophobic resin, was degassed and 
equilibrated in four volumes of deaerated buffer, 
consisting of iM ammonium sulphate, IM KCl and 0.05M 
dipotassium hydrogen orthophosphate (pH 6.5). A 20 ml bed 
volume column (20 x 1 cm internal diameter) was packed, 
rinsed with buffer, and then 200 ml of the "before column 
extract" were applied on to the column. The proteins 
bound to the hydrophobic resin were eluted by using the 
following eluants decreasing in buffer concentration in a 
batchwise manner: (A) 100 ml of equilibrium buffer (EB);
(B) 64 ml of EB + 16 ml of distilled water; (C) 48 ml of 
EB + 32 ml of distilled water; (D) 32 ml of EB + 48 ml of 
distilled water; (E) 16 ml of EB + 64 ml of distilled 
water; (F) 80 ml of a 50% solution of ethylene glycol and 
(G) 80 ml of distilled water. Each 7 ml fraction 
collected was assayed for peroxidase activity using 
guaiacol, o-dianisidine and pyrogallol as hydrogen
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donors. Its protein content was estimated by measuring 
the absorbance at 280 nm in Unicam 3P 1800 double beam 
U.V Spectrophotometer against a reference of the buffer 

solution. The most active fractions were combined, 

dialysed against three changes of O.OIM sodium phosphate 
buffer at pH 6.5, freeze dried and then suspended in 5 ml 
of O.OIM sodium phosphate buffer, pH 6.5 (labelled 
"purified peroxidase extract").
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11) Preparation of antiserum 
New Zealand white rabbit was immunized with a major peak 
of cauliflower isoenzyme. The immunization schedule 
involved a primary injection of 0.25 mg of antigen in 0.5 

ml saline with 2 ml complete Freund's adjuvant, given 
intramuscularly into each limb, followed after 4-6 weeks 
by a secondary injection of 0.25 mg antigen emulsified 
with incomplete Freund's adjuvant as described above. The 
animals was bled one week after the secondary or 
subsequent booster injections. 20 ml of blood was usually 
collected per bleed. The blood was allowed to clot by 
incubation for 1 hour at 37°C. The antiserum was then 
obtained by centrifugation at 10,000g for 30 minutes at 
4°C. Antiserum was preserved by the addition of sodium 
azide to 0.1%. The bulk of the antiserum was stored in 5 
ml aliquots at -20°C.

11.1) Immunodiffusion
Double immunodiffusion was performed by the method of 
Ouchterlony (1959) using 1.1 x 5.3 cm diameter petri 
dishes. 7 ml of 0.6% Noble agar in phosphate-buffered 
saline was poured into petri dish to give a depth of 1.7 
mm. After congelation of the agar layer, the petri dishes 
were left to stand at 4°C overnight in a moist chamber. 
Wells, 3 mm or 5 jmm in diameter, were punched with a cork 
borer and the agar plugs removed by suction.

For the determination of antiserum titre, 20 pi of a
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series of dilution of antibodies were used to fill the 

outer wells. 40 pi of antigen into the centre well. The 
petri dishes were kept in a moist chamber and incubated 

at room temperature for 2-3 days. When the precipitin 
lines were fully developed, the petri dishes were 

photographed.

12) Buttoning experiment
Samples of cultivar Delta were grown at Stockbridge House 
Experimental Horticulture Station in a field trial as 
shown in Fig. 3.
Half of the plants were grown normally by being planted 
in cold frames in early October and transplanted into the 
field in early March. The remainder were cultivated to 
delibrately try and produce buttons, by transferring the 
seedlings from cold frames after sowing in early October 
to a warm glasshouse in January and then by transplanting 
into the field in early March. Ultimately, two comparable 
groups of Early Summer cauliflowers were produced, one 
group developing normally and one group developing to 
produce button curds.
Development stages for both treatments were monitored.
The sizes of both normal and button curds used were: 
small 2.0+0.5 cm, medium 5+0.5 cm and button size 8+1.0 cm 
6 curds o£ each size were used for each preparation of 
acetone powder.
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Fig. 3 Buttoning experiment field trial plan
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12.1) Enzyme extraction
Indole acetic acid oxidase (lAA oxidase) was extracted in 
the same way as that described for peroxidase from an 
acetone powder extract. Ammonium sulphate was added 
slowly to the centrifuged solution to a final 
concentration of 95%, the pH being maintained at 6.5 by 
the addition of ammonia solution. It was left to stand 
overnight to equilibrate. The precipitated protein was 
collected by centrifugation at 15,000g for 30 minutes and 
then dissolved in 0.05M sodium acetate buffer at pH 5.6. 
The solution was dialysed against 6 litres of 0.05M 
sodium acetate buffer at pH 5.6 (2 changes) and 
centrifuged at 25,000g for 20 minutes. The clear 
supernatant was used for the determination of lAA oxidase 
activity.

12.2) Measurement of indole acetic acid oxidase
The lAA oxidase activity was determined using a modified 
technique of Omran (1980). The standard reaction mixture 
contained in a final volume of 5 ml, 0.05M 2,4 
dichlorophenol, O.lmM MnCl^ and 0.5 ml of enzyme. After 
incubation for 30 minutes, the reaction was stopped by 
adding 4 ml of Salkowski reagent (40 ml of 35% perchloric 
and 1 ml of 0.5M FeCl^) and allowed to develop in the 
dark for 1 hour. The amount of residual lAA was 
determined by reading the absorption of the pink colour 
that developed at 540 n m . Residual lAA was determined
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against a standard curve as shown in Fig.4. The enzyme 
activity was expressed as pg lAA oxidized per mg protein 
The protein concentration of the enzyme extracts was 

estimated using CoomassieBlue as described by Bradford 

(1976).
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Fig.4 Standard curve for indole-3-acetic acid assay
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1) Isoenzyme investigations on cauliflower cultivars 
The polyacrylamide gel electrophoresis work was a 
continuation of the isoenzyme patterns carried out by 
Brian Allen (1984). He examined important enzymes 
involved in both carbohydrate and amino acid metabolism. 
These were malate dehydrogenase EC 1.1.1.37, malic enzyme 
EC 1.1.1.40, glucose 6 phosphate dehydrogenase EC 
1.1.1.49, carboxyl esterase EC 3.1.1.1, cytochrome b^ 
reductase EC 1.6.2.2, acid phosphatase EC 3.1.3.2, 
lactate dehydrogenase EC 1.1.1.27, hexokinase EC 2.7.1.1, 
aspartate aminotransferase EC 2.6.1.1, isocitrate 
dehydrogenase EC 1.1.1.42, 6 phosphogluconate 
dehydrogenase EC 1.1.1.44 and NADH cytochrome reductase 
EC 1.6.2.4. He found that there was no change in 
isoenzyme patterns during development of a single curd 
when each enzyme was considered. Only aspartate 
aminotransferase and acid phosphatase were found to have 
a different isoenzyme pattern for the limited number of 
cultivars he investigated. A determination of the 
isoenzyme patterns of these two enzymes was therefore 
extended to other cultivars as shown in Table 1.

1.1) Choice of gel concentration
Crude enzyme extracts run on 4%, 6% and 8% acrylamide 
concentrations were stained for aspartate 
aminotransferase and acid phosphatase. Relative 
mobilities of the isoenzymes in each of the gels were 
measured. Fig. 5 shows a Ferguson plot constructed for 
acid phosphatase. Similiar results were obtained for 

aspartate aminotransferase. Five percent acrylamide was
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Table 1. Cultivar Maturity and Subdivision Classification

MATURITY
CULTIVAR

J F M A M J J A S O N D  European European Austra-
annual biennial lian

St Buryan y
Roscoff No 5 X
Thanet X
Armado May X
Boston Prize

Early X
Panda X
Delta
Climax
Barrier Reef

Canberra

HIPOP

X
X

X
Snowy River X

X
Kangaroo y
Wallaby y

X
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Fig. 5 Ferguson plot constructed for acid phosphatase
on polyacrylamide gels of 4, 6 and 8% acrylamide 
concentrations .

- 0.0

-0.5

- 1.0

I

%  Acrylamide
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found to be the optimal concentration for the separation 

and resolution of both enzymes by polyacrylamide gel 
electrophoresis. This concentration was therefore used in 

all isoenzyme separations of aspartate aminotransferase 
and acid phosphatase.

1.2) Tests on the reproducibility of aspartate 
aminotransferase and acid phosphatase enzyme stains 
Crude enzyme extracts were run on separate chambers on 
the same day and stained for aspartate aminotransferase 
and acid phosphatase as shown in Fig. 6. The relative 
mobilities of the various isoenzyme bands for aspartate 
aminotransferase and acid phosphatase showed a high 
degree of reproducibility.

When curd tissue was frozen and extracted several days 
later (in an attempt to allow many extracts to be 
separated and compared on the same day under similar 
conditions) the resulting PAGE was not reproducible, as 
generally the bands that did develop were not clearly 
defined. Extracts were therefore made as soon as possible 
after the curd tissue had been taken from the plant.

1.3) Number of aspartate aminotransferase and acid 
phosphatase isoenzymes from different cultivars
The mature curds from 6 cauliflowers of each cultivar 
were used for PAGE analysis of aspartate aminotransferase 
and acid phosphatase.
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Fig.6 Zymograms showing replicate separations and 
specific stains for acid phosphatase and 
aspartate aminotransferase.

Acid phosphatase

Chamber A Chamber B

‘bpb
O r

1.0

A s p arta te  am inotransferase  

Chamber A Chamber B
Or

1.0
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F ig.6 Zymograms for acid phosphatase showing the six 
bands .

g=

X
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Table 2 shows those cultivars which produce autumn or 

winter heads, that are subjected to low temperatures, 

have 3 rather than 2 aspartate aminotransferase 

isoenzymes. The 2 bands with R__n 0.64 and 0.67 areBP B
common to all the cauliflowers. Only the extracts from

winter and autumn heading ones have an extra band with

R___ 0.62. The opposite is seen for acid phosphatase BP B
where there are 4 bands. Normally in this case there 

would be 6 bands in cauliflowers that produce curds at 

other times of the year. The 6 acid phosphatase bands 

with R^no 0.21, 0.34, 0.39, 0.60, 0.64 and 0.75 are
i 3 P i 3

present in all but 4 acid phosphatase bands for winter 

heading plants. In winter heading plants, the two slowest 

bands are missing.

2) Extraction, separation and measurement of peroxidase

2.1) Extraction of peroxidase

Phenols are located in the vacuole of the plant cell and 

will precipitate and inactivate enzymes and hormones on 

homogenisation. Oxidation of phenols give quinones which 

are themselves powerful oxidising agents and will 

condense with proteins containing -NH and -SH groups. To 

remove phenols, acetone powders were prepared; very cold 

acetone was used to prevent dénaturation of the enzyme. 

Acetone powders can be stored frozen, -20°C, for a long 

period of time with little loss of peroxidase activity. 

Moreover, the peroxidase extracted by the acetone powder 

method was found to be more stable (Table 3). However, 

the preparation of acetone powder required the use of a
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Table 2. The number of isoenzymes of acid phosphatase and aspartate 

aminotransferase in the curd tissue from a range of cauliflower cultivars.

No of 
isoenzymes

Type of Cauliflower Cultivajcs

Aspartate Aminotransferase

2 Early/Late Summer, Alpha

2 Early/Late Summer, Mechelse

3 Autumn, Australian

Autumn, Australian/Flora Blanca Cross 

Late Autumn, Italian Snowball 

Winter Heading, Roscoff 

Winter Heading, Walcheren Winter

Acid Phosphatase

Winter Heading, Roscoff 

Winter Heading, Walcheren Winter 

Early/Late Summer, Alpha 

Early/Late Summer, Mechelse 

Autumn, Australian

Autumn, Australian/Flora Blanca Cross 

Late Autumn, Italian Snowball

Climax, Boston Prize Early

Panda, Delta

Barrier Reef,Snowy River 
Canberra, Kangaroo

Wallaby

HIPOP

St Buryan, Roscoff No 5 

Armado May, Thanet.

St Buryan, Roscoff No 5 

Armado May, Thanet 

Climax, Boston Prize Early 

Panda, Delta

Barrier Reef, Snowy River, 
Canberra, Kangaroo

Wallaby

HIPOP
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considerable amount of material and was a lengthy 
process. Extraction of peroxidase direct from tissue 
overcame these problems and made it possible to extract 

peroxidase from very small amount of curd; for example 
from small sized cauliflowers which were used when 
different stages of development of cauliflowers were 
examined. Peroxidase activity was found to be unstable 
and lost up to 50% of its activity in 48 hours (Table 3). 
Therefore, unless the peroxidase extract was to be kept 
for sometime, extraction of peroxidase direct from tissue 
was preferred.

2.2) Effect of KCl concentration on extraction of 
peroxidase from acetone powder and tissue 
In the absence of KCl in the extraction buffer, 57% of 
the peroxidase activity was released into the 
supernatant. It was not possible to extract all the 
peroxidase from acetone powder and tissue if buffers of 
low ionic strength were used; substantial amount remained 
in the pellet. Increasing the ionic strength of the 
grinding medium by increasing the concentration of KCl up 
to 0.7M released larger amounts of enzyme from the pellet 
(Fig. 7). It was possible to extract 86% of peroxidase 
activity from the cauliflower curd. Although a 
concentration of KCl up to IM was tried, no further 
peroxidase could be obtained from the pellet. Therefore, 
0.7M KCl was added to the extraction buffer for all 
subsequent experiments.
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Table 3 Comparison of the stability of peroxidase 
activity extracted from acetone powder and 
tissue.

Time after 
extraction 
(hours )

Peroxidase activity (units/g dw) 
extracted from

acetone powder tissue

0 62,900 64,287
24 60,423 51,528
48 59 , 634 32,426
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Fig.7 Effect of KCl concentration on the extraction of 
peroxidase from acetone powder and tissue.

Peroxidase activity  
unitsXIO /g  dw

170

-V Supernatant
150

130

110
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70

▼ Pellet

0.80.60.4 1*00.2
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2.3) The assay of peroxidase using guaiacol 
Guaiacol was used throughout the work in the assay of 
peroxidase. Therefore, optimum conditions for it were 
determined.

2.3.a) Effect of pH on peroxidase activity
The pH activity of the crude peroxidase extract was 
determined between pH 2.2 to 10 (Fig. 8). The crude 
enzyme was placed in various buffers for 30 minutes 
before guaiacol and HgOg was added and the assay 
determined. Maximal activity of cauliflower peroxidase 
using guaiacol as the substrate was observed at pH 5.6.

2.3.b) Effect of guaiacol concentration on peroxidase 
activity
Guaiacol concentrations greater than 50 mM were dissolved 
in 95% ethanol as it was not soluble in 50% ethanol. The 
apparent Km for guaiacol at optimum hydrogen peroxide 
concentration was 8.3 mM (Fig. 9a and 10a). The 
Lineweaver-Buckeplot showed that guaiacol could provide 
substrate inhibition at approximately 25 mM.

2.3.C) Effect of HgOg concentration on peroxidase 
activity
Using crude enzyme extract at pH 5.6, it was found that 
cauliflower peroxidase was sensitive to HgOg (Fig. 9b).
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Fig.8 Effect of pH on cauliflower peroxidase activity.
Glycine-HCl buffer was used between pH 2.2 to 3.6; 
sodium acetate buffer, pH 3.6 to 5.6; sodium 
phosphate buffer, pH 5.7 to 8 and glycine-NaOH 
buffer, pH 9 to 10.
Guaiacol as substrate at room temperature.

0.6
O.D/min

0.4

0.3

0.2

0.1

10

pH
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Fig.9 Effect of substrate concentrations on cauliflower 
peroxidase activities.

(a) Effect of guaiacol concentration.

O.D/min

0.8

0.4

10 40 50 mM3020

Guaiacol Cone.

(b) Effect of hydrogen peroxide concentration

O.D/min

2.4

1.6

0.8

30 50 mM20 40

H() Conc.
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Fig.10 Lineweaver-Buckeplots of cauliflower peroxidase 

) Guaiacol substrate

1.2 1.60.4 0.8
[gualacoij mM

(b ) H y d r o g e n  p e r o x i d e  s u b s t r a t e

1.6 2.00.4 0.8 1.2
[ H O j m M
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Substrate concentration studies showed that apparent Km 
for hydrogen peroxide was 6.25 mM at optimum guaiacol 
concentration (Fig. 10b). The Lineweaver-Bucke plot showed 

hydrogen peroxide could provide substrate inhibition at 

approximately 8.0 mM.

2.4) Comparison of the 2 extraction methods for 
peroxidase activity
Peroxidase was extracted from acetone powder and direct 
from tissue and its activity was determined in terms of 
fresh weight, dry weight and protein (Table 4). Similar 
peroxidase activities were obtained for both extraction 
methods per gram fresh weight and dry weight of 
cauliflower curd. However, there was twice as much 
peroxidase extracted from acetone powder than from tissue 
in terms of protein. In all studies, where peroxidase 
activities were being compared, peroxidase activity was 
expressed in terms of dry weight.

2.4.a) Between 2 halves of cauliflower
There was no significant differences in the 2 extraction 
methods as seen in Table 5.a.

2.4.b) Between different areas of cauliflower
No significant variation of peroxidase activity was found 
within a curd by the 2 extraction methods (Table 5.b). 
However, Tables 5.a and b show that peroxidase activity
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Table 4 Comparison of peroxidase activities immediately 

after extraction from acetone powder and fresh 

tissue .

Peroxidase Extraction from

activity acetone powder tissue

units/g fw 6,230 6,338
units/g dw 66,536 67,689

units/mg
protein

1,198 625
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Table 5 Comparison of the 2 extraction methods of peroxidase activity 
(cv. Roscoff No. 3).

(a) Between halves of cauliflower.

ExtractionEnzyme from
activtiy

its/g dw
cauliflower AP

63,737 64,121

45,124 43,897

40,472 39,569

(b) Between different areas of cauliflower.

Cauliflower

Sections

Enzyme activity (units/g d w )
1 2 3

AP T AP L T AP T

Outer

Middle

Inner

22,747

22,913

23,079

21,414

23,312

24,135

41,404

46,127

42,680

39 , 59 8 

44,764 

40,166

52,194

54,165

53,136

51,012

50,475

52,000

AP = Acetone powder 
T = Tissue
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varies from cauliflower to cauliflower within a 
cultivar.

3) Investigations on cauliflowers
3.1) Effect of stages of development on cauliflower 
peroxidase

hybrid cauliflowers (cv. Vigar) was used in order to 

minimise the variation of peroxidase activity from 
cauliflower to cauliflower as seen in' section 2.4 
The level of peroxidase during the development of the 
cauliflowers was determined using heads from 4 to 17 cm 
in diameter. Not much variation of peroxidase activity 
was found in different sized cauliflower (Fig. 11). 
However, significant differences in peroxidase activities 
were shown when the top 2 mm (curd), subsequent 2 mm 
(floret) and a further 2 mm (stem) of the cauliflowers 
were each examined. The curd gave the lowest whereas the 
stem the highest enzyme activity.

3.2) Effect of duration of storage at 7°C on the 
peroxidase activity within cauliflower curd 
3 cultivars of cauliflowers were stored at 7°C for up to 
216 hours. 7°C was taken as it was the average value 
obtained from J. Sain sbury ' s superma rke tat Bath, Bristol 
and London. The levels of peroxidase activity were found 
to increase with increasing period of storage at 7°C for 
the 3 cultivars (Fig. 12.a, b and c). There was a 
considerable variation within each cultivar in the values
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Fig.11 Cauliflower peroxidase activities at different 
stages of development (cv. Vigar).
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Peroxidase activity  
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Fig.12 Effect of duration of storage at 7 C on the 
peroxidase activity within cauliflower curds
(a) Cv. French Seale
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O)
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(b) Cv. Roscoff No.3
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of peroxidase activity increase from which the averaged 
values were obtained. Cv. French Seale exhibited the 
lowest increase of peroxidase activity during the storage 

period. A gradual increase in peroxidase activity was 
seen for 120 hours, after which it remained constant 
(Fig. 12.a) whereas there was a steady increase in 
peroxidase activity throughout the storage period for c v . 
Roscoff No. 3 (Fig. 12.b). Cv. Magis exhibited the 
greatest increase of peroxidase within the first 3 days 
of storage before remaining constant (Fig. 12.c)
The cauliflowers for the 3 cultivars remained visually 
undamaged for the first 3 days although peroxidase 
activity increased gradually during this period. Curds 
were found to be less firm and starting to turn brown 
(that is with a visual damage of 1) after 8 days of 
storage. Thus, the increase of peroxidase on storing was 
not related to the visual damage of the curds.
The variation of peroxidase increase with time at 7°C for 
tne 3 cultivars is summarised in Fig. 12.d.

3.3) Effect of low temperature treatment on peroxidase 
activity
Cauliflower curds were subjected to freezing stress by 
keeping them at -1+1°C and -5+l°C for times varying from 6 
to 60 hours and allowed to warm up at 7^C for 48 hours, 
as described in methods. These treatments were to obtain 
information on what the effects of a frost on the crop in 
the field would be and the subsequent shelf life of the
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harvested curd. The leaves were removed prior to 
treatment so as to reduce fungal and bacterial infection. 
Although cauliflower leaves do have a protective 
function, heads of a saleable size and maturity generally 

have their curds at least partially exposed.

After subjecting to stress at -1+1°C for 24 hours and 
longer or -5+l°C for 5 hours and longer, the cauliflower 
curds gave a patchy translucent appearance (water 
logging) with the very tiny ice crystals near the surface 
of the curd. Both the cold treated (-T+1°C and -5+l^C) and 
control (7^0 curds showed a similar increase of 
peroxidase activity (Fig. 13 and Tables 6 and 8). On 
thawing at 7°C for 48 hours, the visual damage of the 
cold treated and control curds were scored on a scale of 
0 (0% damage) to 5 (100% damage) as shown in Fig. 14.
Those cauliflowers subjected to -1+1°C for 24 hours and 36 
hours and -5+l^C for 5 and 10 hours showed very little 
visual damage over the control on warming up. However, 
prolonged freezing at these temperatures caused severe 
damage, the visual damage rating being considerably 
higher for the curds subjected to -5+l^C for 24 and 48 
hours .
There was a marked increase of peroxidase activity over 
the control on warming up at 7°C for cold treated curds 
at both temperatures (Tables 7 and 9). The rate of 
increase of peroxidase activity at -5+l°C was slightly 
higher than at -1+1°C (as indicated by the slope of the
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Table 6 Effect of low temperature at -1+1°C on
cauliflowers (cv. French Seale) for 24, 36, 48 
and 60 hours.

Treatmenf in hours % increase of visual damage 
rating-i+i®c 7^C peroxidase activity

0 —

24 — 15
-- 24 10
24 48 50 0.5
— 72 25 0

0
24

--

10
-- 24 5
24 48 60 0.5
— 72 30 0

0 —

36 — 12

— 36 12
36 48 64 1.5
— 84 30 0

0 —
36 — 22
-- 36 25
36 48 62 1.5
— — 84 35 1
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Treatment in hours % increase of visual damage 
rating-1+l^C 7^C peroxidase activity

0
48 25
— 48 20
48 48 65 2
— 96 32 1

0
48

— .

20
— 48 15
48 48 75 2.5
— 96 40 1

0
60

—
20

— 60 30
60 48 61 3.5
-- 108 39 1.5

0
60

--
32

— • 60 30
60 48 59 3.5

•-- 108 35 1.5
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Table 7 The effect of warming up on peroxidase activity (cv. French
oSeale) from low treatment at -1+1 C.

Treatment % increase of peroxidase activity(units/g dw )

in
hours

On warming 
from low 
temperature

Control at 
7°C

Di f ference 
to low 
temperature

VD difference 
be tween
control and low 
temperature

-1+1°C AV AV AV AV
t

24 35
42.5

15
20

20
22.5

0.5
0.5

24 50 25 25 0

36 52
46

18
14

34
32

1.0
0.75

36 40 10 30 0 . 5

48 40
45

12
18 . 5

28

26 . 5
1. 5

1.25
48 50 25 25 2.0

60 41
38

9
7 . 0

32
27

2.0

2.0
60 27 5 22 2.0

A V  = A v e r a g e

VD = V i s u a l  D a m a g e  R a t i n g
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Table 8 Effect of low temperature at -5+l°C on
cauliflowers (cv. French Seale) for 5, 10, 24 

and 48 hours.

Treatment in hours % increase of visual damage I 
rating-5+l^C 7 C peroxidase activity

0 —

5 -- 10

— 5 5
5 48 53 0.5
— 53 15 0

0
5

--------

8
— 5 2
5 48 49 0.5

53 10 0

0 —

10 -- 15
— 10 9
10 48 61 1.0
— 58 12 0

0 —

10 '-- 20
— 10 15
10 48 57 1.5
'— 58 20 0
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'Treatment in hours % increase of 
peroxidase activity

visual damage 
rating-5±1^C 7-C

0

24

24
24

48

72

15
10

73
25

3.5
0

0
24

24
24
48

72

27
15
76
20

3
0

0
48 — 25
— 48 20
48 48 69 3.5
— 96 35 0.5

0 —
48 — 30
-- 48 17
48 48 75 4.0
— 96 30 0.5k
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Table 9 The effect of warming up on peroxidase activity (cv. French

o.Seale) from low treatment at -5+1 C.

Treatment % increase of peroxidase activity(units/g dw )

in
hours

On warming 
from low 
tempera ture

Control at 
7°C

Difference 
to low 
tempera ture

VD difference 
between
control and low 
temperature

-5+l°C AV AV AV AV

5 43
42

10
9

33
33

0.5
0.5

5 41 8 33 0.5

10 46
41 . 5

3
4

43
37 . 5

1.0
0.75

10 37 5 32 1.5

24 58
53 . 5

15
10

43
43.5

3.5
3 . 25

24 49 5 44 3.0

48 44 15 29 3.0

48 45
44 . 5

13
14

32
30 . 5

3.5
3 .25

A V  = A v e r a g e

VD = V i s u a l  D a m a g e  R a t i n g
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Fig.13 Effect of low temperatures and warming up at 7^C
on peroxidase activity in cauliflowers (cv. French 
Seale ) .
The average values of % of peroxidase activity 
increases from Table 6 are plotted.
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The average values of % of peroxidase activity 
increases from Table 8 are plotted.
(b) At -5+1 C for 5 and 10 hours.
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Fig.14 Thawed cauliflower heads after a freezing treatment 

on the 1 -5  visual assessm ent scale.

Damage rangedfrom  a slight

"water logging' to com plete  

collapse and browing of cells 

over the entire curd surface-
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graph in Fig. 13.a and b. However, at both temperatures 

the rate of increase of peroxidase activity was the same 
regardless of the duration the curds had been cooled and 

the visual appearance caused by it.

A further experiment was carried out to look at the 

increase of peroxidase activity on warming up. In this 

experiment, peroxidase activities were determined from 
cauliflowers (cv. Roscoff No.5) subjected to -5+l°C for 5 

and 10 hours and allowed to warm up at 7°C for 10 and 72 

hours. Due to the very small amount of curd available as 
a result of a cauliflower being divided into seven parts, 

peroxidase was extracted directly from tissue. The 
results were shown in Fig. 15, indicating on warming up 

at 7°C peroxidase activity showed the similar normal slow 
increase typical of 7°C storage for at least 10 hours.

4) Partial purification and characterisation of 

cauliflower peroxidase

The preparation of an acetone powder was chosen as the 

first step of purification in order to remove as much 

endogenous phenolic material from the enzyme as possible.

4.1) Ammonium sulphate precipitation
Table 10 shows that peroxidase activity precipitated over 
a wide range of ammonium saturation. 50-95% ammonium 

sulphate saturation was used since there was less than 5% 

of the total activity precipitated in the 0-30% and
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Fig.15 Effect of low temperature and warming up at 7 C 
for 10 and 72 hours on peroxidase activity in 
cauliflowers (cv. French Seale).
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30-50% ammonium sulphate saturation fractions. There was 

a 2.6 times increase of specific activity in the dialysed 
50-95% ammonium sulphate saturation fraction as compared 
to the original suspension of acetone powder (Table 11).

4.2) Sephadex G-lOO gel filtration
The partially purified fraction was passed through a 
column of Sephadex G-100. The elution pattern revealed a 
broad peak containing 80% of the activity applied to the 
column (Fig. 16).
An estimate of 42,000 for the molecular weight of 
cauliflower peroxidase was calculated fron its elution 
volume on Sephadex G-100 peak after calibration of the 
column with proteins of known molecular weights as shown 
in Fig. 17.
After gel filtration cauliflower peroxidase was purified 
up to 10 fold (Table 11).
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Table 10 Ammonium sulphate precipitation of cauliflower 

peroxidase.

Percent Total Total Specific Purification Recovery
saturation activity protein activity factor (percent)
range (units) (mg) (units/mg

protein)

Total crude 61,875 62 986 1 100
extract

0-30 1,282 4.4 291 0.3 2.1

30-50 1,743 14 124.5 0.13 13

50-70 24,768 15.7 1,578 1.6 40

70-95 10,491 3.8 2,761 2.8 17



129

Table 11 Purification of cauliflower peroxidase

Fraction Total 
activity 
(units)

Total 
protein 
(mg )

Specific 
activity 
(units/mg 
protein)

Purification 
f-actor

Recovery 
(percent)

Total crude 
extract

61,900 295 210 100

50-95% 
(NH,) SO
cut ^

39 , 616 73 546 2.6 64

Pooled
Sephadex
GlOO

31,693 15.1 2099 10 51

Pooled DEAE- 27,256
Cellulose
fractions

.6 3150 15 44
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Fig.17 Molecular weight determination of peroxidase on 
Sephadex G-100.

5.0

# Bo vine serum albumin
4.8

albumin
4.6

2  4 .4 -

• Myoglobin

tochrome C

150130 140120110100

Elution Volume (ml)

Fraction 38 used.Eiution volume = 116 ml (Fig. 16) 

From graph beiow:116 ml gives log M Wt. : 4 .62  

Molecular weight = 42 ,0 0 0
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4.3) DEAE- Cellulose ion exchange chromatography 
The concentrated pooled active fractions from the 
Sephadex G-lOO peak was applied to a DEAE- Cellulose 

column and eluted by a linear gradient of 0 to 0.05M 
NaCl. Fig. 18 shows cauliflower peroxidase was eluted at 
a very low ionic strength of the eluant as a sharp peak 
containing 86% of the activity applied to the column. 
Purification of the pooled active fractions from
DEAE-Cellulose was increased to 15 fold (Table 11).

4.4) Separation of peroxidase isoenzymes using PAGE 
The peroxidase activities in the acetone powder 
suspension, the dialysed 50-95% ammonium sulphate 
saturation fraction, the concentrated pooled Sephadex 
G-lOO peak and the 3 most active fractions eluted from 
DEAE-Cellulose column were separated into different 
peroxidase species on the basis of the charge and size of 
the molecules having peroxidase activity using 
polyacrylamide gel electrophoresis.
After electrophoresis, the gels were stained for 
peroxidase isoenzymes using guaiacol as the substrate and 
protein. No peroxidase band was detected in the gel run 
with the acetone powder suspension. This might due to 
insufficient units of peroxidase activity applied. Two 
peroxidase isoenzymes of Rgpg of 0.13 and 0.35 were 
revealed for the dialysed 50-95% ammonium sulphate 
saturation fraction and the concentrated pooled Sephadex 
G-lOO peak being considerably sharper for the Sephadex
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Fig.18 DEAE-Cellulose ion exchange chromatography of 
cauliflower peroxidase.

Total peroxidase activity  
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G-lOO fraction. Increasing purification of cauliflower 
peroxidase from acetone powder suspension to Sephadex 
G-lOO gel filtration resulted in decreasing number of 

protein bands on polyacrylamide gel electrophoresis.

Polyacrylamide gel electrophoresis carried out on the 3
most active fractions eluted from DEAE-Cellulose column
revealed the two peroxidase isoenzymes could be separated
as shown in Fig. 19. There was a very dense peroxidase
isoenzyme with of 0.13 detected in Fraction 4 elutedBP B
from the DEAE-Cellulose. The two peroxidase isoenzymes 
were detected in Fraction 5 whereas there was one 
peroxidase isoenzyme with Rgpg of 0.35 in Fraction 6. 
Although one peroxidase isoenzyme was detected in 
Fractions 4 and 6, this was not judged to be pure by the 
criteria of homogeneity on polyacrylamide gel 
electrophoresis as there was more than one protein band. 
As the 2 peroxidase isoenzymes were detected throughout 
the purification stages, dialysis and freeze drying did 
not alter the isoenzyme composition.

4.5) Detection of peroxidase isoenzymes
Polyacrylamide gel electrophoresis of the concentrated 
pooled Sephadex G-lOO peak gave clearly defined 
peroxidase isoenzymes with guaiacol as substrate. This 
fraction was therefore applied to gels for staining with 
various hydrogen donors. The number and intensity of 
peroxidase isoenzymes that could be detected, depended on
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Fig.19 Disc polyacrylamide gel electrophoresis of
Fractions 4, 5 and 6 from DEAE-Cellulose ion 
exchange chromatography.

Fraction No.4 Fraction No.9 Fraction No.6

0.13

0.35

B B B

A for peroxidase activity stained with guaiacol 
B for protein stain
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Fig. 20 Comparison of peroxidase isoenzyme patterns 
obtained with (A) tetramethyl benzidine,
(B) guaiacol, (C) pyrogallol, (D) o-dianisidine,
(E) catechol, (F) resorcinol and (G) chlorogenic 
acid .
Samples of the concentrated, pooled Sephadex G-lOO 
peak were applied to the top of the gels and 
isoenzymes migrated towards the anode.

0.13

0 .30

0 .35

(A) (B) (C) (D) (E) (F)

7ZZZZ

(G)

3Œ22

= heavily stained bands.
= moderate stained bands.
= light Stained bands.

The numbers on the left of the Figure indicate the 
distance bands moved relative to bromophenol blue.
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the hydrogen donor that was used for detecting the 
isoenzymes (Fig. 20).
Only one peroxidase band was developed on the gel after 
incubation in tetramethyl benzidine. 2 bands in the 

presence of guaiacol, 3 with pyrogallol, o-dianisidine, 
catechol or resorcinol and 4 as the result of incubation 
with chlorogenic acid.

4.6) Detection of indole acetic acid oxidase isoenzyme 
The concentrated pooled Sephadex G-lOO fraction was also 
used for the detection of any indole acetic acid oxidase 
isoenzyme after polyacrylamide gel electrophoresis. One 
indole acetic acid oxidase isoenzyme with Rgpg of 0.13 
was detected which coincided with one of the two 
peroxidase isoenzymes when guaiacol was used as the 
substrate.

4.7) Isoelectric focusing of cauliflower peroxidase 
Isoelectric focusing of the concentrated pooled Sephadex 
G-lOO peak fraction without urea and staining in guaiacol 
revealed the 2 isoenzymes of of 7.3 and 6.7.

4.8) Effect of temperature on cauliflower peroxidase 
The optimum temperature of the crude cauliflower 
peroxidase was found to be about 50°C (Fig. 21). At lower 
temperature, the enzyme still showed relatively high 
activity, retaining more than 80% of the maximal activity 
even at 0°C. However, the enzyme activity decreased
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Fig. 21 Effect of temperature on cauliflower peroxidase 
Guaiacol substrate at pH 5.6.

Relative activity (%)

100

80

60

40

20

40 8020 60

Temperature C
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markedly as the temperature rose beyond 50°C, being only 
50% at 60°C and nearly zero at 75°C.

5) Hydrophobic chromatography of cauliflower peroxidase 
Cv. Milreef
Purification of cauliflower extract was continued using 

hydrophobic chromatography. The elution profile from 
hydrophobic column for white cauliflower c v . Milreef is 
shown in Fig. 22 (p.146). A large amount of 280 nm 
absorbing material was removed at the hydrophobic 
chromatography step. The percentage of peroxidase 
activity eluted off the column by each buffer is shown in 
Table 12 (p.l50). It was possible to separate Milreef 
peroxidase into six peaks. The bulk of the peroxidases 
were eluted off the phenyl Sepharose column in the 0.6M 
and 0.8M ammonium sulphate fractions, although some 
peroxidase activities were more tightly bound to the 
hydrophobic resin and could only be eluted with 50% 
ethylene glycol.
The active fractions of each peak eluted off the column
were pooled, made up to IM with respect to ammonium
sulphate by adding solids crystals of the salt and then
separately rechromatographed on a similar column. The
position of each peak in the rerun was found to be
exactly the same as previously. The active fractions of
each peak in the rerun were pooled, dialysed against
O.OIM sodium phosphate buffer, pH 6.5 and freeze-dried. 
The freeze-dried powder of each peak was dissolved in
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0.IM sodium phosphate, pH 6.5 so as to give a protein 
concentration of 1 mg/ml.

5.1) Polyacrylamide gel electrophoresis of peaks from 
phenyl Sepharose column
Polyacrylamide gel electrophoresis was carried out on the 
freeze-dried protein sample of each peak. Unlike the 
other peaks, a single protein band was seen for Peak F 
eluted off the hydrophobic column, which was 
super imposable with the peroxidase isoenzyme (Fig. 23). 
Guaiacol was used as the substrate in staining.

5.2) Sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis (SDS-PAGE) of Peak F of Milreef 
peroxidase
Freeze-dried protein sample of Peak F of cauliflower 
peroxidase eluted off phenyl Sepharose column was also 
analysed by SDS-PAGE at pH 8.9 (see Methods). For this, 
the following proteins were run as standards: bovine 
albumin (M Wt 66,000), egg albumin (M Wt 45,000), bovine 
erythrocytes carbonic anhydrase (M Wt 29,000), bovine 
pancreas trypsinogen (M Wt 24,000), soybean trypsin 
inhibitor (20,000) and bovine milk «k-lactalbumin (M Wt 
14,200). The results, plotted as log^^ M Wt versus Rf, 
yield a straight line and are represented in Fig. 24 with 
a typical standard gel. Peak F of cauliflower peroxidase 
c v . Milreef ran as a single component and, from the Rf 
value, a subunit of M Wt of 41,000 (+1,000) was
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Fig. 23 Polyacrylamide gel e l e c t r o p h o r e s i s  of Peak F 
of Milreef p e r o x i d a s e  eluted off the 
p h e n y l - S e p h a r o s e  column.
The sample loaded on each gel contained 60 pg 
protein. Guaiacol was used to stain for the 
p e r o x i d a s e  isoenzyme.

P e a k  F

i'V

p r o t e i n  p e r o x i d a s e
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Fig. 24 SDS-PAGE analysis of the mixture of standard 
proteins.

4*8- V*®

be
2 4*6-

c#

d#

4*0

Relative mobility X 10 (a)

(b)

(a) SDS-PAGE analysis of the mixture of standard
proteins, a, b, c, d, e and f are: bovine albumin, 
egg albumin, bovine erythrocytes carbonic anhydrase, 
bovine pancreas trypsinogen, soybean trypsin 
inhibitor and bovine milk ^^-lactalbumin, 
respectively. Sample was reduced with 
2-mercapethanol.

(b) The plot of log M Wt versus mobility for the standard 
proteins.
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5.3) Purification of Milreef peroxidase from hydrophobic 

chromatography

The specific activity of the purified peroxidase 

isoenzyme was 29,141 units/mg while compared with its 

value before fractionation of 150 units/mg of protein. 
This is approximately a 194 fold increase in 

purif ication.

5.4) Hydrophobic chromatography of other brassicas 
Hydrophobic chromatography was also carried out to 

separate the peroxidases present in another white 
cauliflower c v . French Seale, in white sprouting broccoli 
and in green cauliflower c v . Verdi di Macerata. The 

elution patterns are shown in Figs. 25, 26 and 27. The 

peroxidase activities for the 3 brassicas eluted off the 
hydrophobic columns are summarised in Table 12.

Cv. French Seale

One peroxidase peak was eluted off the column in each 
buffer of decreasing ammonium sulphate concentration for 

c v . French Seale (Fig. 25). About 66% of the peroxidase 
activity was found in Peaks B, C and D.

White sprouting broccoli
Most of the peroxidase activity of white sprouting 
broccoli was eluted off the phenyl Sepharose column in
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the buffer E with 0.2M ammonium sulphate and 50% ethylene 
glycol (Fig. 26). Table 12 shows white sprouting broccoli 
has the highest percentage of peroxidase activity found 
in Peak E.

C v . Verdi di Macerata
The elution profile from hydrophobic chromatography for 
the green cauliflower c v . Verdi di Macerata (Fig. 27) 
shows the bulk of the peroxidase was very tightly bound 
to the hydrophobic resin with little peroxidase activity 
found in the other peaks. Like Milreef, there was no 
peroxidase peak eluted with buffer containing 0.8M 
ammonium sulphate.

O-dianisidine and pyrogallol were also used in the assay 
of peroxidase activity from the phenyl Sepharose columns. 
The peroxidase activity patterns using these 2 hydrogen 
donors for all the brassicas were found to be similar to 
that obtained using guaiacol. Therefore, only the results 
of the peroxidase activity profiles obtained using this 
substrate are shown.

Another sample from each of the brassicas extract was 
separated. The elution profiles from the colums of the 
brassicas peroxidases were found to be very similar.
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Fig.22 Hydrophobic chromatography of white cauliflower 
(cv. Milreef) peroxidase.

Fig.25 Hydrophobic chromatography of white cauliflower 
(cv. French Seale) peroxidase.

Fig.26 Hydrophobic chromatography of white sprouting 
broccoli peroxidase.

Fig.27 Hydrophobic chromatography of green cauliflower 
(cv. Verdi di Macerata) peroxidase.

Proteins (75 mg) in 200 ml extract were applied to a 20 
ml bed volume column.
Elution was by stepwise decreasing gradients with 
Buffer (A ) l.OM 
Buffer (B) 0.8M
Buffer (C) 0.6M ammonium sulphate in IM KCl and 0.05M

phosphate buffer, pH 6.0.
Buffer (D) 0.4M 
Buffer (E) 0.2M

(F) 50% ethylene glycol 
and (G) distilled water.
7 ml fractions were collected.
The peroxidase activity peaks were labelled according to 
the buffers used for eluting it off the phenyl Sepharose 
column.

 #—  = Perox idase  act iv i ty  

-o  o - = Absorbance at 2 8 0  nm
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Table 12 Percentage of peroxidase activity in fractions 
eluted from Phenyl Sepharose column.

Percentage of peroxidase activity in peaks

Brassicas
B C D E F

Milreef 37.6 38.4 5.8 18.2
French Seale 10.1 32 .6 23.1 4.8 29.4
Broccoli 3.3 1.4 7.5 46.7 41.1
Verdi di 
Macerata '

i
10 .8 8.3 1.6 79 .3

* = The above percentages represent the activity eluted 
for each buffer, whether or not one or two peaks of 
activity were seen.
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6) Homology of brassicas peroxidases
Peak F of Milreef peroxidase eluted off the hydrophobic 
column was judged to be pure by the criteria of 

homogeneity on polyacrylamide gel electrophoresis since 
the protein and enzyme activity coincided. This was 
therefore used in the injection for antibodies 
production.
Titration of the antiserum with the antigen, that is Peak 
F of Milreef peroxidase reveals 4 precipitin lines 
Indicating antiserum has multiple specificities as shown 
in Fig. 28. This can be due to the presence of impurities 
in the immunizing antigen preparation. However, the 
precipitin lines are parallel, some of which are very 
diffuse. Both effects can be caused by when antibodies 
are in excess/aggregation of the antigen. The majority of 
the antibodies were diluted out at 1:16 dilution although 
one of the precipitin lines is still visible in an 
antiserum dilution of 1:32.

6.1) Antigenic relationships among Milreef peroxidases 
Antigenic cross reactivity between the Milreef 
peroxidases obtained from phenyl Sepharose column was 
investigated by Ouchterlony double diffusion. Fig. 29 
shows a reaction of complete identity between Peaks 
and Cg and between , E and F of Milreef
peroxidases. The latter shows antibodies for Milreef 
peroxidase Peak F cannot distinguish the Milreef
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Fig.28 Double diffusion in agar of antiserum titration. 
The center well contained 40 pi of antigen.The 
outer wells contained 20 pi of each of the 
indicated serial dilutions of antiserum specific 
for Peak F of Milreef eluted off the X
phenyl-Sepharose column.
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peroxidases of Peaks and E eluted off the
r
\ hydrophobic column. The reaction of identity indicates

that cross-reacting sites are common among Peaks 

E and F of Milreef peroxidases.

Peak F showed a spur over Peak indicating partial 

identity. Similarity Peak was partially identical to 

Peak . Thus, Peaks and share some but not all, 

antigenic determinants of Peak F of Milreef peroxidase.

6.2) Antigenic relationships among brassicas peroxidases. 

Double diffusion in agar analyses were used to establish 

that antiserum to Peak F of Milreef peroxidase 

cross-reacts with Peaks F of green cauliflowers c v . Verdi 
di Macerata and white sprouting broccoli and horseradish 

peroxidases showing complete identity (Fig. 30). However, 

Peak F of white sprouting broccoli peroxidase shows an 
extra precipitin line which is nearer to the antigen 

well, indicating that it is of a larger molecular weight 
than the main component. The nature of this minor 
component is not clear and can be an aggregated 
peroxidase. This minor component may be present in Peaks 

F of Milreef and Verdi di Macerata peroxidases at 

concentrations too low to be detected, as indicated by 
the assymetrically of the precipitin line.

7) Buttoning experiment

7.1) Measurement of indole acetic acid oxidase activity 

Indole acetic acid oxidase activity was measured in both
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normal and button curds of c v . Delta. Initial experiments 

showed that indole acetic acid oxidase activity was not 
detected with crude acetone powder extracts of both 

normal and button curds. Therefore to measure indole 

acetic acid oxidase activity, ammonium sulphate 

precipitation of 0-95% saturation was carried out. Table 

13 shows that there was no significant difference between 

the specific activities of indole acetic acid oxidase in 

both normal and button curds.
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Fig.29 Double diffusion in agar of Milreef peroxidases.
The center well contained antiserum specific for 
Peak F of Milreef. The outer wells contained 5 pg 
of each of the indicated Milreef peroxidase peaks 
eluted off the phenyl-Sepharose column.

X

I

!
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Fig. 30 Double diffusion in agar of brassica peroxidases. 
The center well contained antiserum specific for 
Peak F of Milreef peroxidase.The outer wells 
contained 5 pg of each Peak F of the indicated 

\ brassica peroxidases eluted off the
- phenyl-Sepharose column.

f e .
V . -

WC = White cauliflower cv. Milreef

GC = Green cauliflower cv. Verdi di Macerata

WB = White sprouting broccoli

HR = Horseradish
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Table 13 Specific activities of lAA oxidase from

cauliflower curds which have been grown normally 

or forced to produce physiological defective 

buttons .

Specific activity
(pg LAA oxidised mg protein min )
Small 
2+0.5 cm

Medium 
5+0.5 cm

button 
8+1 cm

Buttons curds 0.75+0.2 0.69+0.4 0.73+0.1

Normal curds 0.72+0.2 0.74+0.05 0.70+0.15
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D I S C U S S I O N

Polyacrylamide gel electrophoresis investigations.
The majority of phenotypic characters are apparently 
controlled by many gene loci (Gottlieb, 1981), but the 
distributions of individual genes cannot always be 
detected. Electrophoretic evidence using specific enzyme 
stains to form bands on a gel appears to overcome this 
problem. For a given protein, the rate of migration 
through a gel is affected by its net electrostatic 
charge, a function of the relative number of amino acids 
with negative or positive charges and its size and 
configuration. Thus, if a particular homologous enzyme 
extracted from two individuals migrates to different 
positions on a gel the difference has been considered to 
be caused by changes in the amino acid sequence of the 
constituent poly peptide(s) and ultimately to a change in 
the coding in the structural gene(s). Alternatively, if 
the enzymes of different individuals have equivalent 
migrations on the gel, it has been shown that the amino 
acid content and their DNA coding sequences are the same. 
Electrophoretic evidence, in the form of zymograms has 
therefore been used as a first analysis of a gene locus .

The fact that enzymes extracted from higher plants exist 
in multiple forms is well documented (Scandalios, 1974). 
As a result of this, the enzymes of more interest in this 
work are those which appear to change and show 
differences in multiple form number between cultivars.
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When a number of the enzymes involved in carbohydrate and 
protein metabolism were screened by polyacrylamide gel 
electrophoresis (Allen, 1984), aspartate aminotransferase 

and acid phosphatase were shown to vary in multiple form 
number between cultivars.

Multiple form changes between cultivars.
Selection of particular cultivars for specific 
environmental conditions has resulted in a detectable 
differences in isoenzyme patterns of enzymes not involved 
in primary metabolism. Whether the final structure of the 
enzymes is due to its primary sequence or to 
post-translational modification, the results show that 
over a relatively short period of evolutionary time the 
changes in the enzyme molecule are quite distinct.

The differences in multiple forms of aspartate 
aminotransferase and acid phosphatase during comparison 
of mature curds of different cultivars types provides 
information on the possible origins of the plants.
The winter cauliflowers examined were the Roscoff and the 
Walcheren types. Roscoff plants are believed to have 
originated from the North West Coastal region of France 
and the curds are of good quantity, being firm and having 
a pale cream colour. Whilst the leaves have prominent 
white veins and tend to be less curly than the Angers and 
English strains, they also have typically long leaves 
which is characteristics of Italian Mediterranean plants.
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The Walcheren stocks, much selected by Dutch seedhouses 
are the most widely grown varieties in Lincolnshire. The 
deep, firm large white heads with light green, wavy edged 

and white veined leaves grow rapidly in the Spring.
Both Roscoff and Walcheren cultivars have been derived 
within the last 300 years from the Italian stocks (Crisp,
1982). Their isoenzyme patterns are entirely consistent 
with this, both cultivars having 3 aspartate 
aminotransferase and 4 acid phosphatase isoenzymes. The 
phenotypic appearance of these types of curds is similar 
to that of the Italian types with long leaves protecting 
the curd.

Early summer cultivars. Panda and Delta are of Mechelse 
type having broad, deep blue-green leaves with wavy 
margins and of Belgian origin. Boston Prize Early and 
Climax are of Alpha type, having light green leaves which 
curl over and twist at the edge and of Dutch origin. All 

of these cultivars showed 2 multiple forms for aspartate 
aminotransferase and 6 for acid phosphatase. These 
results suggest that the origin of Mechelse and Alpha 
types has been similar, not surprising when one considers 
the closeness of Belgium and Holland and the fact that in 
selections over the years cultivars originating from both 
countries would have been crossed with each other. 
Biochemically, the Mechelse and Alpha types are closely 
related but totally separate from the Roscoff and the 
Walcheren types.



161

The autumn cultivars selected for study. Wallaby, Barrier 

Reef, Snowy River, Canberra and Kangaroo, are typical of 

the Australian types which were introduced into the 
United Kingdom a decade ago and are now well established 
in commercial holdings. The curds are uniform, generally 
reliable and high yielding. The examination of the 
isoenzyme patterns from the Australian types proved very 
interesting in that they seem to be derived from both the 
Italian type Roscoff/Walcheren as well as the low 
countries Alpha/Mechelse types. Acid phosphatase showed 
homology with the latter of the above categories and 
aspartate aminotransferase showed homology with the 
former type. The homology of HIPOP (an autumn heading 
plant, a cross between Australian and Roscoff types) is 
the same, biochemically as the Australian types.

Thus, a cladogram can be drawn representing the selection 

of the French/Walcheren types from an Italian source and 
a different, and unknown origin, of the Dutch/Belgian 
types with a cross between these 2 extremes giving the 
Australian cultivars (Fig. 31).

The information given here compliments the grouping 
given by Crisp (1982) and shows that the European annuals 
and biennials are the parents of the Australian 
cauliflowers. Moreover, different commerial cauliflower 
stocks in use today could be compared at a genetic level.
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and the historical origins of such stocks determined. 
Such information would be of use to the plant breeder to 

help in selection of cultivars for seed production.
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Fig. 31 Cladogram of possible selection of cauliflower 
types.

 Italian stock

Common
ancestor

French/Walcheren 
/ types

English writer 
hardy types

I__________ Dutch/Belgian
stock

-Australian 
types

Solid lines indicate biochemical connections.
Single dotted lines indicate intuitive and 
morphological connections.
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Results in the context of previous work.
The technique of electrophoresis is gaining popularity 

for use in characterization of many crop species (Allard 

and Kahler, 19 71; Bassiri, 1976; Fedak, 1974; and Menke 
e t a l , 1973). Probably the most important advantages of 
this technique in genetical, physiological and 
taxonomical work are that large numbers of individuals 
could be characterized for several isoenzyme systems per 
day and that the plant is not sacrified.
When the system of electrophoresis is used for cultivar 
identification, complete identification can be made using 
at most two or three isoenzyme systems if the number of 
cultivars used is small. But with a large number of 
cultivars, either a large number of isoenzyme systems is 
required or banding patterns should be complemented by 
other cultivar characteristics.

Acid phosphatase and aspartate aminotransferase studied 
here have previously been investigated in other plants. 
Twelve types of acid phosphatases have been reported for 
different plants. Generally the number of multiple forms 
of this enzyme has been shown to be between one and 
three. However, Wiseman and Wills (1976) have observed 
seven zones of activity on a gel for two days old 
cauliflower seedlings. This is not very different from 
the observation of the six multiple forms shown to be 
present in most instances during this work. Acid 
phosphatases have been shown to be strikingly varible
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even within a single series (Torres and Hart, 1976). 
However, the localization of acid phosphatase has not 

been studied.

The variation in multiple forms of aspartate 
aminotransferase has been examined in a large number of 
plants species. Gottlieb (1981), in reviewing this work, 

reported that plants have 3 and probably 4 multiple forms 
of aspartate aminotransferase. It is likely that each 
multiple form has a specific subcellular location as 
shown in spinach which has one in each of the 
chloroplasts, mitochondria, peroxisomes and cytoplasm.
The different reports of multiple form numbers may 
reflect differences in extraction procedures, some of 
which fail to isolate the multiple form present in each 
of the different organelles. This could explain why an 
aspartate aminotransferase multiple form was found in 
maize chloroplasts by some workers but not by others.
This is relevant to the number of multiple forms reported 
for aspartate aminotransferase in this work which differs 
in some cultivars from the 4 suggested by Gottlieb 
(1981). However, it has been shown that changes in 
multiple form do occur within different types of one 
species of plant. The standard extraction using 
mercaptoethanol makes it unlikely that any differences 
between cultivars are due to differences in technique.
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Suggestions for further work.
These polyacrylamide gel electrophoresis studies 

pinpointed acid phosphatase and aspartate 
aminotransferase to be worthy of further study using 
polyacrylamide gel electrophoresis techniques as they are 
most useful markers of change.
For a complete coverage of cauliflowers, future work 
should include examination of the isoenzyme patterns of 
acid phosphatase and aspartate aminotransferase in both 
Asian and Italian plants and perhaps, in North and South 
American plants. Very little has been mentioned in the 
literature of the 2 latter groups.
It will be interesting to extend examination of the 
isoenzyme patterns of these enzymes to green cauliflowers 
and green and white sprouting broccoli, as so little is 
known about the evolutionary relationships within the 
Brassica crops .
Additional work could attempt to show subcellular 
compartmentalization of multiple forms so as those from 
the same compartment in different species can be compared 
for electrophoretic mobility. This may be best achieved 
by using different methods of extraction and also perhaps 
using electron microscope staining techniques.
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Investigations on cauliflowers.
Peroxidase has been found to occur in soluble as well as 
in ionically and covalently cell-bound forms in a wide 

variety of plants. The soluble fraction can be extracted 
with water or with a buffer of low ionic strength; the 
ionically and the covalently bound fractions with a 
buffer of suitably elevated ionic strength and detergent. 
The extraction method used for the investigations of 
cauliflowers was such that the total peroxidase activity 
(that is, soluble, ionically and covalently bound 
peroxidases) was extracted using a buffer of high ionic 
strength and detergent.F ig. 8 shows that 86% of 
peroxidase activity can be extracted using KCl 
concentration up to IM and 1% triton X-100. In spite of 
using high salt concentration and detergent, no doubt 
some of the remaining activity still bound to the pellet, 
as found by Fubler and Ashford (1983) and Murphy and 
O'heocha (1973). In these studies, it was considered 
unnecessary to separate the peroxidases, especially as 
Kampis et al (1984) had not found any differences when 
they examined broccoli.
Peroxidase activities extracted from acetone powder and 
direct from tissue were found to have similar activities 
although large differences in the activities of 
peroxidase extracted by the two extraction methods has 
been found in peach. Direct extraction from peaches were 
found to give higher peroxidase activities than acetone
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powder extracts, probably due to solvent denauration or 
poor solubility of the powder (Flurkey and Jen, 1978). 
There were only small differences in peroxidase activity 
levels within a curd (Tables 5a and b). Although the 

peroxidase activities varied from cauliflower to 
cauliflower, this variation is probably largely due to 
genetic variation within a cultivar.

Total peroxidase activity in the stems was about 2 times 
the value in the curds (Fig. 11). As peroxidase is 
induced when the tissue is damaged, causing undesirable 
changes in cauliflowers, the lower peroxidase activities 
found in the curd than in stem tissue may confer a higher 
protection against discolouration caused by the damage. 
The higher activities found in the stem support the 
assumptions concerning the role of peroxidase in lignin 
biosynthesis (Haard, 1977; Haard et a l , 1974).
The total peroxidase activity in broccoli stem has been 
reported by Kampis et al (19 84) to be 1.6 fold the value 
measured in the florets. They also found differences in 
distribution of enzyme fractions in stem and floret. 
Soluble peroxidase activity was the main fraction in the 
stem parts and ionically bound activity in the florets of 
fresh broccoli. Rosoff and Cruess (1949) found that the 
major sites of peroxidase localization in cauliflower 
stems were the vascular and epidermal layers. Peroxidase 
was equally distributed throughout the parenchyma, but of 
much lower activity.
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Changes of peroxidase activity during storage.
Most supermarkets store cauliflowers at a much higher 

than its optimum storage temperature of 1°C (Robinson et 

a l , 1975). Although the storage temperature of 
cauliflowers varies very widely from supermarket to 
supermarket. 7^C is often the temperature used and so was 
chosen to investigate the changes of peroxidase activity.

Total peroxidase activity was found to increase during 
storage of cauliflowers at 7°C (Fig. 12.a, b and c) . 
Differences in peroxidase activity increases observed 
between cultivars may probaby be due to genetic 
variation. This could serve as an indicator of which 
particular cultivars are the most suitable commercially 
as peroxidase is considered to be largely responsible for 
off-flavours and off-odours in raw and unblanched 
vegetables. High peroxidase activity increase may 
indicate a shorter commercially useful storage period for 
that cultivar.
Poovaiah et al (1972) reported that onion bulbs with 
short dormancy had higher peroxidase activity and a 
greater number of isoenzymes than onion bulbs with long 
dormancy. It is possible that peroxidase activity is 
associated with certain physiological processes which are 
directly involved with the breaking of dormancy.

Changes of peroxidase activity during low temperature
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storage which caused chilling injury have been 
investigated by many workers. Gkinis and Fennema (1978) 

reported that the total peroxidase activity in green 
beans remained unchanged during a ten day period of 

storage at -40°C, -4°C and 5°C. The soluble, ionically 
bound and covalently bound peroxidase activities in green 
beans did not change at -40°C. However, at -4°C and 5°C, 
there was a decrease in the soluble peroxidase activity 
and an increase in the ionically bound activity. Although 
this effect was greater at -4°C and 5°C, at both 
temperatures the covalently bound activity remained 
unchanged. It appeared that at -4°C and 5°C, peroxidase 
activity in green beans was moving from the unbound to 
the ionically bound state. Three possible causes of these 
phenomena were considered. The increase bought about by 
freezing, in the ionic strength of the soluble phase 
which might affect binding; disruption of the cell 
structure by freezing and consequent liberation of new 

ionic binding sites for peroxidase and de-esterification 
of pectins as a result of which the cell wall binding 
capacity of peroxidase might be altered. However, there 
was no transition of peroxidase activity in frozen 
unblanched broccoli from the soluble into the ionically 
bound state (Kampis et a l , 1984). Permanent low 
temperatures (-18°C) seemed to have an inactivating 
effect on all the peroxidase fractions of broccoli, 
except for the soluble enzyme in the stem, which remained 
constant. All enzyme fractions from the florets proved
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more sensitive to frozen storage than the corresponding 
ones in the stem.

The effect of storage at 5°C on banana soluble and 
ionically bound peroxidases was studied by Haard and 
Timble (1973). They found a steady increase in soluble 
peroxidase activity accompanied by an initial decline in 
cell wall ionically bound peroxidase activity. After the 
first few days of storage, however, the activity of the 
latter fraction also increased. They suggested that the 
increase in peroxidase activity is associated with an 
attempt to cold adaptation by the synthesis of highly 
polymerized phenols, which has been associated with the 
cold hardening process.
Toraskar and Modi (1984) investigated the effect of 
storage at 10 °C on banana soluble peroxidase activity. 
They found that peroxidase activity increased in banana 
pulp during storage at 28°C and 10°C, the increase being 
lower in the chill-injured fruit. Polyacrylamide gel 
electrophoresis analysis revealed an extra peroxidase 
isoenzyme appeared much later in chill-injured than 
healthy fruit. They suggested that peroxidase might be 
one of the enzymes affected during low temperature 
storage .

Many different methods have been used to investigate the 
existence of the bound peroxidase fraction to ensure that 
it is not an artifact of the preparation procedure.
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Murphy and O'heocha (1973) included agents in the medium 
used for extracting algal peroxidase that would prevent 

peroxidase associating with the cell wall during 
extraction. Bound peroxidase activity was still detected. 

It is possible the different methods used for extracting 
the bound peroxidase fractions by workers might explain 
the discrepancies in the transition of soluble to bound 
or vice versa during low temperature storage.

Frost damage in cauliflower curds.
Field investigations into the frost damage/cold hardiness 
of plants are difficult due to the unpredicatability and 
variability of low temperature. As a result, a number of 
portable and static freezing chambers have been designed 
to control the duration and severity of simulated frost 
(Aston and Paton, 1973; Gill and Waister, 1976; Scott and 
Spanglo, 1964). Temperature controlled cabinets were used 
to simulate frost to cauliflowers. Rutherford et al 
(19 78) found there was a good correlation between frost 
damage in the field and in the cabinets for both extent 
and type of damage, when equivalent temperatures and 
durations were compared. Although cauliflower leaves do 
provide protection in the field, they were removed prior 
to treatment in order to ensure frost damage occurred 
evenly over the whole cauliflower head and reduced fungal 
and bacterial infection.
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Very little work has been done on changes of peroxidase 
activity on warming up after a cold treatment on 
vegetables. The results (Fig. 13 and Tables 6 and 8) show 

that they have similar rate of peroxidase increase of 
cauliflowers during cold treatment at -1+1°C and -5+l°C and 
the control at 7°C. However, on warming up at 7°C for 48 
hours the peroxidase activity was higher in both of the 
cold treatments than in the controls (Tables 7 and 9).

Peroxidase activity has been reported to increase as a 
result of injury or infection. Although enhancement of 
peroxidase increase in avocado fruits stored at 5.5°C and 
under restricted ventilation (low oxygen) had been 
associated with initiation of mesocarp discolouration 
(Van Lelyveld and Bower, 19 84). However, visual damage of 
cauliflowers caused by the low temperature treatment at 
-1+1°C and -5+l°C (Tables 7 and 9) was not related to the 
increase of peroxidase activity. Zauberman et al (1985) 
observed there was no increase in peroxidase activity in 
avocado fruit which showed chilling injury symptoms as a 
result of storage at 0° or 2°C. They suggested that 
peroxidase activity in avocado fruit mesocarp had no role 
in the development of the chilling injury disorder 
appearing as dark patches on the skin of the fruit.

The only investigation that has been done on the changes 
which take place when tissue is warmed up from a chilling 
temperature has on ethylene production which is also
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associated with peroxidase. Ethylene production in a 
number of plants has been reported to be stimulated by 
chilling temperatures (Cooper et a l , 1969; Ichii and 

Hamada, 1978; Sfakiotakis and Dilley, 1974; Vine et a l , 
1968; Wang and Adams, 1980; Wang et a l , 1971). However, 

ethylene production in the chilled tissue remained low 
while the fruits were held at chilling temperature and 
increased rapidly only upon transfer of tissue from a 
chilling (2.5^0 to a warmer temperature (25°C). Wang and 
Adams (1981) further demonstrated that the increase of 
ethylene during the warming up period was inhibited by 
cycloheximide, an inhibitor of protein synthesis (Ellis 
and McDonald, 1970), but was not affected by cordycepin, 
an inhibitor of post transcriptional polyadenylation of 
messenger RNA (Darnell et a l , 1973 ), or by ^C-amani t in, an 
inhibitor of nuclear RNA polymerase (Strain et a l , 1971). 
It appears that the steps which were inhibited by 
cordycepin and o<-amanitin were being stimulated and the 
message was being made during the chilling period, but 
the translation process was not completed until after the 
tissue was transferred to warmer temperatures. These data 
suggest that new protein must be synthesized for the 
production of ethylene during warming. Inhibition of 
chilling-induced ethylene production by cycloheximide did 
not result in retardation of the manifestation of 
chilling injury symptoms.

An attempt was made to investigate if the increase of
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peroxidase activity could be due to increased protein 
synthesis. Cauliflowers dipped into cycloheximide 
solution were given cold treatment at -5+l°C for 24 hours 

and allowed to warm up at 7°C for 2 days. Neither the 

visual damage nor the increase of peroxidase activity 
during warming period was inhibited. It is possible that 
stimulation of peroxidase activity on warming up may not 
be due to increase protein synthesis. However, it is more 
likely that cycloheximide did not penetrate into the curd 
cells. Although the possibility of introducing 
cycloheximide into cauliflower curds either by growing 
plants or uptake of cycloheximide through the stalks or 
stems was considered , practically it was impossible. 
Moreover, even if cycloheximide does inhibit this 
increase of peroxidase activity during warming up and the 
prevention of frost injury symptoms, it is not a viable 
commercially proposition.

One of the most interesting development in the conferring 
of freeze avoidance to plant tissue is the proposed 
genetic interference of bacteria (Pseudomonas syringae 

and Erwinia herbicola) that have been identified as 
potent catalysts for the nucléation of ice on leaves. 
Increased frost resistance was reported (Lindow, 1983) 
for several fruit crops by reducing the ice nucléation 
active bacteria population substantially. By removing the 
so-called ice nucleating gene, it is hoped to engineer 
bacteria that are otherwise identical to the wild types



176

but will not prevent the spontaneous supercooling of the 
tissue water (usually to -10°C or even lower), thus 
rendering the plants less susceptible to freeze injury.

The problem in the examination of cauliflower curds that 
even for plants from the same cultivar there is a very 
considerable difference in their frost resistance when 
assessed visually or by following the effects of low 
temperature on a parameter such as peroxidase activity. 
In order to establish a general behavioural pattern of 
cauliflower in relation to changes in peroxidase 
activities, a relatively large number of cauliflowers 
have to be investigated for individual experimental 
condi tions.
Moreover, it would be of value to examine the different 
peroxidase fractions from cauliflowers and the effect of 
low temperature treatment and warming up on their 
activities.
Investigations on frost mechanisms should be extended to 
green cauliflowers and possibly the breeding in of the 
frost resistance from the green to the white headed 
cultivars.

Cauliflowers plants which have been cloned give a more 
uniform crop of experimental material, and cloned plants 
should therefore be a vital part to any future programme 
of research. However, Crisp and Walkey (1974) has shown 
that shoots originating from the roots of cauliflower
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plants can show heritable abnormalities. They suggested 
that shoots derived from meristems of the curd propagated 
in tissue culture would be a more vigorous method of 

vegetative propagation. Tissue culture cloning would 
provide laboratory material which is ideal for 
experiments in physiological changes during frost 
hardiness, where identical expe-rimental units are 
imperative.

Partial purification and characterisation of cauliflower 

peroxidase.
In order to study the specific characters of peroxidase 
from a given product, it is necessary to isolate first 
the individual isoenzymes.

The first step in partial purification in cauliflower 
peroxidase required the preparation of an acetone powder; 
this ensured removal of endogenous phenols.
Peroxidase activity was detected in the 50-95% ammonium 
sulphate cut (Table 10). Above 95% ammonium sulphate 
saturation, no activity was detected. A summary of the 
procedures used in the extraction and partial 
purification of cauliflower is shown in Table 11.

Gel filtration on Sephadex G-lOO resolved 1 broad peak of 
peroxidase activity (Fig. 16) which could possibly be due 
to isoenzymes having similar molecular weights. A 
molecular weight of approximately 42,000 was calculated
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from gel filtration on Sephadex G-100. This is agreement 
with the molecular weight obtained by SDS-PAGE of the 

homogeneous cauliflower peroxidase isoenzyme after 
hydrophobic chromatography. The values of molecular 
weights of peroxidase isoenzymes from a number of 
different plants and vegetables were found to range very 
widely. For example, horseradish peroxidase, the most 
thoroughly studied peroxidase, has 7 major isoenzymes all 
of which have molecular weights of c a . 45, 000 (Stannon et 
al, 1966; Kim et al, 1980). Whilst the tobacco
peroxidases have a range of molecular weights from
103.000 to 46,000 with intermediate species of 90,000 and
67.000 (Powell et a l , 1975).

Elution of the pooled and concentrated Sephadex G-100 
peroxidase peak on DEAE Cellulose column using a linear 
gradient resulted in one activity peak (Fig. 18). 
Electrophoresis of samples taken from the activity peak 
revealed some differences in isoenzyme distribution (Fig. 
19) . This lack of more complete separation by DEAE 
Cellulose ion exchange chromatography maybe the result of 
small differences in net charge of the isoenzymes. This 
property would result in only small differences in 
binding capacity of the isoenzymes for the ion resin.

The degree of purification of the enzyme achieved by 
conventional methods, about 15 fold is somewhat less than 
that achieved for the enzyme from coconut (Mujer et al.
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1983). Further purification was therefore extended to 
hydrophobic interaction chromatography (See page i83 ).

The number of peroxidase isoenzymes that could be 
detected after polyacrylamide gel electrophoresis was 
variable, depending on the hydrogen donor that was used 
for detecting the isoenzymes (Fig. 20). The reason for 
different staining of peroxidase isoenzymes among 
different hydrogen donors is not known. However, it 
appears feasible, as suggested by Steward, Lydon and 
Barber (1965) that single bands may contain several 
proteins of similar mobility under the electrophoretic 
conditions used. Fig. 20 shows that 3 single bands of 

0.13, 0.30 and 0.35 are capable of oxidizing atB P D
least 5 of the hydrogen donors used. These results 
indicate the presence of either a group of isoenzymes, or 
of one isoenzyme capable of oxidizing several different 
phenols.

The electrophoretic mobility (R 0.13) of the lAABP B
oxidase enzyme was identical to one of the peroxidase 
isoenzymes. As peroxidase was involved in lAA metabolism, 
lAA oxidase activity was determined in the physiological 
defect of buttoning in cauliflowers (See page 109 ).
The result obtained is consistent with other reports 
(Stafford and Bravinder-Bhee, 1972) that lAA oxidase is a 
peroxidase. However, that peroxidase is an lAA oxidase 
has not been proved by the result (Gove and Hoyle, 1975;
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Hoyle, 1972). Several hypothesis have been put forward in 
order to explain the relationship between lAA oxidase and 

peroxidase. Stafford and Bravinder-Bhee (1972) suggested 
that the existence of several peroxidase isoenzymes in 

which only some possess lAA oxidase activity. Other 
workers (Darbyshire, 1973 ; Raa, 1973; Siegel and Galston, 
1967) have reported that peroxidase and lAA oxidase 
activities are associated with the same protein molecules 
but they have different active sites or involve 
differential allosteric activation. Peroxidase and lAA 
oxidase are identical; lAA being merely another 
substrate, as suggested by Hoyle (1972) and Shinshi and 
Noguchi (19 75).
It has been found in peas (Bryant and Forrest, 1979) and 
tobacco (Sequeira and Mineo, 1966) that some proteins 
exhibit lAA oxidase activity although some of these 
results have been critised on the grounds that lAA 

oxidase is an artifact resulting from accidental removal 
of heme during extraction.

Isoelectric focusing of cauliflower peroxidase revealed 
the isoelectric points of the isoenzymes were 6.7 and 
7.3. The proximity of the isoelectric points could well 
account for the difficulty in separation found by DEAE 
Cellulose ion exchange chromatography.
Delincee and Radola (1970) separated horseradish 
peroxidase into 20 fractions using isoelectric focusing. 
These isoenzymes had isoelectric points varying from 3.5
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to 9.0. Similarly, the isoelectric points of spinach 
peroxidase isoenzymes varied from 3.5 to 9.5 (Delincee 
and Schafer, 1975). Such differences in the charge 

properties of peroxidase isoenzymes have been exploited 
in the development of methods for the preparation of 

purified samples of individual isoenzymes for more 

detailed study (Shannon et a l , 1966; Delincee and Radola, 

1975) .

Unlike many other peroxidases from various sources, 
cauliflower peroxidase is very heat sensitive since 

inactivation occurred at relatively moderate temperature, 
75°C (Fig. 21). Rosoff and Cruess (1949) reported 
complete inactivation of cauliflower peroxidase at about 

90°C, whilst Lee et al (1984) reported 60°C for a 
cauliflower peroxidase isoenzyme. The result obtained was 
difficult to compare with Rosoff and Cruess (1949) and 
Lee et al (19 84) as the amount and duration of enzyme 
given heat treatment varied.

The pH optimum of 5.6 for cauliflower peroxidase (Fig. 8) 
is similar to the pH optimum of 5.3 reported by Rosoff 
and Cruess (19 49). This differs from the optimum of 6.5 

reported by Lee et al (19 84) for a homogeneous 
cauliflower peroxidase isoenzyme. Various optimal pH 
values of peroxidases have been reported for vegetables, 
for example, pH 7.0 for both cabbage peroxidase 
(Kozhanova and Aksenova, 1976) and horseradish peroxidase
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(Wilder, 19 62) and pH 5.5 for tomate peroxidase (Jen et 
a l , 1980 ). The variability in the pH optimum of the 

enzyme from various sources may be due to species 

specificity. It is, however, possible that the reported 
variability is a result of changes in the enzyme protein, 
induced by the isolating techniques or by endogenous 
factors present in the tissue from which the enzyme was 
isolated.

Substrate concentration studies showed that apparent Km 
for hydrogen peroxide was 6.25 mM at optimum guaiacol 
concentration (20 mM) (Fig. 10b) and for guaiacol was 8.3 
mM at optimum hydrogen peroxide concentration (7.5 mM) 
(Fig. 10a). The Lineweaver-Bucke plots show that substrate 
inhibition exists for guaiacol and hydrogen peroxide and 
therefore the true Km is greater than the estimated Km 
for both substrates. Lee et al (19 84) reported a Km of 
3.1 mM for guaiacol at 10 mM hydrogen peroxide 
concentration (optimum) and a Km of 8.7 mM for hydrogen 
peroxide at 10 mM guaiacol concentration (optimum) for 
cauliflower peroxidase. This difference could be due to 
the different pH in which the assays were carried out and 
the fact Lee et al (19 84) did not take into account 
substrate inhibition in the Km.
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Hydrophobic chromatography.
Hydrophobic chromatography has been shown to be a rapid, 

reproducible and successful technique in the purification 
of tomato (Jen et a l , 1980) and cauliflower (Lee et a l ,
1984) peroxidases, soybean and peanut 1 ipooxygenases 

(Flurkey et a l , 1978) and peach (Jen and Flurkey, 1979) 
and grape (Wisseman and Lee, 1980) polyphenol oxidases.
As shown in Fig. 22, the large amount of 280 nm absorbing 
materials eluted off the columns before and after the 
elution of peroxidase indicates the high degree of 
purification possible in a single step. Recovery of 
peroxidase activity was more than 80%. A considerable 
concentration of the enzyme was obtained because the 
capacity of the hydrophobic resin was such that a large
amount of sample could be applied and the enzymes eluted
in a considerably smaller volume. The step gradient used
for this purification was found to be superior to a
linear gradient of decreasing ammonium sulphate in the 
equilibrium buffer because a linear gradient caused the 
peroxidase to spread into a wide range of fractions 
resulting in considerable dilution of the enzyme.

Using hydrophobic chromatography, cauliflower peroxidase 
c v . Milreef was separated into 6 peaks, one of which was 
a homogeneous isoenzyme with a 194 fold increase in 
purification. Lee et al (1984) were able to separate 
cauliflower peroxidase into 2 minor isoenzymes with less 
than 6% of the total activity, together with a major
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homogeneous isoenzyme. The different in the number of 
isoenzymes obtained by hydrophobic chromatography for 
cauliflower peroxidase could possibly be due to the 

different cultivars used rather than being result of cold 
storage of acetone powders. Evidence for this is shown in 
Fig. 25 for c v . French Seale where there are 5 peaks of 
peroxidase activity. The elution profiles of Milreef 
peroxidase from phenyl Sspharose columns obtained after 
different periods of storage from the same acetone powder 
were found to be very similar, having six peaks. However, 
cold storage of acetone powders has been reported to 
induce changes in the isoenzyme forms of peach polyphenol 
oxidase when analysed by phenyl Sepharose columns 
(Flurkey and Jen, 1978).
The different positions of each of the peroxidase 
activity peaks in the elution profile from hydrophobic 
chromatography could possibly be due to the varying 
degree of glycosylation of the enzyme. Some plant 
peroxidases have been reported to be glycosylated (Conroy 
et a l , 1982 ). While the prosthetic group, 
ferriprotoporphyrin III is common to all higher plant 
peroxidases, the precise nature of the glycoprotein 
moiety may vary from one plant to another. It is more 
likely perhaps that the mobility on hydrophobic 
chromatography will be dependent not only on aromatic 
amino acid content but also on the porphyrin content, 
since the latter is a highly aromatic molecule.
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Considerable differences were found in the elution 
profiles of white and green cauliflowers and white 
sprouting broccoli peroxidases from phenyl Sepharose 

columns. Table 12 shows that green cauliflower c v . Verdi 
di Macerata has the highest percentage of its peroxidase 
activity tightly bound to the hydrophobic resin requiring 
50% ethylene glycol for elution. Grout et al (1982) 
reported green cauliflowers were more frost resistant by 
having a much lower freezing point than white 
cauliflowers. Perhaps, the high percentage of tightly 
bound peroxidase to phenyl Sepharose resin is important 
for the resistance of the green cauliflowers to low 
temperature.

Homology of peroxidases.
The peroxidase isoenzyme isolated from cauliflower c v . 
Milreef by hydrophobic chromatography was judged to be 
pure by the usual criteria of homogeneity. Antibodies 
specific for this peroxidase isoenzyme were used as a 
probe for homology among the Milreef and brassicas 
peroxidases. Such immunological techniques are useful in 
characterizing the relationships that may exist among 
plant peroxidases.

Ouchterlony immunodiffusion in agar analysis was used to 
reveal the extent of homologies that might have existed 
among Milreef peroxidases eluted from the phenyl 
Sepharose column. To summarise the points described in
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detail in the results section, it was found that Peak F 
is more closely related to Peaks D^, and E than Peaks 

and of Milreef peroxidases and Peaks and gave 

reactions of partial identity with Peak F. Perhaps Peaks 

F, and E are of the same overall charge
(isoelectric points) and Peaks and have the same 
overall charge which is different from that of Peaks F, 
D^, and E. Clark and Conroy (1984) also reported that 
antisera specific for horseradish acidic isoperoxidase 
gave a lesser degree of cross reaction with the basic 
isoenzyme of this plant.

Future experiments are needed to determine the 
isoelectric points and catalytic properties of these 
isoperoxidases so that they may be classified as either 
acidic or basic using the classification systems 
developed by a number of workers (Delincee and Radola, 
1970; Paul and Stigbrand, 1970; Shih et a l , 1971).
In order to quantitate the extent of cross reaction 
between these isoenzymes, precipitin tests and 
anticatalytic tests should also be carried out.
Precipitin reactions detect antibodies binding to all 
antigenic sites of the isoenzyme. Anticatalytic assays 
measure only those antibodies in the total antiperoxidase 
population that are capable of mediating inhibition by 
binding to restricted enzyme active site.

Antiserum specific for Peak F of Milreef peroxidase cross
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reacts with Peaks F of green cauliflower, white sprouting 
broccoli and horseradish peroxidases indicating that all 
the antigens are very similar (Fig. 30). However, it 

seems unlikely perhaps that there is total sequence 
homology and thus total conservation of their amino acid 
sequences during evolution/development between 
horseradish, broccoli and cauliflower. It can be safely 
assumed that the antibodies against this peroxidase of 
Milreef are widely polyclonal and that these 
immunoglobulins are recognising a wide variety of amino 
acid sequences. Thus, even a short amino acid sequence in 
horseradish peroxidase will be bound by cauliflower 
anti-peroxidase antibody.
Moreover, the criteria of isoenzyme purity based on the 
zymograms produced by staining with the appropriate 
peroxidase reagents unfortunately does not provide any 
indication of how many non-peroxidase proteins or 
phenolics may have been present and interferring both the 
reactions and the structural natures of the isoenzymes. 
Cairns et a l (1979) reported crossed
immuno-electrophoresis on what originally appeared to be 
a single protein fraction with peroxidase activity 
obtained by Con-A Sepharose affinity chromatography (Van 
Huystee, 1976a) showed several other peroxidases forms to 
be present.

Immunological approaches have been used to identify the 
common structures of peroxidases (Daussant et al, 1971;
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Van Huystee, 1976b) and other closely related molecules. 
Cairns et al (1979) used crossed immuno-electrophoresis 
to demonstrate the common structural features of peanut 

and horseradish peroxidases. Conroy et al (19 82) measured 
quantitative homologies among the basic plant 
isoperoxidases. These basic isoperoxidases from turnip, 
carrot and radish were found to be more closely related 
to the basic horseradish peroxidase than to the acidic 
isoenzymes from horseradish root. Clark and Conroy (1984) 
reported the same relationships existed among the acidic 
plant isoperoxidases. Furthermore, the basic 
isoperoxidases from turnip, carrot and radish did not 
react with antisera prepared against acidic horseradish 
peroxidases.

Thus, it is necessary in future work to develop a variety 
of monoclonal antibodies of known specificity to define 
the sites common to various isoenzymes. These studies 
should identify the unique and shared sites of 
isoperoxidases. Immunological studies though providing an 
idea of the structural relatedness of molecules do not 
give a precise description of their structure per s e . 
Hence, amino acid composition and peptide mapping will be 
necessary to give a complete amino acid sequence 
comparison of these isoenzymes.

An approach which may help in identifying the original 
enzyme form produced within the cell would be to obtain
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labelled products from iji vivo translation of peroxidase 
mRNA and then to compare these products, using 

fluorography or autoradiography with the various forms of 
tissue-extracted peroxidases separated by electrophoresis 
or immuno-electrophoresis.

These studies will help immensely in the understanding of 
the functions performed by peroxidase isoenzymes in 
plants .

Buttoning experiment.
The measurement of lAA oxidase activity was carried out 
to investigate the physiological defect of buttoning 
because it had been proposed that the increase of 
cellular capacity for the degradation of hormones was 
inversely related to growth (Hinnman and Lang, 1965). 
However, no difference was found in the levels of lAA 
oxidase activity between button and normal curds of the 
same size (Table 13). The levels of lAA may not be 
important in the development of small unmarketable curd. 
As one of the characteristics of plant to produce buttons 
is lower leaf weight which means smaller leaves, whereas 
bigger leaves allow a curd to grow bigger because curd is 
a strong sink of assimilates.

Further work could look at lAA oxidase activity in the 
leaves of cauliflower plants and important enzymes 
involved in amino acid metabolism such as aspartate
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aminotransferase.

It is of interest to consider that most workers have 
assumed the button condition to be a defect, thus seems 
unlikely but possibly the marketable curd that has been 
selected over many generations is in fact the defect?
As the method of forcing plants by early planting and 
high temperatures during the initial stages of growth is 
completely successful, (Allen, 1984), these would appear 
to be the most likely factors in causing a plant to 
button. The defect is also dependent on variety, some 
cultivars can cope with adverse conditions better than 
others.
A better understanding of the casual effects of buttoning 
and the ultimate removal from horticultural practices 
could lead to the erradication of this defect from the 
commercial crop.

In conclusion, this work has demonstrated how 
quantitative technique such as polyacrylamide gel 
electrophoresis can provide information on evolution of a 
number of cauliflower types grown in Great Britain using 
the isoenzyme composition of the curds. Studies on the 
role of peroxidase, particularly of the effects of 
storage and frost damage should enable production and 
storage of the crop to be improved. However, considerable 
work as indicated in the discussion still needs to be 
carried out.
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