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ABSTRACT N .

>,
Isoenzyme patterns of various enzymes Were studied in callus

»

&
and suspension cultures of root, hypocotyl and cotyledon of bush bearh

Isoenzyme patterns changed during the culture cycle and

.

: reflected the-successive stages. Persistent differences in pattern

were detected among the cultures and there was a correlation between cell

r

bl

expansion and peroxidase activity.

Effects of 2,4-D and kinetin on growth, cell form and the

isoenzyme complements are€ reported.
The isoenzyme patterns of stock and newly established cultures

were'compared with those of the mature plant and seedling parts. Often

the isoenzyme patterns of cultured cells were most similar to those’ of

root; however, persistent isoenzymatic differences were Qetected among

the cultures and some of these differences could be attributed to the
tissue of origin. . ,

1}

“The relevance of the results to the persistence and stability

of characteristics in plant cell cultures and to differentiation is-

discussed.
f
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Etude des caractéristiques isoenzymatiques des
cultures de cellules de Phaseolus vulgaris cv. Contender.

r
{

ABSTRAIT : o

r )

Les bandes isoenzymatiques de certai;;%enzymos ont été étudides
‘ 3
)

' /

. 7
dans des cultures en calklus ou en suspension d# racine, d'hypocotyle et .

de cotylédom de Phascolus vulgaris.

‘

Ees bandes isoenzymatiques se sont modifiées pendant le cycle
f

de culture et reflétdrent ainsi les stades successifs de déveleppement. De

plus_d%s différences persistentes dans les bandes dnt été observées dans

les cdltures et une corrélation entre 1'expansion cellulaire de 1'activité

de,l'enzyme peroxydase g’été démontrée. R

Les effets de 2,4-D et de la kinétine sur la croissance, la
morphologie cellulaire et les bandes isoenzymatiques sont décrits.
Les bandes isocenzymatiques de cultures établies et nouvelles ont

/ été domparées avec celles de plantes matures et de plantules. Les bandes

v

isoenzymatiques de cellules en culture étaient souvent semblables a celles |
de la racine, cependant des différences isoenzymatiques persistentes ont
!

° )
été découvertes parmis les cultures et certaines de ces différences sont,

attribuables au tissu d'origine. , ) .

¢
.

L'importance de ces observations sur la persistence, la différent-

L 4 o

iation et la stabilité des caractéristiques de cultures de cellules chez

‘

les plantes est discutde, -

Traduit par Marc-André Paré., - :
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' 1 INTRODUCTION

*
»

Almost certainly our first scicntific knowledge of a plaul- is

t

based on observation of its growth and form. We recognize species by the
distinctive characters of 'size, bramching pattern, flower form, cross. .
scctigns, size and shape of leaves, and so on. There exists, however,

a wide gap between observation and deseription and the interprctatiod of

the causal factors that lecad to development. We know with certainty that

i

1 .
the genetic information contained within the modest acorn will somchow

lead to the developﬂént of a magestic oak. Of how this information is
unlocked, channelled, monitored and regulated, we know in reality, ‘very

little. .

N

In order to understand the control of development in a complicated

organism useful facts and 'fedtures can be studied in a simpler and mote
v
isolated system. To this end we turn to the study of single cells and

small groups of cells participat%ng in’ fundamental cellular activities
and basic developmental processes.

Plant cell cultures can now be used for\the study of metabolic
processes, growth, differentiation, and deyelszment. ‘Their potential

value was stressed eloquently by Torrey (1971). .

"Techniques of -plant tissue culturc offer some of the most
promising approaches to an understanding ofvcthdifferentiation and its
physiological and biochemical control. Analysis of the ddtermination of
morphological expression at the cell level by genctically and epigenetically

controlled molececular events has hardly begun." ; -

.
4

.

- During the process oI development differentiation into specialized

tissues and orgdfls may involve more or less irreversible cellular changes.
]

The question of the transmission of these differentiated states in é?}%

. . Q ‘ : / 5
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p lincages is fundamental to thc‘undcrstanding of developmental control

>

mechanisms. It is not known to" what extent ccll cultures derived from
N 7/
different parts of the parent plant show persistent differences in vitro

and if stich differences do exist, to what cxtent they are rclated to the
‘ L3 . I3 ;h )
tissue of origin, .

y .

It is to phis proble at the attention of the thesis is turhed.

The work ;eported herein is-conctrned with: the characterization of BYant

.
N s

P Oy N N
cells in culture‘and in paxticular the value of isoenzypes for such

.

'

characterization, the degrec to which differences between™¥ell populations
<

from different parts of the plant persist in culture, the degree to which

these differences can be attributed to the point of origin of the culture.

“

In addition, and as part of this study, the effects of the growt }egulators

2;4-D and kinetin on the expression of morphological cell pargmeters and

iy

2 biochemical characters were studied. , d
* - ~

Part of this work has been accepted for publication (Arnison and

]
i

Boll, 1974, 1975a). The remainder has been submitted (Arnison and Boll

1975b, c), or prepared for publication (Arnison and Boll 1975d,e).

[

. .
»
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11 REVIEW OF THE LITERATURE

<

A) Differepces Between Cultures Derived From Different Parts of the
"Parcent” Plant

One of the most fundamental questions in development is whether
differentiation into specialized tissues and organs may involve more or less
&
irreversible changes which are then trancmitted in cell lincages.

Plant tissue cultures in general, regardless of tissue or plant of

4 .

origin, tend to be parenchymatous in naturc and look remarkably alike.

‘

The variability of cecll types and the ability to undergo morphogencsis

tend to decrease with culture age (Steward and Mapes 1963, Stonier 1965,

Torrey 1967, Syono 1969), although this is not true in every case :
(Khanga and Staba 197Q). The chénges that may occur during prolonged serial
subculture are often attributed to changes in chromosome number and type
(Fox 1963, Partenen 1963, 1965, 1972; Murashige and Nakano 1965, 1967;

Torrey 1967; Shimada ct al 1969, Van't Hof and McMillan 1969; Heinz ct al
1

1969, Norstog et al 1969, Steward et al 1970; Shimada 1971). This

assecssment must be viewed with caution as regeneration has been demonstrated
] ' «
] .

from old and very ancuploid tobacco cultures (Sacristan and Melchers 1969;

& 1 :

Asuwa 1972),

’

The question of transmission of diffcrentiated states through somatic

cell linecages and the loss of the ability to regencrate differentiated -

states, is fundamental to, the understanding of control mechanisms in

I3

development (Heslop-larrison 1967, lalperin 1969). Related to this question L

i
is the still unresolved issue of whether cell cultures, derived from

different parts of a parent plant or scedling, show persistent differences

in propertics in vitro. Considerable attention has been paid this matter .f

“ 2 .Y

by Heslop-Harrison (1967). Heslop-Harrison considers that there are three ° ’}
N * & ®

. K



possibilities, namcly(:‘\\ a) there are no individual characttrs maintained
in cecll cultures and that all cultures regardless of point of origin in
the parent, plant wal be identical, b) origin spececific characters !are
. ki
initially present in cc11°cu1tur;5'é but these differences decline within
a few passages and then all cultiures wilwl be identical, ¢) that origin,
specific -characters are present in cell cultures and that these differcnces
are maintained indefinitely in cell lineages. >
Few detailgd comparisons of plant cell cultures derived from different
parts of the same plant have becn published. \I\sarker (1969) exami.ne‘d callus

cultures derived from ovary wall, root, shoot, petiole and peirimedullary

region of basswood (Tilia americana L.) and'various ktissues eof wheat

(Triticum aestivum L.). Barker, using only criteria of-appearance and the

ability of calluses to meld together, concluded that the various cultures
were not distinguishable.

In contrast, callus culturcs derived from juvenile and adult forms of

ivy (Hedera helix L,) showed persistent differences in growth, form, growth

factor reguirements and other characteristics (Stoutmeyer and Britt 1963,

1965, 1969). Similarly diffcrences in the proliferative cgpacity of in

vitro adult and juvenile clones of black locust (Robinia pseudoacacia) have

been shown (Trippi 1963). The observations of Stoutmeyer and Britt werc
supported by those of Robbins and lervey (1970). However, Street (personal

communication) was unable to confirm these results. Caponeti et al (1971),

from a study of blacl& cherry (Prunus scrotina) callus cultured from cambial

zones of juvenile scedlings, mature trees and mature scions grafted on to

. . . ) . .
juvenile trees, concluded that broad interclonal vardation masked the

-

differences in growth of tissuc from juvenile and mature trees. Caponeti
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t al used the term clone to refer to all calluses derived from the same

€
o

Ad ~ . — >

tree. - :
Nutritional and morphological investigations of callus cultures derived

from different parts of a cactus (Neomammillaria prolifera, Miller) showed

varied callus formation from the different parts and no callus formation
from the root (Minocha and Mehra 1974). Calluses that were established
showed a high coconut milk and growth regulator requirement and showed no

differentiation. N
f

&

Callus. culturegsefrom root, stem and cotyledon of pinto bean (Phascolus
-y

vulgaris L.) established by Nickell and Tulecke (1959) showed different

responses to the growth hormone gibberellic acid. Root callus but not stem

.

or cotyledon callus, was inhibited by 10 ppm gibberellic acid. Differences
in activity of the enzymes isocitrate dehydrogenase, malate dehydrogenase and

shikimate dehydrogenase were reported in suspension cultuyres derived from
-
root, hypocotyl and cotyledon of mung bean (Phascolus aurecus)(Gamborg 1966).

”

It was not stated either by Nickell and Tulecke or by Gamborg that the three

cultures were established from the samg seedling.

Previous work on bush bean (Phaseolus wvulgaris cv. Contender) cell
cultures has shown that although the cultures showed no marked differences
in growth pattern or cell form tlere were marked differences in responsce to

growth regulators, ing tryptophan synthase activity, production of extra-

cellular polysacd%ﬂxk‘undjcolor of culturcs (Liau and . Boll 1970, 1971, 1972;

*Liau 1971, Mante 1974, Scin 1974).

Recently Wu and Li (1970) reported comparisons of esterase isoenzymes

from embryo, colgoptile, root, node, internode and scutellum and six-week-old

-
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callus derived from those parts of rice plants (Oryza sativa, cv. Taichung

No. 65). They concluded that all the cultures were identical because the

’

patterns of the csterases were the same in all the cultures. -

With this exception the criteria used to characferize tissue cultures
have been: colour, texture, rate of growth, enzyme aétivities, and hormonal
and nutritional requirements. This problem has rocéntly been'expounded by
Dougali (1972).

At the moment it is unlikely that adequate criteria for general use
in the identification of plant cell lines could be proposed. This in part
because the criteria have net been identified and in .part because data on
individual cell lines are not available. Data on cell lines which may lead
to general criteria are despcrately needed. Possibilities for such data
include: comparative studies of isoenzymes in cell lines, comparative
studies using immunological techniques particularly with purified antigens

“from cells, and studies of chromosome number and morphology." “ ey, T

y '

—— el
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B) Isoenzymes .

- ’

1) Introduction to Isocnzymes

The study of isoenzymes seems to offer a highly useful inaex by
which to judge cell and tissue ind}vidualipy. ~There are, however, some
very necessary considerations. This review wi;l deal briefly with the
nature, formation and significance of jisocnzymes, whilst consiéérigg the
major problems. Then, in some detail, isoenzyme studies that havé been
conducted with plants and plant' ttssue and cell cultures are reviewed. '

2) Definition and Nomenclature ¢

1
‘During the last few years because of increased awareness and

technological advances there has-been an explosive increase in the number

K3 . [ . Y ] . ’ °
of papers dealing with isoenzymes or isozymes. There exists considerable

variation in the usage and the implied meaning of the terms isoeﬁzyme and

isozyme. :
Initially'Marke;t and Mgller (1959) coined the term isozyme to

describe the multiple forms of the enzyme lactate dehydrogenase (LDH).

4

However, the alternative term isoenzyme was preferred and is officially

recommended by the standing Committee on Enzymes of the International

)

Union of éiochemistry (Wilkinson 1970).

v
3

Isoenzymes arg thus genérally described as different progcins with
similar cnzymatic activity occurring in a sinél% taxonomic sgfcies. It is
in this context that the term isocnzyme will be useéd throughout this ihesis.

Many authors feel that this definition is too vague. However, there
are no casy solutions. Some of the diff;culLics may be appreciated by the.
consideratiod of the follo@ing facts. ’

Multiple molecular forms of cnzymes may be formed in many different




’ W ways. Mcthods of formation and the occurrence of isoenzymes have been
extensively reviewed (Shaw 1965, 1969a, B; Vessel 1968, Ogita 1968;
Markert 1968; Shannon 1968, Latner and Skillen 1968; Scandalios 1969, 1974;

Wilkinson 1970; Sing and Brewer 1971, Masters and Holmes 1972). The six

most common types of isoenzymes are listed below:

‘a) Single molecules - protein molecules with completely different

v

“«

ptimary structure performing the same cnzymatic activity.

b) Sub-unit enzymes - isocnzymes formed by the combination of

g

.

sub-units often of more than one type forming dimers, trimers, tetramers  «f

» \ '
etc. In most cases the monomers do not possess enzymatic activity and

S

' different sub-units function best under different physiological conditions,

¢) Polymers, - not as in b, but groups of isoenzymes of several
different, often rclated, enzymatic functions in different states of poly-
merization resulting in the formation of multiegzymc complexes,

d) Isoenzymes formed by ligand binding® - enzyme molecules with

9

small, possibly charged bound molecules or various amounts of atigched
- /!

- carbohydrates. ’

e
e) Conformational isoenzymes - enzymes that possess interconvertible,

thermodynamically stable, tertiary structares.

f) Combiwetional isoenzymes - specifie combination of enzyme molecules

Ead
3 with nonc¢enrzymatic proteins, i.e. carricr or membranc proteins.

Becayse of the many rather non-specific ways in which isoenzymesg

,  could be formed and the fact that an isoenzyme could belong in several of
- ’
the above eategories at the same time, it has been suggested (i.e. Shaw 1969)

that the term isozyme or isoenzyme be restricted to multiplé enzyme forms

L
. of the sub-unit type. Even if this were adopted the problems of ;nomenclature

N * £y
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3) Biological Significdnce

[\J Sy .
.

3
would not be solved. For example malate dchydrogenase activity is known

to exist in different cell compartments (soluble, mitochondrial and

glyoxomal), cach of the types differing in amino acid composition and
i l< ‘ t
physiological propertics which may or may not allow interaction to form

N

stable and active hybrids (Rocha and Ting 1970, Wilkinson 1970; 0'Sullivan

and Wedding 1972a; Hock 1973). Should we now consider MDH as one or three
4 i ’
isoenzyme systems?

In consideration of these problems it is best for the-present to
e

stay with the simplest difinition until such time as more specific crﬁtcria

>

can be clecarly adopted. . .

Most of the problems that arise, however, are not due to §9ck of

' /

criteria by which to classify isoenzymes but rather the methods used to

detect them. If the detection method is not very specific, perhaps because

of the use of an artificial substrate, the possibility exists that because

>

of overlapping specificities isoenzymes may  be characﬁerized in roles un-

related to in vivo function. An extreme example is that of peroxidase in

.

that all that is required for peroxidasc activity is a protein with a suitably

situatcd haeme groups(Galston et al 1968). «

.
- @ o

Despite the many formidable problems associated with classification

. »

and the detection of jsoenzymes they certainly exist and the ngagtages they \
afford arc manifold. From codsideration of the vast literature on isoenzymés

it is obvious that _thcy arc of biological importance. The basis of this

biological significance is tlfe differing physipchcmicdl naturéaof the _«

individual isoenzymes whicli allows them to perform the same enzymatic reactions

under diver<ce ecellular conditions. Isocrzymes can be viewed as an expression

~
v
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oﬁdthc differentiation of cells and the control of isqenzyme expression

o

during development may be fundamental to the developmental proccss: The

<

mechanisms by which isoenzymes are formed and modulated arc extremely

¢

-
-

complicated and sensitive. It is out of this sensitivity that the differential
genb action of an organism is expressed.

4) Isoenzyme Changc% During Development (

Many electrophOretlc studies in plants have beén dirccted towards

»

the detectjon of changes in isoen}yme complement with plant developmcnt.

4
It has been found almost universally that there are changes in number and

~
0O v ‘. a

activity of isoenzymes with thé growth and devclopment of the plant €

Y

,a) Seedlings

.

%

Isoenzyme patterns have been studjed extensively during the germination

? °

and the development of seedlings. Such, studies included: Per, LAP, AP, Est,

I3
.

and GOT isoenzymes in the Saquaro gactus, Carnegica gigantea,(trgqln)(Keswani-w
i ’ A :

and Upadhya 1969), Per, LAP, Cat, AP, and Est in‘onion,‘Allium ceéa L., cv. o
/

Yellow Granex hybrld (MHkinen 1968), Per MDH, ADH, LDH, FDH, Amy and RNase

in bean, Phaseolus vulgaris cv. Balin de Albcrga (Trippi and Guzman 1970)

and Cat, MDH, and GDH in barley, Hordeum, (Mitra et al 1970). Peroxidase

v - - - —

iéocnzymes were found to change during the development of seedlings f Vandd»

o

®(Alvarez and Ring 1?69), wheat, Trititum acstivum cv. Marquis, (Bhatia and

Nilson 1969), T. aestivum cv. Lec; (Macko gt al 1967), peanut, Arachis

hxgogaéa, (Thomas and Neuccre 1974), and Jack pind; Pinus .banksiana® Lamb.,

’ ‘ . v .
y - -

(Ramaialh et al 1971). Isoenzymes of glutamate dehydrogenase were studied

? . -

during the development of safflowcr,’Carthamué tinctorius cv, US-10, (Errel
et al 1973) and isocnzymes of acid phosphatase in developing pea seedlings, <&

a

'4 ' - \ ' -~
3 . . - , AY)
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PlSum'SétiV%h cvf Alaska, (Johnson et al 1973). )
‘ ‘b) ROG;; . ‘ - '

Investigations of Per, ILAAox, MDH, AT, and st isbenzymes during

{ :

the development of broad bean roots (Vicia faba cv. Chlumecky) showed some

changes occurred with time but more pronounced differences were found
e
between the diffefent parts of the root (Sahulka 1969, 1970; Sahulka

and Benés 1971, Hadacova 1972). Changes in the pattern of peroxidase

isoenzymes occurred during the rooting of cuttings of black poplar

.

eary

. ) .
Populus nigra, (Nanda, 1973) and mung bean, Phaseolus mungo, hypocotyls

(Gurumurti and Nanda 19743. fottrell (1968) studied the isbenzymatic
o@§pges of esterases, proteases and dehydrogenases during the growth of
‘root nodules of eight different legumes. He foﬁﬁd changes with growth and
that the patterns of’the isoenzymes were distinctive for each blant.
c) Leaves >
éeveral detailed investigations éf the isoenzymatic changes during
leaf /development, have been conducted. Chén et al (1970) studied the

r

isoenzyme patterns of GPGDH, Phs, Ald, AP, Est, Per  GOPDH, MDHﬁLnd amylase

" at various stages of development of single leaves of cockleburr, Xanthium

' . o

pennsylvancium. They found that many of the isoenzyme changes coincided

with the tessation of cell division and the completion of leaf growth.
o ) . .

.
o

fsoenzymes,qf perbxidase have been studied during the development of
€ »

leaves of~5€an, Phaseolus vulgaris, cv. Pencil Pod Wax, (Racusen and Foote

. L]

‘1966), barley, Hordeum, vgrlety Atlas 46, (Cupta and Stebbins 1969), méize,

;; Zea mays, (Hamill and Brewbaker 1969), tobacco, Nicotiana tabacum L. cv.
o NC95, (De Jong 1972) and cotton, Gossypium hirsutum cv. Auburn 57, (Wise
dnd Mqr%ison.1971). .

KA |
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d) Fryit .

¥

Hobson (1974) studied the changes in isoenzyme patterh of 19 cnzyme

systems in devecloping and ripening fruit of tomato, Lycopersicon esculentum.

"

They‘fouhd that cnzyme synthesis accompanies the climateric respiration

rise at the expense of non-metabolic brotcin. Additionally, amylase

[isoenzymes were studied in developing bagiey sced Hordeum vulgare L. cv.
< ' -
Himalaya (Bilderback 1971).

- &
5) Isoenzyme Patterns in Mature Plants ‘ ¢

Goncomitant with the many studies on changes of isoenzymes with

development have been comparisons of the patterns produced, as a consequence

\
of development, in the different mature parts of plants. These studies

: *
i.e. Jaspars and Veldstra (1965a); Siegel and Galston (1967); Barber and Steward

(1968); Hall et al (1969); Shcen (1969), and Mitra et al " (1970), have shown
that generally organ specific isoenzyme patterns are the rule and thgt certain

isoenzymes are found only in one specific tissue. Investigation, however,.

of MDH isoenzymes in cotton (Gossypium hirsutum L. cv. Delta Pine 16) led

0'Sullivan and Wedding (1972a,b) to conclude that under appropriate conditions
the same number of MDH isoenzymes were detected in all the leaves studied.

These conclusions were reached from the discovery that the amount of total

N

MDH activity applicd to the gel column is critical for proper detection

4 “
of isocnzghc bands. This is supported by the findings of Longo and Scandalios

-

(1969) thgt the number of bands of MDH are the same in all organs of the

young maize plant. . A

6) Isoenzymes and Taxonomy

-

Just as it is generally true that isocnzyme patterns change with

development , and arce Jifferent’ in the various tissues and organs of any
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individual plant, it is generally true that the complements of isoenzymes

are specific to individual species of plants and that these differences

-

can be used to differentiate one species or variety from another. 1In
this respect isoenzyme.and protein electrophoresis has been used to aid

taxonomy (Boulter et al 1966). Comparison of patterns between equivalent

1

parts of unrelated and related plant species and many individuals of/;he

4
same species has helped to establish relationships between plants, in the

v
assessment of the variation within a genus or spegies and in the identification

4

-of hybrids.

"

Plénts that are not-clasely related generally have isoenzyme
patterns that are very distinctive (Fottreil 1968; Makinen and Macdonald
1968). This depends’to a ‘degree, however, on the enzyme studied, but is
especially true of the isoenzymes of peroxidase and esterase (Schwartz et al
1964). Electrophoretic protein and isoenzyme patterns ténd to be similar
but not identical in more closely related plants (Sing and Brewer 1971).
These studies have included: protein bands in wheat,)Triticum species,
(Johnson ¢t al 1967), the genus Suaeda (Ungar and Boucaud 1974) , and Yucca,
(Smith and Smith 1970), GPH and FDH in the Fabaceae (Thurman et al 1967),

- ;
Est and LAP in species of Phaseolus (West and Garber 1967), GDH, MDH, and
Cat in species of Hordeum (Mitra ct al 1970), MDH, Est and LAP in 32 L
isolates of Protosiphon (Thomas and Brown 1970), MDﬁ, Est, LAP and GDH in

]
three species of Chlamydomonas (Thomas and Delcarpio 1971), LAP, B-galactosidase

and IndOx 1soenzymes-in natural population’s of Baptisia (Scogin 1969),

Est, Cat, LAP, AP, ADH, Ind0x, Per in cultivars of peanut, Arachis hypogaea

L. subsp. fastigiata cv. vulgaris and A. hypogaea L. subsp. hypogaea cv.

hypogaea (Cherry and Ory 1973a,b), peroxidase in bush and vine forms of
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F )
squash, .Curcurbita maxima and C. pepo, (Loy 1972), Per and MDH in species

/

of Datura (Conklin and Smith 1971; Ganapathy and Scandalios 1973), Per
Est, PPO, GalDH, AP, ALP in nine cultures of Polyporus (Shano®n 55_3;_19?76,
LAP in the genus Lupinus (Scogin 1973), Est and LAP in natural populations

of Betula populifolia (Payne and Fairbrothers 1973), Per in populations

of Gossypium (Cherry and Katterman 1971) and ADH in 1,553 varieties of

safflower, Carthamus (Efron et al 1973).
+ - y" N - i

Externsive studies on the variation of peroxidase and esterase .

Y
isoenzymes were conducted among ipecies, hybrids and amphiploids of

Nicotiana (Smith et al 1970, Reddy and Garber 1971) and among 250 varieties
P4

of mafze (Hamill and Brewbaker 1969). These studies showed that each
species had a unique pattern, n; isoenzyme band was common to all species,
hybrids were most closely related in isifnzyme pattern to parents and

"y
additionally some hybrid enzyme forms were detec!!ﬁ.“

Isoenzymes would thus appear to offer a very convenienE tool

for taxonomical étudies. Caution must be exercised, however, as Wennstrom
and Garber (1965) were unable to detect differences in isoenzyme patterns
of esterase and acid phosphatase in extracts of twelve species of the

genus Collinsia and the work of Fieldes and Tyson (1972, 1973a,b,c)

on genotrophs of flax, Linum usitatissimum, has shown that environmentally

induced heritable changes in isoenzyme mobilities can occur. It is, therefore,

possible that envirommentally induced shifts in relative mobility may be
a source of_pniyme variation.
Nevertheless, isoenzyme patterns are very distinctive and have been

used as markers in the identification of zygotic and nucellar seedlings of

bt



citrus (Iglesias ct al 1974) and as additional proof that somatic cell

k4

hybridization between two strains of tobacco (N. élauca x N. langsdorffi)
had taken place (Carlson et al 1972). Malate dchydrogenase has been

proposcd as a hybridization marker in haploid and diploid species of -

Datura (Ganapathy and/Scandalios 1973). -
/ *r
7) Isoenzymes: Genetic and Physiological Studie
a .
Many of the studies of isoenzymes in plants have been direccted

towards an understanding of the goenctic control of isoenzyme f;rmation.
;o

Thts area has been revicwed by Scandalios (1969, 1974). The most extensive
investigations have beenlconcerned with the control of isoenzyme systems
in maize, Zea mays, (Scandalios 1968; Schwar;z 1960), the studies included:
esterases (Schngttz 1965, 1967 “acdonald and Brewbaker 1974), catalase,
(Sc§ndalios 1968, 1969, 1974) ADH and MDH, Scandalios(1967, 1969, 1974),
endopcpgidase, (Melville and Scandalios 1972, Scandalios 1974) and trans-
aminase (Macdonald and Brewbaker 1974).

Other genetic studies have included the control of esterase

-

isoenzymes in cucuntber, Curcurbita ecudorensis (Wall and Whitaker 1971), /////—_‘\

Solanum sp. (Desborough and Peloquin 1967) and oats, Avena Fatua (Clegg

1

and Allard 1973), A. sativa and A. byzantina (Smith 1972}, Geﬁetic studies

have been conducted on peroxidases in rice, Oﬂza sativa (Endo 1971, Endo

et al 1971), and 0. perennis (Shani et al 1969), and flax, Linum usitatissimum

(Tyson 1970, Tyson and Bloomberg 1971, Fieldes and Tyson 1972), esterase
and amino peptidase in Phascolus (West and Garber 1967, Wall 1968) and

alcohol Wehydrogenase in wheat, Triticum dicoccum (lart 1969), sunflower,

Heljanthus annus (Torres 1974a,b) and narrow lecafed lupine, Lupiﬁgs

-angustifolius L. (Marshall ct al 1974).




Other studics, of isocnzymes of whole plants have usually been

directed toward finding changes in isoenzyme pattern associated with a

specific physiological phenomenon. Studies related to injury, diseasc

)
-

and disease resistgnce have included: bean ledves, Phascolus vulgaris,

afflicted with Halo Blight Discasc (causal agent Pscudomonas phascolicola)

(Rudolph and Stahmann 1966) and infected with Agrobacterium tumcfaciens

(Curtis 1971), peroxidase isoenzymes of sweet potatoe, Ipomoea batatas

L® cv. Norin No. 1, in reclation to Black Rot (causal agent Ceratocystis

timbriata) (Matsuno and Uritani 1972), Nicgtiana glutinosa infected with
‘ T4

tobacco mosaic virus and potato virus X (Chant and Bates 1970) and wheat

stems infected with Stem Rust Disease (Seevers et al 1@71). -Sako and

N

Stahmgnn (1972) studied 14 isoenzyme systems in barley leaves infected;

with Erysiphe graminis f. sp. Hordei (powdery mildew). Their results
show an increase in the number of isoenzyme bands of 11 enzymes and a
decrease in the number of 4 other enzymes after igfectiouﬁ These types of
differences are often encountered betwcen healthy and diseased tissues. It
is not clear, however, that this additional synthesis of isoenzymes is not
just a general rca;tion to injury (Seevérs et al 1971). &
Many other physiological, isoenzyme studies of whole plants have
been fn relation to hormonal regulation (Ridge and Osborne 1970; Ockerse
and Mumford 1973, Gaspar ct al 1973). Most of these studies have involved
peroxidase isoenzymes and gd will be cxamined in detail in the secL}on on
peroxidase. The remaining physiological studics have been: the effects

~ \

of photoperiod on isoenzyme patterns (Warner and Upadhya 1968; Pencl and
[ .

Greppin 1972; De Jong 1973), the effect of nutritional régime on isocnzyme
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pattern and mobility (Van Lear and Smith 1970; ‘Fieldes and Tyson 1972,
1973a,b,c) and the usage of isoenzymes of MDI and GDH as markers of
cytoplasmic and mitochondrial contamination of wall extracts of pea cpicotyls

(Ferrari and Arnison 1974).

8) Stuydies of Isoenzymes From Cultured Plant Cells

a) Hormonal Studies

a

A large number of isoenzyme studics conducted to date with cultured
plant tissues have becen rclaéed to the hormonal control of isocnzyme paétern
Qexpression (Kaur-Sawthy and Galston 1972). Many of these'studies have
used tobacco cell cultures or pith explants and have included the effects
of cytokinins, gibberellic acid and IAA on TAA oxidase isoenzymes (Lee 1971la,
b,e, 1972), IAA,2,4-D and kinetin on polyphenol oxidase isoenzymes (Stafford
and' Galston 1970; Vernon and Straus 1972), IAA and cthylene on isoenzymes
of peroxidase (Galston et al 1968; Ritzért and Turin 1970, Birecka et al
,1973; Birecka and Miller 1974), and GA on eA;ymes of,starch metabolism

(Thorpe and Meier 1973). ' . .
\ '

e \
. . . A : . \
The in vivo and in vitro effects of gibberellic acid have been

studied in barley, Hordeum vulgarc (Jacobsen et gl 1970; Montani and Kato

1972). Large increases in thd’acﬁivity and the synthesis of new isocnzymes
of o -amylasc wefre detected. Additionally the effects of the presence

or absence of-2,4-D in the culture medium of carrot, Daucus carota L.,

\
have been studied (Lee and Dougall 1973). The greatest differences between

the trecatments was noted for isoenzymes of GDII, slight differences were

3

detected in the patterns of esterasce while the isoenzyme patterns of MDH, |

AP, aspartate amino transferase and §.glutamyl transferasc were cssentially
/ 2 ~

Ty . - Ay
‘“Adentical. s
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a
Studies on the hormonal control of isoenzyme patterns in tissue
;ultures have shown the résponses to be quite diverse. Thé changes in
patterns that do occur probably reflect the general changes in metﬁbolism
6f fhe treated ;ells. It is hot uncommon that'gr0wth regulators affect

A
the activity and expression of indole acetic acid oxidase activity and

peroxidése isoenzymes. This is of s&ecial interest because of the possible

N i3
1

involvement of these enzymes in in vivo hormone metabolism.

/
b) Developmental and Physiological Studies \

Related to the hormonal studies in plant tissue cultures.are

attempts which have been made to correlate the changes in isoenzyme patterns
; -

with developmental and physiological events occurring in tissue and cell
cultures. Gradients in the activity and changes in the isocenzyme patterns
of peroxidase, PPO and catalase were detected in explants of cultured
tobacco pith, N. tabacum cv, Wisconsin 38 (Stafford and Galstonﬁl970; Lavee
and Galston 1968). The activity of peroxidase was greatest in the cultured
expiants from the more mature pith while the activity of catalase was exactly
opposite. 4

Differences in the activity and isoenzyme patterns of peroxidase
and catalase were detected in groups of peanut suspension cells of different
sizes (Verma and Van Huystee 1970a,b). Additional activity and isoenzymes
of peroxidase were present in the larger groups, while the opposite situatiog,
that the greatest activity and number of isoenzymes were present in the
groups of the smallest dimensions was the_case for catalase.

Studies on the tumorous condition and recaction to wounding oé tisgue

culture cells has shown that these conditions and recactions can be character

ized by specific isoenzymes of Per, «-amylase, Est and AP (Jaspars and Veldstra

4



)

1965a,b; Foster and Weber 1969; Rousseaux et al 1971; Birecka et al 1§73;

Birecka and Miller 1974), It is also known thif massive doses of irradiation

of peanut (Arachis hypogaea) cells affect protein synthesis‘(Verma and
Van Huystee 1571). The effects of ionizing radiation on plant cells have
been reviewed by Verma (1973). - 4 ‘
DiEferent isoenzyme pattesns of peroxidase were found to be
characteristic of tobacco callu£ and tobacco callus induced to form buds '

and stems (RlUcker and Radola 1971) and root characteristic enzyme levels

of RNase Per, AAP, GOT were found in tissue cultures of Atropa belladonna cv.

lutea that were forming roots (Simola 1972). All the tissue clumps that
formed roots showed clear enzyme similarities irrespective of the culture
medium used to initiate the differentiation.

Other'%hysiological studies have included the effect of photoperiod
and temperature on the isoenzyme pattérns of Per, Est, AP and 6~PGDH in

Nicotiana tabacum and Dianthus caryophyllus callus cultures (De Jong et al

1968; McGown et al 1970, De Jong and Olson 1972), the effect of ion con-,
centration on peroxidase and 1ignification in apple callus\and sunflower
crown gall (Lipetz and Garro 1965; Lavee and Hoffman 1971), and the effect
of enzymatic digestion of the cell wall of sugar cane suspension’cells
&Maretzki and Nickell 1973). These expefiments have shown that certain

]
isoenzymes only appear under some of the light and temperature régimes,

i

that -the levels of ionj/gffect the peroxidases released/ﬁy tissue culture,

cells and hence may igfluence lignification, and that e removal of the cell

wall caused only qugntitative differences in isoenzymep of esterase and GOT.



¢) Enzyme levels in Plant Cell Cultures

[

Recently several investigators have reported changes in the levels
of various enzymes duﬁylg the culture cycle in batch culture. Simoka and
Sopanen (1970) reported the activities of 12 enzymes at four stages of the

growth of Acer pseudoplatanus L. suspension cultures. Enzymatic activities

during the phase of rapid cell division were different from those of the

stationary phase. The activity of aldolase and LAP were highest in dividing

[~
L

cells while the activity of glucose-6-phosphatase,acid phosphatase, ribo-
nuclease and peroxidase were highest i1n ageing stationary phase cells. The
activity profiles of six dehydrogenase enzymes during the 12 day growth

>

cycle of tobacco, Nicotkana tabacum L. cv. WR-132, suspension cultures were

reported by De Jong et al (1967). The activity of ADH, SDH, GDH, and G-6PDH

generally decreased over the culture cycle while MDH showed a sharp peak

©

of activity on day four.

A study of invertase activity of cultured Acer pseudoplatanus L.,
| 4

»

cells showed that the activity of invertase rose during the period of active

cell division reaching a peak which then declined during the stationary:

phase (Copping and Street 1972) These results are in contrast to the find-

o
-

ings of Thorpe and Meier (1973) in that the invertase levels showed no

correlation with the g%owth of tobacco callus. The fluctuations of invertase

s “

activity were simrlar to those of phenylalanine ammonia lyase activity
’
reported earlier for cultured citrus$ fruit (Thorpe et al 1971).
Harland et al (1973) reported changes in some enzymes involved in

DNA biosynthesis (DNA polymerase, thymidine kinase and thymidine monophosphate

kinase) coincident with and dependant upon DNA replication in partially

synchronized Jerusalem artichoke tissue cultures. Similarly King et al (1973)



IO

measured the activity of thymidine kinasc in synchronized Acer pscudoplatanus

@

L. ¢ 11s and found a pecak of activity twelve hours after cytokinesis in
cells with a mecan gencration time of [21.6 hours. King et al also reported
\ results of Fowler (1971) on the activity of GO6PDI and phosphbfructokinase
in batch cultures‘of Acer cells. Glucose-6-phosphate dehydrogenase was
highest- on day 4 of the 24 day cycle while phosphofructokinase showed no
real peak of activity and was highest at the staxt and the end of the
culturc period. Studies on the levels of various nitrogen metabolizing
enzymes have reccntly been rcp%xtcd in chemostag/éﬂitures of the same Acer

t

pscudoplatanus L. cells (Young 1973). Culture stecady states werc perturbed

by the addition of glutamate as an additional nitrogen source. The resultant

-

, \ . .
changes in enzyme and amino acid levels were recorded. The transition

causcd an enhancement initially of alanine and with further time an elevation

. 4

- of glutamatc-oxaloacetate and glutamatepyruvate transaminases and ¥ -glutamyl
transferase activity and a decreasec urcasec and ni{;ate reductase activity.

Davis (1971) rcported the changes in activity of threoninc deaminase

@

¢
and phenylalanine ammonia lyase activity during the growth cycle of rosé

suspension cells. The activity of TDA pcaked at day 3 and that of PAL on '’
day 6 of the 12 day culturc period. Thé pcak of PAL activity coincided
with the period of maximal phenolics content.

Other studies on theklcvels of enzymes during the growth of tissue
cultuée cells include the effects of the regulators o -naphthalene acctic

L

" acid (NAA) and ot-naphthoxyacetic acid (NAO) in Atropa belladonna cells

-

i $
(Simola and Sopanen 1971) and the effect of 6-MP on the levels of GO6PDH

. activity in cultured artichoke tissuc (Aitchison and Ycoman 1973).
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Marked_diiﬁexszii% in the levels of enzymes wer€ also reported

between shoot forming and non-shoot forming Acer (Simola 1972, 1973); and
N%cotiana Q?horpe and Laishle; 1973) cell cultures. N

The general difficulty of interpretation oé changes in enzyme
activity associateé with the growth cyéle of batch cultures anddthe growth
of differentiated structures is stressed by King and Stréet (1973).

- ‘ )

9) Peroxidase and Polyphenol Oxidase lIsoenzymes

A considerable portion of the work presented in this thesis deals

with peroxidase isoemnzymes and activity-and hence this enzyme will be
h

considered in 'some detafl.

i
~

Peroxidase and polyphenol oxidase bave been the subject of many
investigations. The two enzymes are discu§sed together because of over-
lapping substrate shecificities. Peroxidase is an enzyme which specifically
utilizes hydrbgen peroxide as an electron donor to oxidize a wide spectrum
of phenolic and indole like compounds. Although most of the literature

rd ,

has been restricted to peroxidade activity PPO actiQfgy 1s often associated.

Most isoenzymes that will oxidize méﬁophenolic compounds will usually show

some ab1lity to oxidize polyphenolic compounds although enzjmé% have been /r

detected that apparently possess only PPO activity (Wong éﬁ al 1971).
Peroxidases arc haemoproteins and thus contain iron which was

shown by Galston et al (1968) to be suffi%}ent to give a positive peroxidase

reaction. folyphenol oxidase isoenzymes are copper containing cnzymes

(Van Lear and Smith 1970, Kertesz ot al 1971). Peroxidase enzyges are known to

t -
be glycoproteins consisting of up to 18% by weight carbohydrate attached at

13

VQrious'sites predominantly by lysine & -amin grdhp%. (Shannon et al 1966;

‘A

- z .
L]

<
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Wellinder and Smillie 19723 Darbyshire 1973).

Peroxidasc activity was probably f@rst described by Raciborski
{

(1898a,b). Raciborski discovered an 'oxfgenasc' in the phloem of sugar
cang¢ stem sect}bns which he called leptomin. Subscquent cxpcrimcntatiog
with other organs led him to postualté that leptomin fulfilied a similar
role, és docs haemoglobin of animals and haemocyanin of arthropods, in the
carriage of oxygen, in th;s casc from the leaves to the other organs.

Most of the carlier work on peroxidase as would be expected is

histochemical in nature. Studies have bren made on whole plant secti?nq

»wi "
shoots-, Toots, stems and meristems by a variety of workers (Van Fleet

LY

1947, 1959, Jensen 1955, Vanden Born 1963; be Jong 1967, Alvarez and King

1969, Shcen and Rebagay 1970, Hepler g£~§1_197@;°kamaihh et al 1972).
Tissues and structures thét'displayed the strongest activity were: troot
cap, epidermal layers, protophlvem, and protoxylem in ;oot; trichomes,
cpidermiQ, eqdodcrmis and phloem-in stems; and sub-apical and pheripheral

@

tissues in shoot t;ps.

In cellular terms peroxidase actibiﬁy can be di&ided inte wall
associated and non-wall associated activiéies. Non-wall associated activity
has béen found in cvery cyéoplasmic compartment cxamined (Lee 1974), i.e.
“in association with lysosomes and mictobodies (Plesnicar ct al 1967) and
ribosomes and mcmbraAcs (Penon ¢t al 1970; Darimont and Baxter 1973). ngl

associated activicy was found both ionically and covalently bound to the

cell wall matrix. The ionically bound activity is preferentially releascd

F

-+ .
by Na and catt 1ons while the«covalently bound enzymes may be released

by pectinasce (Lipetz 19655 Evans 1968; Ridge and Osborne 1970a,b, Osborne
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et al 1972; Gordon -and Alldridge‘1971;,whitm0ré 1971; Birecka et AL‘LQJ&TT
[ ° 0 R 1
Peroxidase-activity has been stugted cytochemically in tobacco

tissu; cultures b%‘De Jong et al (1968). The strain of cells used by

.De Jong et al (Nicotiana tabacum cv. NC95) grew in filaments without well

defined growth phases. Peroxidase dctivity,ﬁas localized intensely at one

NG end of a tilament and scattered unevenly in the cell walls.

\\\\
s N . ‘
appeagg\tq\kf predominantly associated with chloroplasts and mitochondria

- Activity detected biochemically, "specific to polyphénol oxidase,

(Harel et al 1965; Mayer 1966; Angerson 1968; Tol%ert 1973).

Much of the more recent work on peroxidase and PPO has been in
reiﬁtion to the wide octurrence of these enzymes and hence their usefulness
.as markers and tools. A large part of this work has been compiled and
reviewed by Shannon (1968) atd Scandgllos (1974) .

B T e T,

... Changes in peroxidase isoenzyme patterns have shown a close

correlation with many developmenta} phenomena. -Peroxidase and PPOﬂlsoenzymes
show shifts in activity and pattern with development (Racusen and Fo;te

1966; Alvarez and King 1969;Mkeswani and qu§éya 1969; Anstine et al 1970;
Chen et él 19705 Evans 1970; Sahulka 1970; Ramaiah et al 1971; Khan et al
1972) whichleventually result in the formation of organ specific isoenzyme
patterns (biegel and Galston 1967; Makinen 1968; Upadhya and Yee 1968; Hall
EEiél 1569; Hamill and Brewbaker 1969; Sheen 1969; Wise and Morrison 1971).
Peroxidase isoenzymes have been feund to show changes in connection wihh:

°

19
mutation (Gupta and Stebbinq&. the sizé of clump in peanut cwltures (Verma
€

and Van Huystece 1970a,b) and,x]irradiatlon 1in Nicotiana“(Chourey‘EE al 1973),

differentiation in tissue culgLre (Rticker and Radola 1971; Lee and Dougall

//// !
. . .




1973) with nutritional environment (Van Lear and Smith 1970, Fieldes and
Tyson 1972, 1973ajb,c) and with light and temperature treatments (De Jong

et al 1968; Olson ct al 1969; McGown et al 1969, 1970; Pencl and Greppin
« 3 / "

:

- 1972; De Jong 1973). N ha

Peroxidase is thus seen to be involved in or related to many -
developmental phenomena. Much of this evidence is purely circumstantial
in nature as the acgual in vivo role of peroxidase remains unclear.

6ne of*the more attractive possibi¥ities as to the function of
peroéidasc and PPO is the implication that it is involved in the metabolism
of auxin kGalston et al 1953). This possibility has gained support because
peroxidase isoenzymeélcan, when supplied with Mgt and the appropriate
cofactors, oxidize indole acetic acid and the findings that the appearance
of certain peroxidase and polyphenol oxidasSe isoenzymes are under hormonal
control. These ispenzymes ha;e appeared in relation to IAA and 2,4-D
(Galston et al 1968; Lavee and Galston 1968; Galséon and Davies 1969; »
Lesham et al 1970; Ritzert and Turin 1970; Stafford and Galston 1970; Lee
1971a; Lesham and éalston 1971; Whitmore.l97l, Birecka et al 1972; Meudt >
and Stecher 19725 Gaspar et al 1973), gibbercllic acid (Birecka and Galston*
1970; Lee 1971b; Rycher and Lewak 1971; bckcrsc and Mumford 1973), ethylecne
(Gahagan ct al 1968; Osbo;ne et al 1972; Ridge and Osbofne 1970a,b; Shannon
et al 1971; Birecka and Miller 1974) and cytokinins (Lee 1971c, 1974;
Gaspar et al 1973). 1In some cases the new isocnzyme forms that aﬁpcarcd have
been shown by labelled anino acid incorporation (Gahagan et al 1968; Galston
ct al 1968; Kaur-Sawheny and Galston 1972), and by density labelling techniques

(Anstine et al 1970, Quail and Varner 1971) to be Formed de novo. The

4
application of a hormone does not always elicit the formation of new

\
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isacnzyme forms, in fact the formation of some isocnzymes may be represscd

(Kaurksawhncy and Galston 1972) or the t9tal peroxidase activity decrcased

-

dramatically (Lee 1974), . /// /y

o

The active site of pcroxidaéc activity rests with the iron contain-
ing hhemec prosthetic group while the IAA oxidasc activity of the peroxidase
. . ++ L i
whicH requires Mg and phenolic co-factors was thoyght to be a property
of trc apoenzyme (Galston et al 1968). The IAA oxidase activity of the

Dee

to be devoid of peroxidative .IAA destructive and jethylene forming ability.

zyme has been disputed by Ku ct al (1970) vl found the apoenzyme

There has been considerable dispute as o whether the levels of

peroxidase and IAA oxidasc are the controlling factors in the in vivo
. b .
regulation of IAA levels (Stonier 1971; Raa 1971). Stonier has proposcd

“that IAA levels are regulated by the levels of small molecular weight

o-dchydroxyphenols which inhibit the oxidation of IA by their action as
anti-oxidants (Stonier 1971). A considerablc.amount of experimentation
has b@en conducted on these auxin protector substances (Yoneda and Stonier
1966, 1567; Stonier and Yoneda 1967a.b, Stonier ct al 1968a,b, Stonier
1969; Stoaier ct al 1970a,b, Stonier 1971; Novak and Galston 1971). Stonier
suggested that anything that affects the levels of auxin protectors will
causc a shift'in the cell metabolism towqfds division or alternatcly towards
diffcrentiat;on. It has been shown that the levels of auxin protector
substances arc very high in meristematic, tumorous and wounded tissues.
These studics have implicated peroxidasce as involved in the maintenancc\

of cellular redox potentials (Akasawa and Conn 1958, Stanier ggig% 1970a)

by the oxidation of NADI or possiﬂly SIl groups (Pilct angd Dubois 1968a,b).

Iq addition to peroxidasc isoenzymes being stimulated by, and

involyed in, the destruction of auxin it has been postulated that peroxidase
- s

. N g

i
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itself could be responsible for the formation of another plant hormone,
namely ethylene (Yang 1968; Kang ct al 1971; Phillips 1972, Fowler and
Morgan 1972). The gcnofation of ethylenc via methionine metabolism

may explain the increcases of peroxidasc and PPO isocnzymes that accompany
fruitcripeﬁing (Frenkel 1972; lHaard 1973; Hobson 1974). Peroxidases

have similarly becn associated with plant rcspon%ks to injury and discase
C;sibtancc ¢(Chant and Bates 1970; Curtis 1971; Rousscau et al 1971; Seevers
et al 1971, Matsuno and Uritani 1972; Birecka ct al 1973, '1974).

A more direct and specific role of peroxidase and PPOlhas been an
involvement in ;hc formagion of lignin-like compounds (Lipetz 1965; Lipetz
and Garro 1965; Brown 1966) and further involvement in the devclopment of
the cell wall (Ridge and Osbqrnc 1970a,b; Osborne et al 1972). Peroxidase
in vitro will polymcrize simple phenolic compounds and elevated peroxidase
levels are often associated with genetically dwarf plants (Siegel and
Galston 1967, Evans 1968, Gordon and Aldridge 1971; Schertz et al 1971).
Another rather novel and quite unrelated suggestion was made by De Jong
(1866) that peroxidasc is involved in & system for the transport of ioms

-
in roots.’

Py

Despite all of thesc many different but often related investigations
¥

of peroxidase and PPO activity their exact in vivo -roles still remain very

much a mystery.
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1I1 MATERIALS AND METHODS

4

A. Cell Cultures

q

19 Stock Cultures

The stock suspension and callus cultures of root, hypocotyl and
cotyledon used in the’prcscntﬁﬁork were initiated in this laboratory in
1968 by Dr. D.F. Liau. Callus cultures were maintained on coconut milk
containing M3 medium (Liau and Boll 1970; Liau 1971 Ph.D\lEhcsis) on a
21 day culture cycle while suspension cultures were maintained in M4
medium (Ligu 1971) on a 12 day culture cycle. The contents ‘of M3 and M4
media are shown in Appendix I. h

2) New Cultures

The generdl methods used for establishing cultures are described
elsewhere (Liau and Boll 1970; Liau 1971). Root, hypocotyl and cotyledon
explants of sterile five day old seedlings were set out on M3 or solidified
'synthetic medium (Mante 1974, contents given in Appendix II). The parts

chosen for culture are shown diagramatically in Figure 1. The development

and seed germination of~bush bean (Phaseolus vulgéris cv. Taylors Horticultural)
is discussed in detail by Walbot et al '(1972). ~Ca11uses that formed from

the explants were allowed to develop for 4 weeks and then transferred to

solid or liquid medium (for the formation of suspension cultures) or used

g -
for experimental purposcs dircctly.
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Fig. 1. Parts of the secdling chosen for cuf%qu:\l. - ro?t, 2. - hypocotyl,
l .
, L

- -

and 3. - cotyledon.’ -

Newly derived suspension cultures were analysed Egg isoenzyme patterns
after one, two and three passages. Growth of the newly derived suspension
cultures was considerably sfower than the established stock cultures, therefore,
the initial culturc passages were of three or Ffour weeks duration. Cells
used at the end of this period were scived by the method described by Liau

(1971) so as to exclude clumps of cells from the analysis.

B. Mecasurement of Growth ~

1) Fresh Weight

-

The fresh weight of -cells was recorded simply by collection on filter

paper in a Buchner funnél by suction. The cells 'were washed five times

-~
[y

with dilute buffer or distilled watcr:

.
The weights of callus tissues used for analysis werc measurcd directly
2) Cell Number

the number of cells per flask and per ml of culture were calculated

z

«

from the chromic acid digestion of 1.0gm of suctﬂg? dried cells, essfntially

2

"
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Fig.

2.

we 4

~Parts of the mature bean plant sclected for isoenzyme

paffern analysis, 1 - root, 2 - petiole, 3 - stem

E

. _(secgndwipggrgod§)3~4 - 1eaf, 5 - immature pod.
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as described by Liau (1971). After digestion for 12 hours the samples

" R

were dikuted to 100 mls and agitated by expulsion through a syringe to

separate the cells. The cells were then counted microscopically in a

’

Sedgewick Rafter Plankton counting chamber with a capacity of one ml.

The number of cells per culture was calculated from the average of fifty
, .

counts.
T

C." 'Electrophorctic Procedure

1) Preparation of Extracts /

Sections bf seedlings (Fig. 1) or the parts of whgle, six week old
plants grown under green house conditions (Fig. 2) wete harvested and
weighed. Samples of 5.0 gm of plant material were homogenized in 2.5 ml
of chilled tris-HCl extraction buffer with a Virtis '45' high speed
homogenizer and then subscquently in a motorized glass mortar and pestel.
Thel extraction buffier, 0.59M tris-lIC1 pl 6.9, contained 5 x 10_3M cysteine

hydrochloride and 5 x 1074

M EDTA. Homogenates'were equil?brated with
Polyclar AT* powder for 30 minutes at 4C. Samples (5.0 gm) of callus
cells were homogenized aircctly in 2.5 ml extraction buffer with a glass
mortar'and pestel. Suspension cells from‘ any oneatreatment w.cre pooled,

¥

filtered from the medium in a Buchner funnel by suction and- then washed
with ten times dilutc extraction buffer or distillodﬁryater to remove
residual medium and medium macromelecules. Iixtractj' were then preparced
as with callus cultures. ’

All homogenates were centrifuged at 20,000¢ for 20 minufes in a Sorvall
RC2-B refrigerated coentrifuge. The resultant supernantant fluid was used
for eclectrophoregis,  Samples of various media retained after the filtration
of cells were subjected to clectrophoresis without further trcatment.

Dialysis of the extracts was not included as, part of the routine

* obtawtned from Geigy Corporation,
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' . procedure bccau:,v/littlc clarification of isocnzyme patterns resulted from -
iy ¥ R
‘o~ ’1 ~—

- '3 II . . + . .
. this process ani/therc was considerable loss of some enzymatic activitics. .

1 t
Prcscrvat;on of extracts {for duplicdte experiments was accomP®ished

'
i

- by freczing at -20C; Froszcen extracts were analysqd the following day

‘ . . - I3 . .
in order to minimize any inactivation causcd by freezing. On a few occasions

callus and suspension cells were also prescrved for short periods by freezing.

»

2) Disc Electrdphoresis

Polyacrylamide clectrophoresis was performed csscntially as described
\
by Davis (1964). Proteins were separated on 7.5% small pore\géib at pll

8.9, at 4C in the dark. A large pore stacking gel was also ujed. Recipes

for the acrylamide solutions and buffers are listed in Appendix III.

PES

\

Aliquots of 0.2 ml of c¢ell or tissue grtract or 0.5 ml of medium

-
v

were applied to each large pore gel and subjected to e}ectrophoresis with

a constant current of 2.0 milliamps per tube until the bromophenol ‘tracking

dye move into the gel. The current was then increcased to 3.25 milliamps

per tube. The protein extracts were\%}luted with forty percent sucrose

golution to give a final concentration of ecither 100, 50, or 25 pg progein "
o \ N

per ml. dependant upon the initial concentration and the enzymes studiedg”l .

The electrophoresis was terminated when the tracking dye had movéd to ncar

the end of the tube (aboul 2-2 1/2 hours). \
/ Gel tubes were removed from the electrophoresis tank and ‘placed in

,

“a sink on a bed of erushed distilled water 1ce.  Gels were cooled for 5

minutes and then removed from the tubes by a fine jet of water supplied

by a hypedermic ncedle attached, by a hose, to a deionized water tap.

v

the gels werce then placed in the appropriale reaction mixtures.
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‘ 3) Enzyme Visualizatlon ‘ : ¢
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a) Malate Dchydrogenasc, (L-m&latc: NAD oxidoreductase, E.C. 1.1.1.37).

g Malate dchydrogenase (MDH) activity was localized as dark blue

k\ staining bands against a light ycllow background in reaction

\

mixtures containing:

5 NAD  tervevenreveeecnaronnsocassses. 15 mg

7 PP I 4
L PMS Lt eiieinensiecanannanans este.. 5 mg
0.2M tris-HCl, pH7.1 ..... ciesreene. 10 ml
0.05M Na-L-malate ....ceevuveenewe. 25 ml

° i Hzo J T tieeseean. 15 ml

- Incubation time; ..,eeeevecrerececss 20 minutes (in dark)
Protein concentration ......ceesee.. 25 or 50 pg/ml
Fix in 7% acetic acid.

0

-

b)“Glucosc-6—Phosphate Dehydrogenasc,"(L-glucose-6-phosphate: NADP
oxidoreductase, E.C. 1.1:1.49). Glucoée—o—phosphate dehydrogenase
(G6PDH) activity was localized by method of Shaw‘'and Prasad (1970).

Reaction mixturcs contained:

v - -
H
B Y

3 NADP+ .............. s e e o st s s s e e, 30 mg
NBT e e et ceeseen ee. 20 mg

PMS e e A -

0.5M tris-HCl, pH7.1 .....7c.ccc... 25 ml

: Nay glucose-6-PO4-Ho0 .. ... viesnas..200 mg

HOO tvvenveeeraneenennnns Ceiierae.. 90 ml

Incubation time; ..... cee e weesee. 60 minutes (in light)
(Chen et al 1970)
> Protein concentration; ..%....e «e...100 npg/ml
Fix in 7% acctic acidk .u/

o

2



-

. * ¢) Glutamate Dehydrogenase, (L-glutamate: NAD(P) oxidoreductase

4 - (deaminating), E.C. 1.4.1.3). Glutamate dehydrogenase (GDH) .
activity was localizagd- as-dark blue stainiﬁg bands in reaction

mixtures containingy -

1Y 1 e .. 15 mg
; ' (or NADPt w.iviiiiiniiinenn. ceeee. 15 mg)
PMS et ieii ittt et e e T 5 mg
NBT .otieereeens Crae s erreessse 2> mg 0
, 0.2M Phosphate buffer pH8.0 ....... 25 ml
' 0.1M Na-glutamate ....... cecesens. 25 ml
- Incubation time; ......civecsosnven 30 minutes (in dark) .

Protein concentration; ....ee.cesa. 50 pg/ml,
- Fix in 7% acetic acid.

- d) Peroxidase (polyphenolic)¥* | . 4
Peroxidase (éolyphenol;c) (PP) isoenzymes were localized by reaction
mixtures containing hydrogen peroxide and polyphenols:

i) DOPA-H,0,, 8 x,10"?M 3,4-dihydroxyphenylalanine plus 0.1 ml

7
of 3% H202 per 10 ml. Gels were incubated for 15 ‘and 30 minutes -

e " until dark brown bands appeared. Gels were fixed in 7% acetic
acid.
P ii) Catechol: H202, 5% 1,2 bénzenediol in Sodium phosphocitrdte
| v

~
e«

buffer pH 6.5 + 0.1 ml 3% B0, per 10 ml.reaction mixture.
Incubation time; 15 or 30 minutes. ! .

iii) Chlorogenic and caffeic acids: HZOZ’ Phosphate bufferedz pH7.0, .
saturated solution of chlorogenic or caffeic acids + 0.1 ml of

2

"3% H202 per 10 ml reaction mixture. Incubation time; 15 or 30

minutes. -
i
*Peroxidase activity toward polyphenols.is distinguished here as

‘ peroxidase (polyphenolic) without implying any specificity toward

such polyphenols.



k3

£)

i

Catalasc aftivity was Located by the method of Mitra ct al (1970).
Soluble stggch (0.25%) was incorporated into the small porge gc%.
After electrophorecsis the gels were incubated for one minutc'in

a solution containing 0.57% HZOQ,fnd tﬁcn washed with distilled
‘water.

acidified with acetic acid.

E

e) Catalasc, (1,_0_: H,O,

20, Hy0,) oxidoreductase, E.C.

’

1.11.1.6).

-

T I
¢

light or white staining bands against a black background.

+

Peroxidase, (Donor: H202 oxidoreductase, E.C. 1.11.1.7).

Peroxidase (Per) isocnzymes were Visualized by the following

methods: .

i)

Rinsed gels were dipped into a 1% potassium iodidé solution

Areas of catalase activity remain as

Guaiacol - HZOZ' Gels were incubated in 5 x 10—3M guaiacol

(o-methoxyphenol) buffered with 0.2M Sodium acetate-HCl at
" .

pH5.0 with 0.1 ml of 3% HZO per 10 ml.

2

for ten or fiftecen minutes and then fixed in 7% acetic acid which

sogpetimes resulted in the appearance or intensification of some

bands.

Benzidine - HZOZ' Gels were incubated in a rcaction mixture made

up as }olIOWS: Onc hundred ml of 7.0% acctic acid plus 16 gm of

sodium acctate was saturatced with EDTA.

and saturated with benzidine dehydfbchlorido (p~diamino—diphu§yl'2HC1)

-

Gels were Incubated in the benziding'selution plus 0.1 ml 110

per 5 ml for 5 or 10 minules. Peroxidase activity is localized
- .

as dark bluc or yellow staining bands.

acceltic acid.

Gels were incubated

i

™
The solution was filtered

Gels were fixed in 77

1

T
*
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. , iii) 3-amino-9-cthyl carbazoloe; 11202. Gels were stained in a rcaction

¢ il Al

mixturce containing: -

) 3 amino:9-othy1 carbazole v oiiisiesevianeess o 5 ml -
. o (dissolved in Dimethyl formamide § mg/ml) L '
. . Ne——" 0.05M Sodium acctate PH5.0 «vueevevnetonn.. 97%~ml. . - o~ "
" ] 0.1M CaCl2 e ittt et aereea 2 ml ‘
© 3% HZGZ e aeeaiiieeecicarecaaat e aaaene 0.5 ml
- Incubation time; ....... e te s L.i.:. 30 minutes

Fix in 50% glycerol (Shaw and Pracad 1970).

'g) Indolegcetic Acid Oxidase: Indoleacetic acid oxidase activity

ST A o

was localized ﬁy the method of Endo (1968). "Reaction mixtures

‘

contained: .
1.0mM potassium -3 indoleaccthte
0.5mM sodium 2,4,6 trichlorophenol
Fast Blue BB salt ...... 2 mg/ml
in 0.2M Sodium acetate buffer pH5.0

h) Glutamate - Oxaloacetate Transaminade, (L-aspartate: 2-oxoglutarate

“

aminotransferase, E.é. 2.6.1.1). Glutamate - oxaloacetate

transaminase activity was detected by the method of Schwartz et al

* (1963), cited by Shaw and Prasad (1970). The reaction mixtures
J
,or contained:
A
L-aspartic acid ....... ¢ e saaneen eesen.. 532 mg
¢ eo=ketoglutaric acidk .............. . 00000 13.amg
Pyridoxal phosphate ...... Ve e rete e ver 50 mg
+7  Fast violet B salt ..... f et ide e e 200 mg

0.1M phosphate buffer, pll7. O cvetteesseas. 100 ml |

Incubation time, ..ot eneeens «eeieee.. 30 minutes
Fix in 50% glyccrol. ™

" “"'-n.—‘ 2 e 3 ’ . ]
i) Esterasc, (Carboxylic ester hydrolase, E.C. 3.1.1.1). LEsterase
(Est) isocnzymes were localized in reaction mixtures containing:
Fast Blue RR salt  «..v.viennrsncencanees. 25 mg

i 0.2M tris-1CY buflfer pll7. 0 rereeniiieii. 10 ml
- o - naphtltyl acerate (1% in acctone) ....,0.1 m]*

. T - /
‘ - 1120 RRETEEEEEEEEEE R e ., 40 ml .

a4 -
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. . - Incubation time; ....,..0se0e0eses0.. 30 minutes . °
- (changed after 15 minutes Lf solution® became cloudy.)

g ’ Fix in 7% acctic acid.
. ’ <A1tcrnate substrates: , -
- u-naphthyl proprionate, a.ﬁaphthyl hutyrate v
‘ o.-naphthyl laurate *(lipase), ‘Napthol AS acetate
. and B-naphthyl acctate P

Fast Garnct CBG salt was a1§p used as a coupling dye (Lchand
.~ Dougall 1973). .

N
.

o Eserine and 5-Bromonaphthylacetafe were usdd as inhibitogé‘,
(Veerabhadrappa and Montgomery 1971a,b). , 7 ’

o

- ’ j) Acid Phosphatase, (orthophosphoric m&hoester phospho-hydrolase, p

L3

x

E.C. 3.1.3.2). Acid phosphatase (AD) activity was localized as

“red-purple bands in reaction mixtures containing:

c

Na- oo-naphthyl acid phosphate .....3.... 100 mg

- 0.05M Na-acetate-HCl pH3.0 ...c...cn ees. 100 ml
; i Fast Black K salt ...cvvevvneanesosse.d. 100 mg .
| or Fast Garnet CBG salt ................ 100 mg .
| Incubation time; e eeeeess 30 or 45 minutes
Fix in 7% acctic acid. )
Method of Shaw and Prasad (1970). . ) "
* & R < 3
k) Leucine Aminopeptidase, (L-leucyl-peptide hydrolase, E.C. 3.4.1.1) T

‘ [y

Leucine aminopeptidasc (LAP) 1soenzymes were localized as blue

bands against an orange background in rcactlon mixtures contaiming: '

. - .
. 0.2M tris-malcate buffer pH6.0 .......%. 50 ml . )
N ’ . HO toerionnonennanns 50 ml “ Ok
. L2 leucyl p-naphthylamide-HCI. ceares. 20 mg
! Fast Black K salt ...cvoevvvnerennanenes. 50 mg
or Tast CGarnct CBC SMIt ...eeeeeoeceasss. 50 mg
) Incubation LimC; .e.ecioererssecnss Ye... 30 or 45 minutes
- b Fix in 7% acetic acid. RN ’ ' 4
‘ o Mcthod of Shaw and Prasad (1970). 4] ° 3 /rxff‘
o - - - .
~ e v -
o .
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D. Protcin Estimation . ) -

¢

-
'

ProLc}n estimation prior td clectrophoresis was conducted by the

;

convenicnt method of Waddel“(1956). A sample of the protein extract, diluted

100 timesy was scanncd for absorbance in the uvirange with a Unicam SP
800 scanning spectrophotometer. The difference in absorption between
215 and 225 nm when compared to a standard curve made using bpvine serum

{
albumin (BSA) gave a rapid estimate of the protein concentration. The

o

values obtained were in good agreement wiith those obtained by the Lowry
method. Protein estimates used in the calculation of specific activity

of cnzymes were conducted fluorometrically. TFluorometric assays using

- L}
the fluoroscene reagent arc very accurate and gave valucs similar to those

" 2

of the more conventional Lowry method. No interference from secondary

-
.

plant products vas detected.

E. Recording of Electrophoretic Data

All gels were diagrammed immediately after electrophoresis. On same
'\

occasions gels vere photographed using a Leica M2 camera equipped with

a reflex housing and 50 mm lens. Gels were photbgraphed in a petrie dish

T

containing 7% acctic acid., Lighting was supplicd by two 600 K flood
lamps. Subsequently gel scans were made using a Zeiss LKB Spectrophotometer
with a lincar transporter. Dchydrogenase gels were scanned at 610 nﬁ,

Est, LAP and AP at 540 nm DOPA (PPO) at 325 nm and guaiacolwacr) at 295 nmfg

The mobilities of Lhe individual isocnzympes wore calculated directly from
K ynm

the diagrams and photographs. .
The activitics of the individual isocenzymes were calculated from
RS o .
the measurement of #elative peak areas on the gel scans (llart et al 1971).
Activity is expressed as percent total enzyme activity and as A 0.D. per

4n
v



“a D

mg soluble protein, per gm fresh weight ov per million cells. The -

o

e

-accuracy of pcak areca calculations was checked using an ORTEC scanning

and integrating spectrophotometer (LC&G Co., Oak Ridge, Tenn., U.S.AL) .

/
Diagrams of the changes of intensity and changes in pdtterns of
. , . K . .
isoenzymes were calculated from the average of three and up to six
il S

scparate experiments. Where data is presented for onc specific culture

Cf -
cycle it was typical of repeated experimentation. The intensity of the

isoenzymes activity is represented by an arbitrary cight-point scale of
. . B - :x
intensity. When composite diagrams were prepared the band intensity

displayed was the average of all cquivalent bands considered.

The nomenclaturc of isoenzyme bands was determined by the following
L4

general principles. Under anyone sct of experimental conditions isocnzyme

bands were_designated with capital letters incorder .of deereasing migration

towards the anode. In cascs where isoenzyme bands appeared to be related
or where large bands of activity werce secn to divide into scparable forms

additional numerals were affixed for purposcs of identification (e.g. Al, «
< <
A2, A3). 1In the final section of the thesis isocnzyme patterns generated
» -y
from numerous sets of experiments were compared. During the progress of

the work certain equivalent isocnzymes were unavoidably designated with

more than one symbol, therefore for clarity the isoenzyme bands where
necessary were renamed,  The same general principles were cemployed, however
numerical ndditions were avoided as much as possible.  Isoenzyme bands that

migrated to the same point bul showvd differences in banding pattern or

N §

A}
other properties were given small case letter subscripts for identification
(e, Kr vhere r - root, and Ky where h = hypocotyl).

- A L4
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(. F. Ultraviolet and Colorimetric Enzyme Assays
Spectrophotometric assayé of peroxidase, PP , MDH, GDH, LAP and AD
were conducted. All readings were made with a Unicam,SP-800 spectro-
photometer temperature regulated to 25C.
1) Peroxidase
Peroxidase activity was calculated from the increase in absorbance

~ N . N

; at 470 nm Of a 5 x 10_3M guaiacol solution, Five drops (0.1 ml) of
freshly prepared 3.0% H202 was added to 2.85 ml of thé guaiacol sblution
buffered to pH 5.0 (Na-acetate/acetic acid) and gquickly inverted several
times. To this 0.05 ml of enzyﬁe extract was added and quickly mixed.

The change in absorption was recorded for, 30 seconds. Each sample was

)
tested five or six times and in the case when activity was very high
dilutions 9f the extract were made and retested: Activity is exgressed
as & 0.D. units/minute pér mg extract protein, per gm fresh weight, per

million cells and per ml of medium.

2) Peroxidase (polyphenolic)

o

f Peroxidase (polyphenolic) activity was measured from the increase in
' \
' absorbance at 325 am of a 5.0% catechol solution buffered to pH 5.0 with

Na-acetatefacetic acid (0.2M). The procedure \was the same as above.

3) Malate and Glutamate Dehydrogenase

, . Assays for dehydrogenases were carried out at 34Q nm and monitored

- the rate of formation of NADH at this waveleégth. The %éﬁ;tion mixture for
malate dehydrogenase contained 0.9 ml of 100 mM tris-HCL buffer, pH 9.2,
1.0 ml of 50 mM sodium malate and 1.0 ml of NAD (1 mg/ml). The reaction

was initiated by the addition of O%l ml ‘enzyme exfract. The reaction mixture




for GDH contained: 1.0 ml of 0.1 M phosphate buffer pll. 8.0, 0.2 ml of 0.1 M
sodium glutamate, 0.5 ml NAD sofﬁiion (2mg/ml), and 1.1 ml doioﬁizcd water
(Yamasgii and Suzuki 1969). The reaction is initiated by the addition of

0.2 ml enzyme extract. A ;nit of activity is defined as the increcase in
ahsorbance at 340 nm of 0.01 0.D. per .ninute. .

4) Acid Phosphatase

Assays of acid phosphatasc were conducted cssentially as deseribed

r

in Sigma® Technical Bulletin No., 104. Reaction mixtures contained 0.5 ml

|

. ) |

.sodium acctate buffer (0.05 M) pll 5.0, 0.5 ml substrate (Sigma 104 plosphatase, *©
) |

substrate) 4 mg/ml, and 0.1 ml enzyme extract. After 15 minutes the recaction
is stopped by the addition of 10.0 ml of 0.05 N NaOH. Each sample was
tested five times. The intensity of the yellow color is read at 410 nm.
Units of acid phosphataso'activiiy are calculated from a calibration curve

[

made with a p-nitrophenol standard solution (obtained from Sigma*). A |

typical curve is shown in Appendix 4.

5) Leucine Amino Peptidase

Assays of LAP were conducted as described in Sigma® Technical
Bulletin No. 251. The amount of LAP activity is calculated from the color-
~
imetric detcrmination; at 530 nm, of pB-Naphthylamide liberated from the
substrate L-Leuceyl B-Naphthylamide. Each sample was tested five times. A
standard curve was preparcd using Sigmg* LAP calibration standard, A

o¥

typical standard curve is showun in Appendix.s.

“*Sigma Chemical Company, St. Louis, Missouri, U.S.A.
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G. Enzyme Cytochemistry )

Cells used for cytachemical enzyme location were filéered from the’

med&um and weighed. Samples of 0.5 or 1.0 gm were put in émall petrie

v

dishes containing buffers and the appropriate reagents for staining.

Some samples were washed to remoug residual media-macromolecules. ‘Celld

- -

not supplied with enzyme substrates were included as controls.

Pe%oxidase activity was localized using guaiacol and{benzidlne—HzO2
reaction mixtures similar to fhe methods of De Jong et al (1967) and
Reiss (1973).

-

The PP activity was localized using DOPA-HZO2 reaction

»

miXtures.

Glutamate dehydrogenase, MDH and G6PDH activities were localized
using a butffered tetrazdlium dye system containing: NBT, PMS and NAD as
degcribed by De Jong et al (1967).

Esterase activity wasglocalized with an“rufnaphtholacetate/fast blue
RR salt reaction mixture (Gomori 1952),

Acid phosphatase and LAP were localized at sites where enzymatically
liberated ot-naphthol and @f-naphthyamide combined with the azo dye faég
black K. The substrate used to localize AP was @ -naphthol acid phosphate
and that for LAP was L-leucyl-B-naphthylamide.

All cytochemicals were purchased from Sigma Chemicai Co., 5t. Louis,
Mo. except fast black K salt which was obtained from K & K Laboratqries

v

Inc., Plainview, N.Y. - .
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. IV RESULTS
s
6 - A. Stock Callus Cultures: Cha:nges in Isoenzymes During the Culture Cycle
, g and Differences Between Root, Hypocotyl, and Cotyledoﬁ Cultures ,
1) Introduction o '
= ' , Isoenzyme patterns were exhaustively analysed over a six
T

cycle period (passages 50-56) in order to fully apéreciatb, first,
isoenzymatic changes during the culture cycle; second, persistent
differences that occurred between the cultures; and third, the possibility
| of enzyme variability being of critical importance in interpretation. l
Figures 3-6 show isoenzyme patterns frbm one culture cycle

which was representative of recurring patterns of changes during all the
culture cycles sgudied. It was found that a particular change might not
be evident at exactly the same time in any one culture cycle, but never-
theless it always océﬁrred within a period of a day or two,

Peroxidase, PP , Est, MDH, GDH and LAP enzymes were studied,

| in all three cultures, in three to six culture cycles. Catalase was

studied once during cycle 51, Electrophoretic accuracy was checged both

-

by running a duplicate sample of fresh extractfgnd subsequently a preserved,
frozen enéyme extract,
2) Peroxidase
The peroxidase patterns n&fmally found with extracts from
root, hypocotyl, and cotyledon tissues are summarized diagrammatically

in Fig. 3. In general the isoperoxidase patterns of the three cultures
v 4 -
4

were similar, the patterns of the isoenzymes were foutid to change during

i
‘
-

. the culture cycle, and consistent differences were detected among the

. three cultures,

. - 1
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The peroxidasc isoenzymes recorded here can be grouped into
l‘
several cutegogxfs according to their general properties during the

culture cycle. tirstly, there arc isocnzymes which arc detecctable at

K

all stages and whlch show the maximum detectable activity as judged by
. 2\
band staining-.intensity. Examples arc D1 and F’'in Fig. 3, which are

.

present in all three cultures. Other enzymes, c.g. Al, B, Cy D3, E

o . \

‘{Root.), G, and 1l arc ‘ablc and change in activity, sometimes disappear-

i

B

ing‘comPlctély during part of the cycle (e.g. Al, D3, E, G) or change in
banding pattern (e.g. C1-C2).

Certain isoenzymecs were ou1y°prescnt in one of the three
cuitures; Thus H, E, D3, and €2 occurred only in root, while A3 was
deécctcd only in hypocotyl. The maximum number of isoenzymatic diffecrences,

between the cultureéJ was found at day scven (see Fig. 7) during the phase’
' }
of most active growth of the callus (Liau & Boll, 1970). In rare instances

¢
changes occurred which could not properly be grouped in any of the afore-

mentioned categorics., For example with isoenzyme B, in all three cultures
in cycle 54, therc was a decrcase in activity to below that in the inoculum
and, by day ZEi the level of activity was not restored. This loss of

activity was Bf a temporary nature becausc in subsequent passages the

- e

original levcl of activity was restored.

e i
The isoperoxidases of these culturces display a certain degrec

«

of substrate specificity in that benzidine and gualacol always gave a more
t

intense reaction than did orthodianisidine and 3-amino-9 cthyl carbazolc.

Isoenzymes B, G, and 1l recacted more strongly with guaiacol as substrate,

while isoenrymes AL, A2, A3, and D3 rcacted more strongly with beizidine '

as substrate. Y P -
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Fig. 3. Benzidine peroxidase isoenzymes. Diagrdmmatic comp-

arison of isoenz&mes from root, hypocotyl and coty-

ledon callué during cycle 54. The numbers at the top

of the gelg denote the days of the cycle (duration

) 21 days). The initial day 21 is from the preceding
cycle (inoculum). Enzyme activity is represented by

degree of band intensity,

’

o




T
A2
A

K
ED‘
- C
- L]
T A2

A

IMTHE 1

A
L

...

o2
T
‘rj

—
N

|
—

1R BN .

=
e
=

Peroxidase Cycle 54

Root Callus EY

Li

7

[ \ r hi -
"
¥

! 3
0>
01
c2
c1

—
HA:

110 1

Hypocotyl Callus

Cotyledon Callus

i ‘7‘ 9 12 &“,
Q [ e 71 l L e
A N - - -
- e W

i c [ Je
— ¥ | ] 5 —Al

-

3 BELINEL :

| BN RS

EXAA2
- a1



(
@

3)

4)

Up to six of the isoenzymes, particularly A, C, and D3 or
E showed considerable indophenol oxidase gectivity. Indophenol oxidase .
/
activity was locgiLzed as white or light staining bands present against
the blue background of the dye, &BT, used in dehydrogenase staining
systems, Control dehydrogena;e gels, left in the light, slo;ly turn blue
exceﬁt for the regions, of indophenol oxidase. Thus, on the basis of

coincidence of Rf, indophengl oxidase activity appears to be a property

of these peroxidases. The property is discussed by Brewer (1970).

Peroxidase (polyphenolac)

Perogidase (polyphenolic) activity was associated with at
least eight of the most frequently occurring peroxidase isoenzyme;. (Fig.
7). Only isoenzymes B, G, H, and I exhibited strong activity. The PP
isoenzyme;SWB(svigxy similar for all three.cﬁlturés and, in contrgst
with the peroxidase activity, the activity of each P isoenzyme varied
little during the culture c&clez For this reason they are not illusér;teﬁ.
The main differences between the three cultures in regard to PP activity

were the consistently usigh actiwity of isoenzyme B in the root and the

higher levels of A2 activity in the hypocotyl (see Fig. 7).

Catalase

All cultures cxamined showed cdkalase activity as a rather

large band at the top third of the gel (Fig. 4). No differences between
l’) - -

the three cultures, or distinct chdnges during the growth éycle were

evident. Because of this lack of promise as an enzyme marker, further

analysis of catalase activity was not pursued.



Fig. 4.

¥

-
3

Diagrammatic repregentation of glutamate éehydrogenase, 0

'

catalase and este¥asc isoenzymes, The GDH diagram

shows the usual change in isoenzyme pattexn upon re-

inoculation. The catalase diagram is typical of all

tissues studied. Enzymatic activity is shown by the

white area. Esterase diagrams display a typical

Jpattcrn from root cycle 51 (2 days) and show substrate
specificity. NA = alphanapthylacetate. NP = albhana—'

pthylproprionate,

H
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5) Esterase @ . 1570 . e

0f atl of the enzymes 'studied, esterasc isocnzymes were the

» -

most variable {rom growth cycle to growth cycle. Although changes in

-

the fdimber of isocnzymes and differencts between cultures were observed,.

' -

\ - +
these werc not reproducible with callus cultures. The study was also ¢

¢ hampercd by extremely low levels of esterase activity during a large part °

x
of the cycle. However, the esterases showed a considerable degrec of
¥ .
substrate specificity and in this respecet were similar to those described

for Phascolus by Veerabhadrappa and Montgomery (1971a). The most intense

«

rcaction was obtained with o -naptholacetate and A& -napthol prgprionatc

as compared with either B-napthol acetate or napthol AS acetate as substrates.
In addition to differences in number of bands, the esterascs also showed
differing band intensities when the prefcyred o -napthol acctate and

proprionate were used as substrates: (secc Fig. 4).

6) Malate Dehydrogenase

A

Observations on malate dchydrogenase activity are summarized
diagrammatically in Fig. 5. The main difference among the three cultures
was the ﬁéudominancc of the isocnzyme designated A in the 3¢ éallus
and the prcsencé of isoenzyme E in the hypocotyl and gotyledon callus,
Isocnzyme A was strong and present at all times in the root callus but

1 L]
only appeared bricfly about day 12 in hypocotyl and cotyledon eallus,
Isocnzyme B was prescut in cotyledon and hypocotyl cells thr%ughout the
culture cycle and was at:a peak at day 12, vhercas in root colis isocnzyme
B disappeared towvard the end of the culture cycle and was at a peak about

- -

day 5. ) ) . .
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Malate dehydrogenase isoenzymes., Diagrammatic comp- - b (
arison of enzyme activities during culture cycle 53. ’ .

.The darkness of the band represents r¢lative activityj
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73 Glutamate Dehydrogenase

50

)

s

. A representative pattern for the glutamate dehydrogenase

»

isoenzymes, which was the same for the three cultures, is showg in Fig. 4.

]

GDH activity was resolvable into five distinct bands of closely migrating

activity. . L

-

The isoenzymatic ?atufe of GDH activity changed markedly during
the cultufé cycle. Five bands predominated for mature 21 day old callus,
but upon reinoculation onto fresh medium the pattern disapégﬁred resulting
in one broad band of attivity. This band changed back to the five banded

- " &

pattern by about day seven or nine.

‘

Leucine Amino Peptidase

- 2 ,

Leucine amino peptidase activity (LAP) appeared as diagrammed

in Fig, 6 (See alsé’%ig. 7). The same isoenzymes of LAP were detected in

each of the three cultures and each of the isoenzymes changed in activity
. -

during the culture cycle; however, each culture hvad a distinctive pattern
of development during the cvele. Thus in root callus the isoenzyme designated

C, in Fig. 6, rapidly increased in adfivity, following subculture, ﬁ;aching
-
a maximum at day 9 and, then decreased, In contrast, isoenzyme C only

appeared'briefly in ‘the hypocotyl cells at about day 12 and only, in any

. v
obvious amount, at the end of the culture cycle in cotyledon cells. The
! L

marked difference, between, the cultures, in content of isoenzyme C is
- \ °
o

illustrated in TFig. 7. 1In root callus the activity changes in isoenzymes

Bl and B2 paralleled those™of isoenzyme C, while in cotyledoh\gnd hypocotyl
«callus Lﬁb“activit§ decreased after subculture and then increased later

at day 9. Changes in the isoenzymes designated Al and A2 were similar

in all three cultures. The activity decreased to very low levels during

[»] N s ! “

the initial phases of the culture cycle and then increased Juring the

-later stages.
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*

Leucine amino peptidasc isoenzymes. Diagrammatic
representation of activities.during cycle 53.

Enzymatic activity is repreéented by band intensity.
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Fig. 7.

’

Photographs of gels. A, ﬁ? C = LAP isoenzymes from
root, hypocotyl and cotjledon, day 16, cycle 53.

D, E, F ='PP isoenzymes from root, hypocotyl anq‘
cétxledon cultures, day 14, cycle 53, G, H, I =

Peréiidase isoenzymes~from root, hypocotyl and

cotyledon, day 5, cycle 53. Note the presence of

D3 and E in root (G): and the activity designated

43 in hypocotyl (H). J, K, L = comparable perox-

idase gels from cycle 54.. ' :
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‘ B. Stock Suspension Culturcs: Isoenzymatic Differences Bétween Root, Hypocotyl

53

-Q’

= . )

and Cotyledon Cultures

1)

2)

Introduction : -

Comparison of the isoenzyme patterns of eight enzymes studied
intermittently over a/three year period, showed persistent differences
between the three cultures. Cell cultures were harvested on day twelve
of passages: 65, 75, 90, 91, 112, 113, 119, 121, 124, 127, 141, and 143.
The degree to which the isoenzyme patterQS were different depended on
the enzyme studied, but the differences=ﬂave been maintained relatively
unchanged for three years.: | ;
Peroxidase . ' ~

0f all the enz&mes studied the peroxidase isoenzymes showed

-

the most striking diff¢¥ences. The patterns for the three cultures are

shown in Figs. 8 and 9. The patterns for root and cotyledon cells are’
similar but that for hypocotyl cells is clearly different.{ The most

evident differences are the absence of isoenzymes Al and A2 in hygocotyl?

the very high activity of these isoenzymes in cotyledon, the presence of
isoenzyme F in cotyledon cells and the difference in intensity of other '\\
bands especially Cl. The intensity of the various bands fluctuated some-
what but the-differences persisted in successive cycles tested. Fig. 8
is for cells from passage 91. Fig. 9 is’for cells from paésage 121.

It was noted that when the levels of total peroxidase gctivity'per unit
protein were determined spectrophotometrically by the method of 0lson

t al (1969) the level in hypocotyl cultures was always considerably

below that of root or cotyledon cultures.



. Pero¥idase isoenzymes were detected in the media of all three

cultures (see Fig. 8). As can be seen the isoenzyme patterns of peroxidase

from the medium for the three cultures, were different. With the exception
of the activities designated Al and A2, the isoenzymes in the medium

could not be clearly equated with those 'extracted from the cells. Therefore,
/ -~ ) . 3

-

to avoid possible confusion with isoenzymes of the media were given differeat . .

symbols. The presence of Al and A2 activity may be due to contamination

0,

of media with cytoplasm of ruptured cells. !

3) Peroxidase (polyphenolic)

The PP activity appears to be a non-specific activity. of some

of the peroxidase isoenzymes. Thus isoenzymes A and B showed moderate
-

]

activity. However, the isoenzymes showing the highest amount of DOPA

oxidase activity, desiygnated D and F (see Fig. 10) do not show peroxidase

- activity toward the monophenols tested. The three cultures differ in'the

.

A

relative amourfts of tHe PP 1soenzymes as well as in the absence of isoenzyme

¢

A in hypocotyl. }g, '

N ‘ - o

. &tv

Iy

2
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o

o,

. ©
Y

Guaiacol peroxidase isoenzymes. A-Diagrammatic s
comparison of isoenzymes, day 12 passage 91. B-

Diagrammatic comparison of isoenzymes from day 12

medium passage 91, .
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Peroxidase isoenzymes. Tracings of gels, day 12

A

passage 121, scanned at 295 nm, guaiacol as substrate.

R-root, H-hypocotyl, C-cotyledon, D-composite.
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l;é'réicidasa @Slyphenolic) isoenzymes. T}-ac;ngs of “gelfs
stained with DOPA, day 12 passage 124. R-root, H-

hypocotyl, C-cotyledon, D-composite of three cultures. -
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5)

6)

m
-~ R

Esterase

1

Comparison of esterasec activiq}cs from the threc cultures
was made somewhat difficult’by the low lgvpls of activity at day twelve,
The most prominent difference bct;cen the ;Hrcc:cultures was between
root and cotyledon (see Fig., 11). The presence of a strong activity
designated C2 in cotyledon is in contrast with the lower level in hxpocbtyl
and the complete absence of actig}ty in root. ’'There are also clear
differences among the migor enzyme peaks; the presence of A2 in cotyledon

is particularly noticeable.

Malate Dehydrogenase

o

. The differences between cultures irn the cdmplement of

ispenzymes of malate dechydrogenase are shown in Fig. 12. Each of the

three isoenzyme. patterns shows two very prominent ‘bands designated D and G.

-

9
However, differences may be noted by the presence or absence of certain .

minor bands, B, E, H, and I which are indicated on the scans (Fig. 12)' "

and whicgh, show clearly on the stained gels,

-

¥

[ ]

. . |
Glucose-6-phosphate Dehydrogenase

Glucose-6-phosphate dehydrogenase (G-6-PDH). activity was

, .conspiciously low gt all times in all thrce cultures. K The presence of

\

one lightly staining band was detected in cotyledon %ells only. However, /
i * [ - . ’

intact cul;urc éells, supplied with buffered glucose-6-P, NBT and NADP %

-

(DeJong ct al 1967); stajned intensely in a reticulate -manner. Thus it
B . - .

+ . “

appears that the extraction or electrophorctic procedure had in some -

\ )
’

way eliminated the enzymatic activity.
G ! .

— ,
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Fig. 12, Malate dehydrogenase isoenzymes. Tracing of day 12
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JLecucine Amino Peptidase (LAP) .

LAP activity, typical of root, hypocotyl, and cotyledop
suspension cultures, is shown diagramatically in Fig. 13. The three
cultures were very much alike. They differed only in the low levels of

isoenzymes Cl-C2 and B1-B2 in cotyledon cells,

‘ 85 Acid Phosphatasc (AP) ) v ,

9)

The isoenzymes of acid phosphatase were found to be rémdrkably
similar in aéf'?h&&itcultgres (;ee Fig. 14). The amount of AP activity
was greater in cotyledon cultures. SAP activity was detectable in Ehe
medium. However, activity was not detectable in the gels after medium
samples were subjected to electrophoresis. Considerable AP activity was

detected histochemically in the walls of the intact cells. This has also

i "
Y

been reporfed by others (De Jong et al, 1967., and Johnsen et al, 1973).

Glutamate Dehydrogcnase (GDH) t‘

Glutamate QChydrogenase activity was separable into {ive or

¢ b

six fiﬁely divided bands at éay twelve. The pattern was essentialiy

identical for all threce cultures. The patterns for cycles 92, 126, and

. s

.127, from cotyledon cells, are shown in Fig. 15. The intensity of band

stainiﬁgfand the height of densitometry peaks was low because of the low

levels of GDH metivity in stationary phase cells. With reinnoculation into

fresh medium, ‘as was the case with callus tissdes, the total enzyme activity

was stimulated and the five banded pattern changed to one or two. Subsequently

up to seven bands may be cvident.  The bean cclil cultures showed no

_\‘h . » .
extractable GDH activity using NADP as co-factor. After electropheresis
gels incubated with NADP shoﬁga no bands but when placed subsequently in

a rcaction mixture containing NAD the staining proceded as normal without

inhibition. ’ ) ' :

- \
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Acid phosphatase isoenzymes.

. ?

Tracing of gels, day 12

' passage 124, scanned at 540 nm. R-root, H-hypdcotyl,~\

C-cotyledon, D-composite.
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B ’ 610 nm. Photograph of GDH activity, day 12 passage ' .
4 - . . - .
a 92. i . , '
' h] . !
0 ' d ) {
. ’ * !
¢ . N |
Vo . ,
RN . -~
A} o i
s — .,,,_,..,g ) v v
\
" 3 . , , - o
L -, , a
4 hY i - % N R
N 5 ’ . - €
. « - - ' \
-
PO
[+
v oo N ' °
€ 'Y -
o Ll
1 o
P . - ‘ s
. ' . . 5 - o
. A
- 1 , d - " .
L3 =\ . = ! o ‘
1 ' ‘v %
‘. LN . Y " . ‘i
., i <
A k3 - Y ° =
- J ': a .
T ..-‘. T el




,*3\ .
’

H
i3
] M
{
] r
{ !
iV
i N
' W
.
N ,
,
1
[4
.
o e
2
A
.
o
-
!
i 2
. ‘
|
4
N
H
L .



o

. w ‘ 65

.
.

C. The Effcct of 2,4-D and Kinetin on Growth and Isacnzyme Patterns of Cotyledon

Suspension Cultures.

1) Introduction
b 0

L

L P T

- ) ~

Concomitant with studics designed to detegt differcnces
3

v . %
between cultures were studies designed to monitor changes in isoenzyme
&

[ 4
pattern that occurred during the culture cyele, as was done for callus

cultures, and to detect possible effects of the growth regulators 2,4-D T
. . )

»
and kinetin on thesc isoenzyte patterns. Previous work by Liau and Boll
S v

(1970, 1971, 1972) and Liau1(1271) showed that cotyledoQ cultures, unlike

those of root or hypocotyl, maintained substantial growth rates in medium

» - < [

containing neither 2,4-D nor kinetin. These cxperiments showed the most

-

: . oo W )
striking comparative differences when both growth regulators were omitted:

. ’ . -,
- It was felt in consideration of these facts that cotyledon suspension
R >

'
.

cultures grown with and without growth regulators offered an excellent
\

a -

~

system for ‘the study of growth regulator action.

'
¥

Experiments 'on the effect of growth regulators were conduct@d

o
W

for two consecutive passages for a total of 24 days. Cellscultures were
harvested from passages: °9®, 91, 92, 119,,120, i21, 125,'126, 12?, 137,

138, 139, 141, 143, 146, 147, 148, 149, 154, 155, and 156. .
Four ml of twelve day old ceclls were inoculated into 250 ml

[
L]

flask$ containing 50 ml of medig .containing growth regulators, referred-
to as 'plus' cultures (L+) and into cquivalent medium but without

* ¥
regulators designated 'minus' cultures *(L-). Cells were transferred to

’
a9

. ) , 5
fresh medium on day twelve of the experj -al period. Be¢ause cultures

s fresh’weight and Jlower

-

maintained without 2,4-D anl kinctin had le

ccll numbers after the first passage the plu

. -
- ~ by
’ ‘ v o~ -
- - N 3.
.. T d

cultures of passagés 138



p

)and 148 were inoculated with only 2.5 ml of cclls in‘an attempt to

compensate for any growth differences due to cell numbcr‘awd to cell

T

density.

~
4

-t
2) Growth Charactedistics

The growth curve for' cotyledon suspension cells, as measured

by increase in fresh weight, 1s presented in Fig. 16. After inoculation

into fresh medium the cells entered a short lag: phase, followedypy a

phase of intense cell division, then a logarithmic growth and expansion

The number of
-

Comparison of

4

in cell fresh
cultures werc
longer period
and a smaller

i xcycla however

. ¢ell division’

The growth kinctics were changed when cells were cultured

.

phase and finally a stationary phase. Thd\patterns of growth and cell

division have prcviously been reported in detail by Liau and Boll (1971).

cells per culture and an index of.cell size, namely cell

number per gram fresh weight, are presented in Fig. 17 and 18 respectively.

the figures.shows that during the lag phase there was no

L 4

increase in cell number but there was an increase in cell size. _The cells

. then divided rapidly., Most of the division was completed by day eight,

2

after which time elongation and expansion accounted for the sharp rise

>

/ -
weight. Cecll size was at a minimum during the phase of ~

.

snd at a maximum during the sthtionary phase. 7When plus

inoculated with a lower cell -density this resulted in a
v »
of logarithmic growth, a slower increase in fresh weight

[

v )
initial average cell size. By ‘the end of the’ second culture

the weight, number and size of the cells were comparable

with values for day twelve in the firsf passage.

! t
in medium without growth regulators. Initially, minus cells divided

gooner and more often producing comparatively larger cell numbers and

, . %

A

@



an increascd total fresh weight by day four. Howcver after day four

without the regulators further cell division was restricted and the
fbgarithmic incrcdsé in total fresh wcight,/until day twelve, was mostly
duc to cell énla;gqmcnt. ther twelve days the minus cultures contained
about one third the num#cr df cells and abdﬁt onc hal€ the fresh weight
of the plus cultures. Cells rcin0cu1ate§ into medium without growth |
regulators showed very little growth, as measgfed by increase iﬁ fresh
weight, for the first six days (déy 12-18).’ Initially cell division
occurred predominankly during the" first two days (day 12—1%) and was
mo§t1y restricted to clongat; cells. Tﬂis.resulted in the decrease in
cell size; as shown by tﬂé cell size index (Fig. 18), and means that P
during the first six days of the second paésage (day£12-18) the cells

of the inoculum divided without any cencurrent cel% expansion. ‘Aftgr
day 18 there was again .a'sharp increase in the number of cells due this
time to the rapid proliferation of previously small groups of tiny cells.
This resulted in, an incgease in totai fresh weight per culture which,f
despite the fact that the total number of cells approached that of the
plus cultures, was only one fifth that of the plus cultures. Thus at'
this stage t@g minus cultures contained many very small cells growihg’

in large clumps. An interesting and novel aspect of these obscrvations

is that the sccond passage without growth regulators, in cffect, shows

4

‘induced diauxic growth. V
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3) Morphological Chiracteristics *\

Twelve-day-old stock cultures used as inocula consisted of
a mixed population of elongate, oval and round ceclls existing either

singly or in small groups (Fig. 19-4). After the 1Bg ph?se, clumps-

P

of éctivgly dividing cells were formed (sec Fig. 19-5). Some of the

_more clongate cells first divided by a serics of internal cross walls
3
and then proliferated in various ways (Fig. 19-6). Thesc patterns of

.

cell diwision are comparable to those described in detail by Liau and

\ o

Boll (¥971). By the tnd of twelve days in culture most of the cell

‘clumps had dissociated into small grfpps of cells and single cells
(Fig. 20211). Growth characteristics during the second passage, with

a lower inoculum density, were identical to those in the first passage

¥

*

(Figs. 21-17, 18, %*2-2¢),

_____

, some marked morphological differences when compared with the plus cultures.

-

By the sixth day, minus cultures were already markedly browner than @he
normally very white to pale yellow color of the plus éultures. Some of
thercells had become very long and had a wavy or kinky appearance (Fig.
19—7,8,9,10): On close examination some cells appeared twisted with
striations of wall thig§Cning. It was common to‘find thede cellg spirally
twin&d irouhd each otﬂéi (Ffg. 19-10). Not all cells of the minus cultares
became clongated agd twisted., Thus, by day 12, the minus cultures con-
sisted of a popglation similar ig appearance to the plus cells (compare

Fig. 20-11 and 20~14), but with a large number of long, coiled ceclls

and groups of smaller dense cells.
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During the sccond passage without growth reguiators the
” J .

changes evident dur;ng the first passage becamg more exaggcrateé. ﬁy
day 18 the minus culturcs had become very dark brown and very 1ittfé
growth in fresh weight or cell number had occurred since day L2, The
cultures consisted mostly of extremely long, thin, coiled cells and
groups of very small cells with dense cytoplasm (Fgg. 21-20,21,23, and
Fig. 22-24,27), Somé of the cells appeared to be plasmolysed or dead.
The diffcrekaéé in size of cells, and in the nature of the plus and
minus dqultures after two passdges, can be appreciated from a comparison
of Figs. 22-26 and 22-29,30.

.

v Cells maintained in minus culture for additional passages

RS o a7

continueé to gfo@ but at a rate slower than that of the plus cultures.

I; order to maintain growth in minus culturcs it was necessary to transfer
ten ml of the culture., Cells so maintained in minus culture consisted

of very dense groups of cells as in Fig. 22-29,30 and many small, round
and(oblong'free cells, Many of the free cells and cell groups were

b&;y dense in appearance and the cultures remained dark brown. Transfer

of cells cultured for onc, two and three passages in minus medium to

plus medium resulted in immed%ate cell proliferation and enlargement

to produce populations of ceﬁls typical of plus cultures. Additionally

the light yellow to whitish color of the cultures was regained with

the first passage back in plus culture conditions. Cells cultured

alternately in plus and phen minus culture showed a complicated mixture

of dense groups of small cells, some of which were very brown, clongated
\Y

and twisted cells as well as a host of intermediate forms. The cultures

were pale to medium brown in color. t
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’ Fig. 19. Representative cells from ‘cultures grown with and

—

without growth regulatoré. ’ g

Frame 4. Population of twelve day old cells from plus

medium used as the inoculum. Ffame 5 & 6. Cell

.

'
a

"' groups from six-day-old plus culture showing a typical
group of activity divididg cells and a long* sub-

divided cell proliferating at one end. Frames 7 to

‘

. 10. Representative cells frog six-day-old cultures -
i
grown without regulators, Note that the cells are

, long and wavy, some of which show wall thickenings

’ and twisting. (ar?ﬁw)
0
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Fig.

20.

-

>

! s

Représentative cells from cultures grown'for twelve

days with and withou® growth regulators. Frame 1ll.
, A \ ,

-

Cells from day 12 plus culture. Frame 12. Cell from

day 12 ‘plus culture staingd_for guaiacol peroxidasé.

P

Frame 13, Cells from day 12 plus culture stained
for peroxiddgg showing 'bow tie! shaped crystals )

attached to the cell surfaces? Frame 14. Cells‘ !

N,

from day lZ minus culture, note eldngate coiled

cells (arrow) and groups of iniding(cells. Frame

"

15 & 16. Very long highly coiled cells from day 12
" . a

“

minus——culture..

©
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Peroxidase : ’ .

a3 gztoéhemistry ‘

The staiming of plus and wminus cultur® for ‘peroxidase

~a

activity at various times duriag the experimental
period, showed that enzyme activity was predomifiantly cytoplasmic in

young cells and very strongly associated with wall in older cells.

N

Furthermore, cells cultured without growth regulators stained much more

i

intensely. Cells that were used as the initial inoculum stained quite

intenseély for guaiacol peroxidase acgivity. . ’ .
; - g p .
i) w 7 T

Young and actively dividing cells showed comparatively low
activity, that was localized through the cytoplasm (Fig. 21-18,19).
The peroxidase staining reaction gave a coagxsely granular,

crystalline deposit spread somewhat unevenly over the cell surface and
]

a more even, and less crystalline, brown staining of the cytoplasm (Fig.

)
-

20-12),

s

guaiacol were .found scattered over the cell surface (Fig. 20-13).

On some occasions larger ‘'bow tie' shaped crystals of oxidized

Such

'bow tie' shaped.crystals did not form when the spent medium *itself was

P

stained, although other larger and more amorphous crystals did form and

were scen.to float in the medium. 'Bow tie' crystals were easily washed

off cells and then were observed in the medium. Cells that were washed

with dilute buffers or distilled water before staining_ showed less intense

cell wall staining and no 'bow tie' shaped crystals. Finally no crystal
formatfon was observed eirther on the surface, of cells that were washed

with buff@r and suspended in spent buffer or on cglts'that were washed ,

[a)

resuspended in spent medium and then this medium filtered off and re-

placed by fresh medium. Egesumably the 'bow tie' shaped crystals, as

e ol - "
! 2



s -

6 sucah, are a consequence of the location of the crystal growth rather

9 than a crya‘t_al form produced by a,special surface peroxidase. However,
L 7 -

the observations do show that the peroxidase on the surface is not

.' 7
simply left'ther?’when the medium is filtefed off but is loosely attached

/ -
¢

at numerous disperse sites on the surface. Crystal formation was not
restricted £0 guaiacol oxidation products. Thus many long needle-like

LI 1
crystals of benzidine blue were forméﬁ when benzidine dihydrochloride

was Used as an alternative stain. &2

a

Cells that were grown without growth regulators 51g;ed the

the peroxidase stain (Fig.

same distribution, and granular nature, of
- ! ’

21-23 and 22-25). The 1oﬁg coiled cells of the day 18 minus cultures

often stainéd so heavily that they appeared almost completely black

A

o (Fig.'22-24,27). Groups of small cells that were present in these
cultures did not stain so intensely and, curiously, certain sections of

. some long coiled cells did not stain at all either in wall or cytoplasm.
v

Such™sections contained no obvious ¢ytoplasmic contents tFig. 22-27).
Sgrprisingly, negligible amounts of peroxidase activity, as

judged by crgstal formation, were present in the média of these cultures.

g )i - o

. Cells that were ‘washed to remove peroxidase activity still stained very
y heavlly (Fig. 22-25). Coiled cells that were present at the end of the

" experimental period stained extremely heavily but the more numerous

clumps of small cells stained very little.
The Peroxidase (polyphenolic) activity showed a pattern of staining

activity and distribuEion similar to that of peroxidase. A fairly even

granular staining was evident in older .and elongate cell walls.’ The major
b [ s

.

- -
. difference between peroxidase and PP activities, however,
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Fig. 21.

¢

‘ +
Representative cells from day 18 cultures grown with

and without growth regulators., Frame 17. Sample of da§>

18 plus culture cells (equivalent to day six). Frame
S
18:&-19. ﬁhy 18 plus culture cells stained for
: ¥

guaiacol pe:oxidése showing light cytoplasmic stain-

ing. Frame 18, 20 & 21. Day 18 minus culture, re-

*
presentative cells showing elongated coils, small

tightly packed groups and dense cytoplasm. Frame 22,
Day 18 plus cuiEure cells stained with DOPA to demon-
strate PP activity. Activity is located

through the cytoplasm, nucleus and possibly in the
cross walls. Frame.23. Coiled day 13 minus culture

cell sthined for peroxidase activity.

-~







Fig. 22.

o

Representative™~tells froh day 18 and day 24 cultures.

Frame 24. Day 18 minus [culture ceild\:giging a‘Very
‘ ) *y
heavy perpﬁidase reaction. Frame 25. arged

portioy/of day 18 minus culture cell washed with ,-

-

/I
buffer and stained fpr peroxidase activity. Note
the granular nature qﬁ the stain deposit embedded in
n >

the cell wall. Frame 26. Sample population/fof day 24

plus culture cells. , Frame 27 as in Frame 24>except

’

]

Enlargement of a portion-of day 18 minus culture cell

stained for PP activity. Note the ,

o

granular nature of the reaction product and thestain-

ing of the nucleus. Frame 29-30. Representative

clumps of.small cells from day 24 minus cultures.

A 7

JA

sections of elongated cells did not stain. Frame 28q;,-
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b) Peroxsfasc Activity
* ’

Peroxidase activity éxpressed per gram fresh weight, per .

million cells and per mg soluple protéin is shown in Fig. 23, 24, 25

.
ah . \

respectively. The activity is shown for cells grown with and without

= AR
growth regulators over a two,/ﬁssagc peridd of twenty-four'+days. The

general conclusions are the same regardless of the base on which the
) >

enzyme activity is expressed.

After subcultute, both plus and minus cultures showed an

initial decrease in peroxidase activity which reached the ‘lowest levels

9

by day 4 and day 2 respectively. After this low point peroxidase activity

¢

-

increased to a maximum and then declined. Peroxidase a'tit‘i'v@ty increased

A ™ )l '

most rapidly in the minus cultures which were previously found to have

a sh;)rter lag phase and a/‘more rapid increase in/ fresh weight and ‘ccll
number than the plus cultures. On a fresh weight basis, plus d’ultur'es
showed highest activity on day 10 whercas minus cultures showed peaks

of acti\_/ity on day 6 aﬁd, during the second passage, on day 22.
Peroxidase activity in plus cultures was considerably lower during t‘he‘
* second passage (day 12-24) when the cultures were inoculated with lower
numbers of cells, This; essening of activity was only tc;mporary because |
activity was restored td levels comparable to those jn the first passage
if cells were kept“ilfor an additional four days without transfer. Cells

scultured vithout 2,4-D and kinetin showed very high levéls of peroxidase , (T~

' aotivity'iuring the sccond passage.
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Fig. 23. Changes in activity of perokidase per fjesh weight of

-y
bt ]

™

* cultures grown with and without growth regulators

. ’ (plus and minus) during two successive culture cycles.

-

Day twelve represents the point of reinoculation into

A
N .

fresh media. The inoculum of plus cells in the first

passage was 4,0 ml and 2.5 ml in the second passage.

L3
Y

Bar markings represent standard errors. Where no
L]

tarkings occur the standard error was smaller than

’

the size of the dot.

£
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Fig. 24.

r

As for Fig. 23 but

Inoculum sizes for ptus wells were as for Fig. 23.

W

¥
%

-

-~

-

“activity expressed per millign cells.
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Fig. 25. As for Fig. 23 and 24 but aétivity expressed per mg

extract protein. The protein concentration in the

]

4 . .
extracts at different'stages is also shown, :Inoculum
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s¢) Changes in Peroxidase Isoenzyime Patterns

The changes in isoenzymes of peroxidasce are presented

diagramatically in Fig. 26 and 27 for cells grown with and without

growth regulators. Peroxidasc isocnzymes changed both dualitativcly

and ;quantitatively during the culture cycle, The mos# noticeable qual-
T

itative cﬁénges were the appcarance of isoenzymes designated E and D2
on day 2 and then the subscquent disappecarancce of isoenzymes D2 and C3
pn day 4. Isocnzyme E no longer occurred after day 8 at which time

isoenZyme C3 recurred. These changes in isoenzyme pattern, although

“

not extensive, were found to be very consistent, Comparison of isoenzyme

<

patterns of plus and minus cultures showed few qualitative differences
although the patterns are very distinctive (see Fig. 27). Minus cultures

showed a diffuse but noticeable band of activity designated A+ which
L]

appeared gn day two and increased in intensity thereafter. Treatment .

0

of the extracts with reducing agents or subjecctinug extracts to dialysis

‘or passage through Sephadex G-50, failed te remove this gftivity. "1t is

P

IS

~

also noteworthy that isoenzyme D2 persisted as a prominent peak until

day 8 in minus cultures, ‘ .
N ]

\

: . Most of the changes in peroxidase isoenzymes during the

| A

culture cycle,, and differcnces between plus and minus cultures, were

@

‘quantitative (see Fig. 206, 27). Changes in the activity of the individual

isoenzymes D2, B and A2 are presented in Fig. 28, 29, 30 and 31. The

“
a

most striking changes that occurred in plus culturcs took place after

inoculation into {resh medium, On day two tliére was a rclative rise in

1

the activity of isoenzymes E, F, G, Cl, €2 and C3 cven though the total

»

. peroxidase activity as measured spectrophotometrically was decreasing {
. b

k7



rapidly. These iscenzymes subsequently decreased in activity and returned

to the day twelve levels., Isoenzymes A2 and D1 which made up considerable
portions of the peroxidase activity of the plus cultures reflect the
total changes in peroxidase activiyy (see Table 1). This is exemplified

<in Fig. 28, 29 and 30 for isoenzyme AZ, ‘Figure 28 shows that the percent

A2 activity changed relativgly little during the culture cycle (day 0-12).
However, the activity contributgg,by isoen;yme A2 when measured on either
fresh weight (Fig. 29) or brotein basis (Fig. 30), underwent considerable
changes during the growth cycle. 1It'can be seen by comparison of Fig. 23
and Fig. 29, as well as Fig. 24 and Fig. 30, that the changes in A2
éctivity paralleled those of the total activity. When calculated in a
similar man;er the activity o% isoenzymes D2 and B followed a different
pattern of change (Fig. 31). Isoenzyme D2, in plus cultures, was only

prominent on day two and four during the time of lowest total activity

(Fig. 23,/24 and 25) while isoenzyme B showed a different pattern in that

- perceat activity was constant during the central portion of the growth

cycle (Fig. 31). From these observations, and reference to Table 1, it

can be seen that the isoenzymes that contributed larger portions of the
N -
total peroxidase activity generally changed as did the total activity
. .

1
H

but isoenzymes that overall, contributed less to the total activity

changed.'more dramatically and at more specific times during the culture

s
cycle,

Differences in quantitative changes between plus and minus

’ w

cultures are also evident from Figs. 26-31 and Table 1 and 2. The most

prominent difference in activity that resulted from transfer to minus

medium vas the immedigte increase in activity of isoenzymes Al and A2

- -~



Fig. 26?*‘ Diagrammatic representation of Fhe patterns of activity

. of.guéiacol peroxiaase isoenz&mes_from cultures~grown
with and without growth regulators (plus and minus).
Numbers at the top of the gels denote the day of
sémpling. Day 12 represents the polnt of reinoculation
into fresh medium.

ed by band intensi;§ calculated, as the average of

at least three separate experiments.

a

The amount of activity is represent-
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Fig. 27.

Tracings of peroxidase

Plus culture scans are representqﬂ'with a solid line
o

1

gel scans from cycle 126,

-

and minus culture scans with a dasHed line.

A.% Peroxidase %soenzymes of inoculum - 12 day

passage 125,

-
s

'

B. Peroxidase isoenzymes 2 day passage 126. ‘

C. Peroxidase isoenzymes 6 day passage 126.

o

D. Peroxidase isoenzymés 8 day passage 126.

% note A drawn 1/2 scale of B, C and D.

=
*
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.

and the activity'dcsignatcd A+ (Fig. 26 and Fig. 27-B). By day 6 there

r

were confidcrably higher levels of D1, D2, CL and C2 in the minus cultures.

However, by day 12, at the end of the first culture passage, in contrast
sto the plus cultures, isocnzyme DI had decreased considerably while
isocnzymes Cl-C2 had continued to increasc (Fig. 26). During the second

culture passagec without growthe regulators, high levels of DI and D2 were

. ¢

again restored as in the plus cultures but as in the previous passage

-

these activities were secen to decline to low levels by the completion

L]

of the cycle on day 24. The activities of isocnzymés Cl and C2 remained
high in minus cultures through the second culture cycle while isoenzymes
Al and A2 continued to increase in activity. The most prominent difference

»t’
between plus and minus cultures, by dayﬁggJ was ghe very low level of
isoenzyme D2 in the minus cultures;; E§¥ariment§ 1ﬁ)which cxtracts were
v
treated with B-galactosidasc indicated that peroxidase A2 and D2 are rclated
P

Yn that B-galactosidase trecatment fesulted In a decrease of D2 and a con-

«
¥

! -
comitant increase im A2 activity.

The change in activity of the individual isoenzyme A2 is

N

presented for minus cultures in Fig. 28-30. 1In contrast with the plus\\

N
\

cultures the percent activity 9f A2 decrcased during days 6-10 in the

i

minus cultures. This was due in part to the persistence of isoenzyme
D2 and the increasc of isoenzyme C2 during this period. The actual levels
of A2 as scen by density scans or measurcd per gram fresh weight were
more or less cquivalent however in plus and minus culturcs (Fig. 29).

The dramatic inereasc in D2 activity found in minus cultures (day 4-10)

Q

is shown in Fig. 31. The significant increcasp in activity of isocnzyme
1 i .
[}

B in minus cultures as comparced with plus cultures, during days 2 and 4

-




/

' is probably duc to the increase in absorbance on ti# gol scans duc to

the activity designated A+ (sce Fig. 27). With increasing time in

minus culture the scans obtained from the gels decrcased in resolution

due to smears of activity such as A+ (i.e. TFig. 27-D). This smearing

e 4 -

uma4¢'it difficult to calculate the actﬂ6&t§ actually contributed by

5 . the isocnzyme pcaks. Therefore, it is possible that calculations of

{r s .

the activity contributed by the individual isocnzymes in the minus -

o

cultures may be fomcwhat imprecise. The percent activity of all the
individual isocnzymes .is presented in adtébular form in Table 2.
The substrate specificity of the peroxidase isocnzymes s

</ tested by substitution of alternate enzymc substrates. No markedp

differences in isoenzyme pattern or staining activity were observed

with benzidine as substrate, however, in domparison stainin§ with
chlorogenic acid and caffeic acid was much reduced. None of the isocnzymes‘
showed any prominent activity towards either of thesec two substrates.

Gels stainefl for IAA oxidase aﬁtivity showed some low activity in the
region of i%oenéyme D2, C1 and C2 only. ILsoenzymes stained for tyrosinase
activity sh;wed éonsidorable activity in the region of Al-A2 and slight

| activity associated with isoenzymes B and Dl. Tyrosinase activity was

detected by the methpd of Jolley and Mason (1965).

*

4



-
'
. ¢ ©

Changes in activity of peroxidase isoehzyme A2 ex-
pressed as percent of total peroxidase activity ‘from

cultures grown with and without growth regulators

(plus and minus). Activity was calculated from areas

on gel tracings.
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. ) Table 1

Percent of the total peroxidasc activity contributed

by the individual isoenzymes; Plus cultures passage 125-126.

% Isoenzyme - Day O ' Day 2 - Day 4 Day 6 'Day 8 . Day 10 Day 12
Al 6.5 4o 3.5 5.5 3.0 5.0 9.0
A2 17.5 26.0 23.0 26.0 24.0 16.5  20.0
d VI 2.0 - . - 5.5 4.0
B . 2.0 1.5 6.5 6.0 6.5 6.5 2.0
cl 12.0 12.0 11.5 6.0 2.0 4.0 8.0
c2’ 12.0 14.5 10.0 9.0 8.5 12.0 13.0
c3 4.0 6.0 4.5 0.0 0.0 4.5 4.0
Dl 16.0 9.0 16.0 18.0 28.0 24.0 23.0
- 12 0.0 15.0 10.0 - 0.0 0.0 0.0
© Er 00 2.0 2.0 - - 0.9 0.0
F- 5.0 9.0 5.0 3.0 11.0 . 3.0 2.0
G 4.5 5.0 2.5 "7.0 8.0 6.0 2.0
H " 3.0 3.0 - - - 3.0 6.0
" other  15.5 3.0 . 5.5 21,5 9.0 " 10.0 7.0

94 .
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. ' ' . Table 2 ,
Table 2 s

v

Percent of the total peroxidase activity contributed by
1 ’ . 4
the individual isoenzymes; Minus cultures passage 125-126.

P »

Isoenzyme Day 0 Day 2 Day &4 Day 6 Day’8 Day 10 Day 12
\\ Al 6.5 5.0 3.5 4.0 5.0 4.0 7.0
J "“,Az ' 17.5 - 14.0 " 19.5 7.5 9.0  10.5 16.5
A+ 2.0 4.0 5.5 15.0 6.5 6.5 8.0
B 2.0 16.0 11.0 5.5 5.0 6.5 5.0
c1 $12.0 5.0 7.0 6.5 3.5 6.0 8.0
c2 12.0 11.5 12.0 10.0 9.5 10.5 8.0 |
c3 4.0 49 1.0 3.0 3.0 6.0 6.0 :
. Dl 16.0 7.0 | 22.0 9.0 18.0  24.0 150
D2 0.0 10.0 8.0 10.5 17.5.  10.0 2.0
E 0.0 5.0 - 0.0 0.0 0.0 0.0
F © 5.0 7.5 25 3.0 4.5 2.0 1.0
G , 4.5 4.5 4.0 12.0 5.5 © = 5.5 — - 1.0 L
H 3.0 2.0 ‘- - - - -
Other 15.5 4.5 3.0 14.0 13.0 8.5 20.5
e —— _/lr ) . -
0 ~
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d) Peroxidase (polyphenolic) ) -
Peroxigase (polyphenglic) activity as measured per gram fresh weight
and per mg protein extract are presented in Fig. 32 and 33.

-

The PP activity curves were similar to those of peroxidase in that the,
levels of activi?y dropped markedly with subculture. During the fi;st
passagk the increase in PP activity in plus cultures was gradual and
in contrast to peroxidase oni& reached maximal levels by day 12 (Fig.'§3).
The increase o% PP activities in minus cultﬁres, however, paralleled
that of peroxidase exactly (coﬁpare Fig. 23 and 32 and F{g. 24 and 33).
The PP of plus cultures during’the second passage inoculated .
with a lower number of cells, was, as was the case with peroxidase, lower
in activity reaching the maximum on day 24. M}nus cultures on the other
hand, were found to have strikingly high PP activity. This activity
was highest on day 18 when the cultures were found to contain many highly
elongate and thickened cells.

- Changes in PP activity with timd are presented in Fig. 34
and 35. The PP isoenzymes with the possible exception of
E and F also showed peroxidase activity. In cont¥ast with peroxigaseJ
changes during the culture cycle, and differences between plus and minus
cultures did not involve differences in pattern although quantitative
effects are evident. Most dramatic of the changes was the strikigg
increase after subculture of isoenz&me B in the plus cultures and of
isoenzymes E and F in the minus cultures (Fig: 34 and 35). The aéin

difference between plus and minus cultures was the increase in the activity

of isoenzyme A2 and the relative decrcase of isoenzymes E and F in the

minus cultures during the second passage thg. 34).




o

Fig. 32.  Changes in activity of PP per gram

.

[

fresh weight for cultures grown with and without

growth regufatﬁrs (plus and minus) during two

successive culture ‘cycles.

point of reinoculation into fresh’' medium.

as in Fig. 23.
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o
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Day 12 represents the

Inocula
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Fig. 33, As Yor Fig. 32 but
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Fig.

34.

Diagrammatic representation of the patterns of activity
of PP isoenzymes, from cultures grown with and without
grgwth regulators (pIus and minus). Numbers at the

top of the gels denote the day of sampling. Day 12

2
-

represents the point of reinoculation into fre&h

medium, The amount of activity is represented by band
¥

“intensity calculated as the average of at least three

separate expgriments. \
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v Fig. 35. Tracings of PP (gel scans. Sc&hs for plus cultures
. " ’ A [~
, . are drawn with a solid line @n&"hximlé culture dcans
: “with' a dashed line. :
: ‘A.% PP isoenzymes 12 day'125 - inoculum.
) - & -
) : “B. PP isoenzymes 2 day 126. -
' C. - PP isoenzymes 6 day 126,
T " D, PP isoenzymes 12 day 126. o
* note section A drawn to 807 scale .
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i e) Peroxidase_ Iseenzymes and Activity Petected In The Medium o

B Lo Peroxidase and PP activity measured in the

a

medium in which plus and minus cells were grown is presented in Fig. 36.

- - v

Activity was low or nonexistent in the medium immediately after subculture

but was seen to rise as soon as cell fresh weight increased. Cultures

<

grown without 2,4-D and kinetin initially grow faster as shown by increase

in fresh weight and showed higher levels of medium peroxidase and-PP
N A

: o 1
activity. However, by day 6 plus cultures had increased more in fresh

weight and had secreted more peroxidase activity into the medium. Measure-

. ~ I3

ments of activity in passage two confirm<that the occurrence and increase

of peroxidase and PP in the medium was corre€lated with onset and increase -
in fresh weight due to cell expansion. )
The isoenzyme‘patterns of peroxidase present in the medium
and ¢he changes éhat took place in these activities du;ing the culture
~ [

| -cycle, are é;esented in Fig. 37 and 38. The isoenzyme pattern of PP

was identical to that of peroxidase and therefore 1s not illustrated. The

clectrophoretic mobilities of isOenéyhes present in the medium were not

the same as those of the cytoplasmic isoenzymes with the exception of Al-

A2, . As a consequence the medium isocenzymes were designated with different

. , ' 4

letters to avoid confusion. Figures 37 and 38 show that after subculture
" the first activity that appeared was isoenzyme V in both plus and minus
cultures. Subsequently by day 6 W, Z1 and A2 were present in plus medium

the activity of which, except for Z increased %? maximal levels by-day 12.

N .

Minus cultures differed from plus cuttures in that initially there was a
grecater level of isoenzyme v, (Fié. 38-B) which however did not increase

in activity after day 4. #inus ecultures showed a much more rapid increase

-
L3
Fl
.
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in isoenzymes A2 and U (Fig. 38;C) and the presence of a previously

rd R
undetected isoenzyme T (Fig. 37). By the end of the first culture
. u
passage-the pattern of isoenzymes from minus medium was quite different

fkg?-that for plus'medium in that isoenzymes A2 and U were prominent

v o
and V and W were much reduced (Fig. 38:D). Initially during the second
passage without growth regulators, day 12-24, very little activity was

present in minus medium although the intracellular 1ever§’5223 extremely
2

o
o

high at this time (Fig. 25, 35). With the onset of some éfowth, peroxidase
° i

activity at day 18 was found in the minus medium and, as in the first
oo 'ﬁ\
passage, showed a predominance of isoenzymes A2 and U(Fig. 37 and 38-E).
N .

r

R 2

i
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36.

~

Peroxidase and PP activity detdcted in the medium of

&
LY

cultures grown with and without growth regulators

(plus and minus). Activity is expressed per ml of

3

medium and a growth curve expressed as the increase
in culture fresh weight is included for comparison.

Day l2-repregents the point of reinoculation into.

fresh medium.
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© Fig. 37.

- L

Diagrammatic representation of the patterns of activity

of peroxidase isoenzyﬁes detected in the medium from

cultures grown with and without growgh regulators .

(plus and minus). Numbers at the top of the gelg

deébte the day of the gxéerimental period. Day 12

represents the point of reinoculation into fresh

mediym. The amount Jf activity is represented by band ‘ 4

intensity calculated as the average of at least three

separate experiments.
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Fig. 38. Tracings of gel scans for media peroxidase., Scans for

plus culturcs are drawn with a solid line and minus

culture scans witb a dashed line.

B. Peroxidase isoenzymes
b

C. Peroxidase isocnzymbs
1
D. Perorldase isoenzymes

E. Peroxﬂﬁm%e isoenzymes

from
from
from

from

A. Peroxidase isoenzymes from 12 day 125

2 day 126
6 day %26
10 day 129

0 day: 127

medium.

medium,

medium,

medium,

mediumea
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5) Acid Phosphatase

Acid phosphatase activity expressced per myg soluble protein
and per gram fresh werght 1s shown in Fig. 39 and 40 respectively.

¥
The activity is shown for cells grown with and without growth regulators

13 3
over a two passage period of twerty-four days. Acid phosphatase actiwvity
ealculated per mg soluble protein showed a sharp drop with the inoculation

of cells into fresh medium although the levels of soluble proteins increased

at this time (sec Fig. 25). AP activity then incrcased during the culture
- . @

cycle to reach highest levels by day 12 and 24. AP activity expressed -

per fresh weight (Fig. 40) showed an initial decrease with inoculation
, .

into fresh medium but then rosc sharply to rcach a peak on day 6. The
activity duriné the first passage followed essentially the same pattern
in both the plus and minus cultures.

During the sccond passage plus cultures showed levels of
activity equivalent with first passage valgcs. Minus cultures showed
considerably altercd activity, however, the pattern of activity change
during the éulturc cycle was similar to plus cultures but exaggerated
on a fresh weight basis and much reduced on a per protein basis. This
was duc to the\high levels of soluble érotoin in second passage minus
culturcs. v ‘ ) ‘

A comparatively small but significant amount of AP activity
was detected in the medium in vhich cells had been grown (Fig. 40).

The activity for plus cultures was scen generally to incicase with duration

of culturec, although activity did noL incicasc grecatly after day 6. Minus

» » '
culturce medium contained cqurvalent amounts oL AP activity until day 0
+

»
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Fig. 39. . Changes in activity of aciq phosphatase peg mg soluble
protein for cultures grown with and wib?out regulators
(plus and minus) during two successive culture cycles
(147-149). Day twelve represents the point of re-

inoculation into fresh medium. The inoculum of plus

cells in the first passage was 4,0 ml and 2.5 ml in

~
[

the second passage. Bar markings rcpresent standard
' errors. \yherc no markings occur, the standard error

was smaller thah the size of the dot.
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Fig. 40.

~

-

Changes in the activity of acid phosphatasé per fresh

-

weight of ‘cultures grown with and without growth
regulétors (plus and minué) during two successive 7

culture cycles (147-149). Acid phosphatase activity

detected in thce medium of plus and minus cultures

expressed per ml medinm is represented by thehéﬁﬁlle%
vcirc};s. Day twelve repre%ents the point of re-
inoculation into fresh medium. The inoculum of plus
cells in the first passage was Q.O ml artd 2.5 ml in the..

-

second passage.
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at which time there was a considerable degrease. During the sccond  ®

%h
passage without regulators the AP activity deteceted in the medium was

neglipgible at all times cven though the intracellular levels were very

high ~at this time. .

“r
i)

Concomitant with measurcments of medium AP activity mecasuge-

3

ments of medium pll were recorded (Fig. 41). TDuring the first passage

the pll of both'plus and minus cultures was scen to deercase quickly to

.

rcach lowest levels on day 4 and then to increase rapidly from days

6-10 to recach maximal lcvels on day 12. During the seccond passage with-

out growth regulators this pattern of cﬁangc was 1ot maintained. The
pH of the minus culture medium underwe t little change from the original

medium pH during the sccond passage. -

- ~

b e N

Acid phosghntase isoenzymelpattcrns and sclected gel scans
arc shown‘diagrmmnaticglly in Fig, 42 and 43 respectively. The most
prominent isocenzyme of the inoculum cells was isoenzyme Ai (sec Fig. 43).
This activity and all oghcrs arc drastically reduced by day 2 after

inoculation into fresh medium in both the plus and minus cultures (Fi'g.

42). By day 6 considcrable activity of most isdenzymes was restored
K 74
and by day 8 the pattern and activity of plus cultures was essentially

identical to that of the inoculum., Minus culturcs differed from plus
cultures in the greatly increased activity of isoenzymes D1-D2 and G by

day 12 (Fig. 43-B). No unique AP isocnzymes were detected in minus culture
4

Cesextracts,  With reinoculation into [resh medium on day 12 AP 1socgzymes

H -
! ¢

3 ,
all but disappeared in both plus and winus cullures, but in the case of

the minus cultures the isocnzyme patterns were not restored by day 20.
y i

o
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‘ A comparatively small amount ef-AD éctivlity in the fotm of i"soenzyme
Y e ¢ ) " .

- . “»\\ ) The low lewels of sfaining, on gels corresponded to low

v T ' s .
per mg soluble protein:
”
. - e .
- — - »
v, 2 ') i .
»
L] s “a
« 3 \—- t B
Tl e - o
~— ¢ -4 -
‘ . " ,
h -
- sp - ~~ & '
v n . N
“ - &‘. 2 \
" - LT - N i
s ¢
PR ‘;t‘ -, T
» s
a0 . Tk B
I N \./ - ‘F\ = * . -
* lean Y - . e LR " A %
s - 1t (3
3 \ .
- . - . ‘I ‘e "
- -
A ————— e = g— e o e ¢ e
N ¢ .
h *
1 M ’ « 2 .,
, - -
toe * : . ‘ N
Y - . .
- « v -
s, , N . -
' ) ¢ - .o
7 v . AT \ 4
~ N ~ o
. - -
y - ‘ ~ <
. ’ - N
Pl
. . . N "' v N
& = A -
P . - ! -
,
Y N - . o N
= i}
o t <
= \] t = - ‘s
v - — - f
. o : e . .
* N i M .
v
~ -
.
— <
- B
o
. . o0
s - -
oo
- 1
NSRRI .
L
.
: ’ Ty . ] ¢
B
. [ . .
"o (4
O
———— VL. .
y L4 A - 4
- »
v e b B .
+ '.‘
.
N
e - !
' v
R
w P
€ i ¢ 4 °
e L)
) - a
) ot : L~
- °
— .
o> hd - MR
Bl o s .
4 .
. + _—— -
- o IS .
-
- 3 A . ’
- =4
/ ~ ' . 4
. . N
- *
¢ r
: I
- 3 -
’ N . '
e ”
1 * N *
v ~ -
ve . . -
' e 4 - - 4
s by e e,
4
<
! ) .
- o ° Lt {
” * M

> ‘ Al1-A2 was detected at the 'erlxd of the sccond passage on day 24 (Fig. 42).

- ¢

4
3
Ld i
levels of AP -
- o
o
;
.
% o
L
g
L c
o
“
.
-
.
a
r 3
.
;
p .
. .
»
-]
, .
o
. -
%
]
L
a
g
* ©
b
.
o
8 »
N -
<
L]
.
© 1




. > - 4 .
- - 4 .\ 1
3 . .
[ ' \ . L4
d @
>
, .
7
1
! : o \ \
- :
-
. .
3 i \
.
. .
K - ¢ .
o « s ) N
- n‘ . *" - »
ize, . R
<
.
.. N
I
- 13
¥
R
p
A
,
o
k] N o
£
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. and without growth regulators (plus and minus) during
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the point of inoculation into fresh medium. The pH of

.
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g Fig. 42. Diagrmmna*tc representation of the patterns of activity

of AP isocnzymes from cultures grown with and without

growth regulators (plus and mi%?s) for two consecutive

/
culture cycles. Numbers at the top of the gels denote -
the day of sampling. Day 12 répresents the point of N
. _
ST s “reinoculation into fresh medium. The amount of
LI <
activity is represented by band intensity calculated
o
as the average of at least three separate exgériments.
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Fig., 43, Tracings of AP gel scans. Scans for' plus cultures’

are drawn with a solid linc and minus cultdre scans

7

with a dashed line. e
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6) Leucine Aminopeptidase

. The change in the activity of LAT expressed per mg soluble
prolein or per gram f[resh weight is shown for cclls grown with and with-
out growth repulators in Fig. 44. The LAP activity of plus cells on a

fresh weight ba/is increased to twice that of the inocalum by day 5 and

then decrecased to rceach inoculum levels by day 8, whercas, LAP activity

expressed per mg soluble protein shoved only a slight peak on day 6-8.

"

The LAY activity of minus cultures expressed per mg soluble

protcin or per gm fresh weight decreased with inoculation into fresh

.
]

medium and then increased sharplij' from day 4 to a maximum on. day 8. LAP
« ) }
activity then decrecased but by day 12 was maintained at higher levels

|
, |
than in plus cultures. w/

LAP isoenzyme patterns are shovn diagrammatically in Fig. 45.

The isoanzyme patterns did not change grealtly during the culture cycle

. . .
and thus are not illustrafed extensively. The increased, intensity of

some bands and the occurrence of isoenzyme E not present in inoculum
k]

cells represented the only changes. The appearance of isocenzyme E may
/ B ¢
. : p

.account for the incrcased LAP activity. The isochsyme patterns of plus
y By ;

sand minus cultures were essentially simflar, however an clevated level

.

of isoenzyme E was scen to persist in minus cultures.

.

During the sccond passage the activity ang pattern of LAP
Q

- 5

isocnzymes was identical to that of the f{irst passage. .The mienus

s '

cultures howevel, showed persistently much higher levels of LAP activity

° [

than plus cultures, bub "shoved' little fluctuation in activity. The
5
. . . {
isocnzyme pattern shown in Fig. 45-¢ was also maintained without significant
»

] . )
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change from day 12 to 24.  IAP activity wa$ not detectable in the

m?/dium of plus or minus cultures at any time.

Glutamatc-oxaloacetate Transaminase

t

L=
4

I " Mecasurcments of the tetal activity of GOT were not made
!

..

» 3

but cstimatiop of the activity from band intensity on stained gels

indicated that activity in both plus and minus cultures was lowest in

o

inoculum ce¢lls and highest in day 4-8 and 16-20 cclls. The GOT isocnzymo
patterns are shown in Fig. 45(f-1). The patterns of GOT isoenzymes

changed little during the culture cyrle, the greatest differences were

evident between day 6 and day 12 culturcs, Plus and minus culture
. L At

i'éoenzymc) patterns differed only slightly ib-& guantitative manner. The

activity and isoenzyme patterns of both plus and minus cultures 'durin'g

the second passage were essentially //thersa.me as the first passage.

.

~
\ 7
B
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" Fig. %% Diagrammatic representation of the patterns of activity
-y

< -

of LAP and’ GOT isocenzymes from cultures grown with and
without growth regulators (plus and.minus). The amount

of activity is represented by band intensity.

a - LAP isoenzymes 12 day 147 plus culture -
: (inoculum) .

- LAP isocnzymes 6 day 148 plus culture

LAD isoenzymes 10 day 148 plus culture

- LAD isoenzymes 6 day 148 minus culture

- LAP isoenzymes 10 day 148 minus culture

n'cso T
t

- GOT iseenzymes 6 day 148 plus culture
GOT isoenzymes 12 day 148 plus culture
- GOT isocnzymes 6 day 148 minus culture
- GOT isoenzymes 12 day 148 minus culture
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Mcasurements of total estera
Sl

”
save

v 1’
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s¢,activity were not counducted

because available techniques arce somewhat sensitive and time consuming
By (e ]

-

(sce James and Smith 1974). Esterasce activity as judged by staining

v

intensity of gels was lowest in inoculum cells and highest in day 2-8

* Ly
- N

and 14-20 culturcs.,~— =~

.
’

~ 1
Esterase isocnzyme patterns and representative gel scans

e -

X

arc shown in Fig. 46 and 47. It is obvious that the cslerasc pattggpns

v
ey e
'

arc quite complicated. The isoenzymes have been labelled in thrcé}main

-

G

groups based arbitrarily on mobility characteristics and termed ye, B,

and C. ) )

v

Following inoculation into fresh medium the plus cultures

ALASE )

1]
showed a str

of inoculum cells, €2 almost variished. completely and the previously weak

3

isocnzyme

\

the phase of cell division, the number of isoenzymes of the /. and B group

continued to increcasc (secec Fig. 46, day 2-6, Fig. 47, D and E).

cultures aged the préminence of isoepzymes of the A and B group diminished
- [

v

with the congomitant increase of isocnzyme C2 (Fig. 46).

¢ing change in isoenzyme pattern. The predominant isoenryme

A3, A5 and B2 increascd greatly. From day 2 to day 6, during,

As the

Cultures that were transferred into minus medium very soon

showed the incrcasce of the A and B group Lsoenzymes but in contrast to

”

-’
plus cultures maintained considerable €? activity. As was thercase for

e

the plus cultures additional A and B pgroup rsocnzymes appearced during

the culture cycle. Examination 6f gel scans (Fig. 47) shows™ that there

vere [requent quantitative differences betueen plus and minus cultures

§

among the isocn.ymes of the A and B group but the major difference between

°

_

K
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plus and minus cultures in the Tirst passage was the maintcenance of
v PN RN - L ’
o 1 v
{sacnzyme €2 in the minu:g cultures. =
- ¥

)
~

‘

. ‘_1" .

as way the case

. 4

for plus cultures, showed the increise gnd then decrease in number and
!

ity of A and B group isoenzymes.  The patterns of change were

. - - i
During the sccond passage minus cultuwys,

Y

.

activ

. R t - g .
similar to the first passage oxcept for the sudden dacrcase in minus

o
,
.« . .
3 o ’ 2 - ~ . o - s -
culturcs of isocnzyme €2 am}T -its subscquent disappearance "after: day 20
. ~ . "
. ,
. .
R R
(Fig. 46). . ¢ .
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Diagrammatic representation of the patterns of activity

N

LY
of esterase isoenzymes from cultuges grovm with and

- e

Fl

. §
withgut growth regulators (plus and minuws) for two

.

£

ong. utive culturc cycles.” Numbers at the top of
§ 3 .

. ¢

th ‘gels denote the day of sampling.

Day t\elve

represents the point of reinoculation into, fresh = -

s

pedium. The amount of activity is
s

band. intensity calculated from’the

Y

three separatce experiments.

represerfted by |

average of at least
*

Y

i em—e -
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Tracings of csterase gel scans. Scans for plus cyfrures
¢ i

are dravn with a solid linc and minus culture scans with

a dashed line,

) ¢
A - Est isoenzymes 12 day 125 - inoeulum
B - Est isoenzymes 8 day 12607 - - .
C - Est isoenzynes 10 day 126 ’ ) @ﬁ‘ ) ’
D - Est isoenzymes 2 day 127 (14 day) . N .
E - Est isoenzynca 6 day 127 (18 day) wy X‘ -
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9) Malate'Dehydrogenate a

Spectrophotometric measarcments of "malat ¢ and glutamate?

’

dehydrogenase conducted by conventional methods (i.c.. the increase in

absorbaiice of NAD at 340 um) wvere unsuccessful using the soluble protein

extract prepared for clectrophoresis. Evaluation of the intencity of

staining on gels however, indicated that MBI actiwvity was highest in

L

5
-

cultures from days 2-6 and 14-18,

As was the case for esterase, MDII patterns shoved striking
4

N

changes with inoculation into fresh medium (Fig. 48 and 49). 1In the

case of plus cultures Lsovnryme G was scen to split into two peaks form-

¢ T T .
ing isoenzymes G amd?F, ~the-relative mobilily of isocnzyme D chdugcd

consistently in the dirdetion of the anode and for purposes of ident-,

..

v "

ification is named isocnzyme B. Additionally on day 2 the appearance
. .

’
\

of isocnzyﬁcs A, H, I, and J verc detected (see Fig., 48, 49). Isocnzyme

v \
A was most prominent on day 4 aftervhich tine it decreased quickly and

by day 8 the total MDII pattern was scen to change back that of the

inoculum.

> ¢

The pattern of change of MDH in minus cultures differed

o
f

from plus cultures in many ways. Initially. after subculture, minus

N -
A .

] s ., 1.
cells showed much greater MDH activity than equivalent plus culturgs

. »J

\ ) .
but the pattern changed less strikingly. Isoensyme G wvas not so styongly
. o | 4

] .

divided into F and G forms, the mobility of iwoenzyme D changed less

) /s
Jsdowards the anode and is so designated € for identification and Lsocen.yne

“ A - L
e
A failed to occur at all. As was the case with plue culturcs after day
r

6 the isocnsyme p’tern became similar to that of the inoculum.

vy N
v - \
.

. 0



A

During the second pascage in minus culture MPIL activity ®as

again found to be elevated after subcultuyge but showed a lens changed
o ¢
isocnzyme pattern than cquivalent plus cultures. By day 20 the minus

.

culturcs shoved numerous bands of minor activity <ome of which ldncreaned

“in strength until by day 24 the minus culturce pattern, due to the prescnce

'

of isoenzymcs L, C, F and I, was considerably different than that of the

: J

plus cultures, —_ .

3

10) Glut.mate DehydPog enace

' *

=
2

The changes in pattern of GDIL isocnzymes arce presented in
¢,
tabular form in Tables 3 and 4. Representative gel scans arce shown in

Fig. 50. The GDH activity of inoculum culturcs consisted of five or

six closcly migrating band- of lov activity (Fig. 50-A). After inoculation

> hY
»

into fresh mediuw both plues and minus cultures shoved a dramatic <hifi

in isocnsyme profile from the more slovly migrationg D, E, F isocnzywes

to the more guickly migrating A, B, € isocnsymes (consult Tables 3 and
[£4
> \
4, Fig. 50). By day 6-8 isocnzymes D and E incrcasced im activity to
reaeh highest levels on, or near, day 8. As GDU activity diminished

with culture age the activity of isoenzymes A and B assumed very low

levels., Minus cultures differed from plus cultures in a somevhat slower

transition from the slower to faster migratung isoenzyme forms and a

kS

slover incrcace in UbIL activity which resulted in higher GPII levels dn

s

minus cultures at Che end of once padsape.  During the sccond passape
- 1 -

¥ - P
the GDI actavity of ndnus cultures Jll(i,l‘(‘.l‘.(.‘d in activity and chanpged in

pattern with remnoculation into froeoh mediom but aftor day. L6 activity

,
. A
deereased to low levela.  The isofmeyme pattern of winus cultures became
! A
very different than that of plusfenltmes after day 20 (sec Table 4).
i
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Diagrammal ic representation of he/patterns of MDHU .-
isocnzymes from cultures grown wvith and without growth

. . e ~o- - T .
rcgulﬁtsrs (plus and minus) for two consccutive

‘ .

‘culture cycles. Numbers af the top of the gels denote

. - = ‘

the day of campling. Day 12 represcnts the point of

rcfinoculation into freshrmedium, The amount of activity

s

is represeated by hand intensity.calculated- as the
average of at least three sc¢parate experiments. ‘_/(
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Fig. 49,

Tracings

drawn with a solid linc and thosc for mjnus cultugpes

of MDH scans. Scans for plus cultures are

with a dashed 1line.
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Fig. 50. Tracings of GDH scans. Scans for plus cultures are s
. 1 ,
! drawn with a solid linc and thosc for minus cyltures
1
1 x
@, wwith a dashed line, ;
’ 8 i T
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A - GDH isocnzymes 12 day 125 (inoculum) . . .
B - GDH isoenzymes 2 day 126 . -
C,~ GDH isocnzymes 4 day 1206 . -
"T)f— GDH isocnzymes 8 day 126 .
E - GDI isoecnzymes 10 day 126
. F - GDH isocnzymes 12 day 126
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Table 3

*Percent of the total GDU activity contributed

by the indwvidual isoenzymes;s

]

Plus culturces

- Isbon?ymc Day 0 Nay 2 Day 4 Day 6 Day 8 Dn§ 10 Day 12
A -7 30 44 34 - 22 " 10 6
- (/“ B 19 31 25 40 23 27 18
[
c 25 .26 14 22 22 29 23
D 24 v 11 12 - 18 23 23
: b
. E 16 2 5 - 10 8 18
» . -y ‘C’ - \ 4
o F 8 - - - 5 3 12
G 1 - - - - - -
] - -
LN
Tsoonzyme » Day 12 Day 14  Day 16 Day 18  Day 20  Day 22  Day 24
A 6 40 43 27 25 . 18 s
. %
& 18 35 24 31 31 26 19
c 23 ¥ 14 23 26 28 28
° . D 23 5 13 16 14 21 25
o E 18 - 5 3 4 6 14
] A4 y
F. - 12 - w1 -2, 1 6
o G - - - - -0 s - -
‘ >
- —% The pereent activity was calculatied ¥\rclativé areas on gel scans.
. . ’
- N . ’-—' [y "“” ‘(/ l'? N
" , .. '!1’ :‘,{3’ . 4 N ’ .,: R i iﬁ G ¢ \ X
"\':\ N - " Y f ' \
— - LI e . ) .
a ) * " - ¢
-~ "._"fh -
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; Table 4 .
*Percent of the totdl GDlI activity contributed A
. J
by the individual isoenzymes; Minus cultures
) t
Isoenzyme _Day 0 Day 2 Day 4 Day ‘6 . Day 8 Day 10 Day 12 °
A T 39 27 20 Pl 22 7
] , . - .
B 19 40 33 33 22 © 25 21
. - N /
c 25 14 - 26 * 25 . 27 23
« D 24 - 13 18’ 26 . 20 23
E 16 3 1 4 10 7 / 14
. .
F 8 - - - %J3 2 / 8
- : (1
G 1 - - - . 1 1 i 1
o : . /
L A /
AN ; . -
Isdenzyme Déy‘lZ ' Day 14 Day 16 Day 18 Day 20 _ Day éZ Day 24
A L7 L27 49 16 14 - 32
El L] 3 «b /
B 21 ~33‘ 35 19 11 24
v - %
©C 25 26 12 26 11 > 17 »
I :
ST « 23 12 4 23 19 15
E - 14 2 - 15 - *%23 12
. . L ¥
F ' 8« - - 1 17 -
o N1 : i S i i

]

-0

-
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D. The Growth of New Cultures of Root, ilypgcdtyl and Cotyledon,

Comparison With Established Cultures, Scedlings and Mature Plant Parts.

'

- “

1) Introduction

- v

The results thus far have shown that persistent biochemical

[

E]

differences do exist in stock cultures derived by Dr. Liau (1971) from

root, hypocotyl and cotyledon of a single sécdling. This present

' * .
section reports recsults from new ccll cultures established from a number

of different scedlings. * The obscrvations were made in order to test:

+

1 - whether differences b8tween root, hypocotyl and cotyledon cultures

* is a general phenomenon, 2 - the degree of variation in the isocnzyme

pattefnﬁ of cultures derived from the same plant parts, and 3- - the

possibility that the differences detected between cell\#ultures are.

related to the tissue of origin. In all™a total of sixty-eight sets

of root, hypocotyl and cotyledon cultures were started from five-day

1

. N . ‘ . y
old seedlings on Liam medium. All attempts to start vigorous cultures

-

directly on synthetié medium were unsuccessful,

4 i

. Cultures which showcd good and approximately equal growth
from the three parts of the particular seedling.were chosen for analysis.,
qhis was done for practical reasons and therefofe to a certain extent,
means that the cultures were not a random sample of the bean sceds.
Callus cultures were analyscd at the end of two or three

{

passages. Suspension cultures were started in both Liau and synthetic

»

medium using first passage callus cells as inoculum. Growth in synthetic

medium was generally successful only ior cotyledon cultures.

>

»

-
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2) Ncw Callus Cultures
a) Morphology : S b
- 4

Selected examples of represcntative cells of newly

-

developing callus cultures, mechanically dispersed, .are shown in

Figa 51 and 52. Cclls in general avere large and highly vacuolated

13

with highly developed and intricate networks of ¢ytoplasmic strands.

As is commonly the case with such callus cultures many, different shapes

of cells werec observed.

Initially, all callus cells that developed were white or

o

yellowish in color and the callus was somewhat soft and friable in
texture. With culture age and after transfer to fresh solid medium,
the callus often became brown and more rubbery in texture. Selected

.
cells from brown and white parts of the callus are shown in Figs 51
(A-D) and 52 (A-F). There were no obvious differénces in the variecty,
size and shape of cells. éreat variation was evident within both white

and brown callus. An obviousﬂdifference between white and brown callus

was the large amounts of opaque material (possibly polysaccharidé)

> . a—

pres%nt on the,walls of brown callus cells.

Thchnewly developing and actively growipng callug cells
were always white or ycilowiéﬁ in color. Newly derived callus cultures
at first grew much more slowly than the established stoék cultufe;.
After the thixd passage, however, ‘the rate of growéh of callus cultures
incroaééd with tlre cqpcomitant climination of the bro@n cells, The
wide variety of cell sﬁapcg'and sizes present in all the new cultures
made it impossible to distinpguish onc [rom another on a morpholégical

- #

basis.”



‘ In addition to the presence of large amounts of material

.
Y A
J r - -

‘

t o - >
. external to the gell walls, and a variety of unusyally shaped cells, .

¢ ~ " \

newly derived cultures showed patterns of division 2pd multinucleate

- . cells previously now observed in the established stock callus and

~ay

. .
suspension cultures. Many of the ncw cultures showed an apparent

chaining or budding'form of cell division (Fig. 51-E). Multinucleate

. cells were observed in a variety of the newly established callus and
, A 4

suspension cultures (Fig. 52 C-G, Fig. 57-F). However, the proportion

’ 3 . . L ]
.~ - of miltinucleate cells in any one culture was very low. \
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' Fig. 51. .

-~

\ Selectcé cells from newly established caklus cultures.

A - Cotyledon callus culture No. 2, second passage k+ .

v ' ; medium, brewn cells - note degosfés of material external
“to the cells. - -
. J
B - Hypocotyl callus culture No. 2, sccond passage L+ medium,

A\

/(»:”

o brown cells.

b}
. . C - Hypocotyl callus culture No. 2, third passage L+ medium, s

! :
white cells - note no external wall deposits on typical

i ! highly vacuolated flask shaped cell. .
D - Hypocotyl callus culture No. 2; third pas8age L+ medium,

white cells~~ typical group of large elongate cells
N ‘ * /
free of wall deposits. ° : N
. ¥
E - Root callus culture No, 20, second passdgg white cells -

¢ -
chain-like or budding type of growth.
¢ A 1‘ . ’ *
i\ -

13
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RN

« . * “Fig. 52. ' N
- f . ) '
Selected cells from newly, established cultures. All pictures
) 1 , N
. taken with phase contrast. d .
. \

+

. A - Root callus cq}turé No. 4, second passage L+ medium,
‘ . (Lﬂv
highly vacuolated cell with cytoplasmic strands.
; 4
B - Cotyledon callus culture No. 4, second passage L+

medium, typical round cell.

~

£
C - Hypocotyl cﬁllus/gp&fﬁ;;\No. 27, first passage synthetic

medium, binucleate cell. '

D - Cotyledoé kéllus culture No. 27, first passage éynthetic
;-

)

medium; binuclegte cell. - .

X 4 “
' E - Cotyledon callus culture No. 4, second passage L+

medium, binucleate cell from brown section of callus.

F - Root callus culture No. 4, second passage L+ medium,

»

/trinucleate cell. ¢

5
f - Root suspension culture No, 17, first passage synthetic

\ . medium, multinucleate cell.

Y
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b) Peroxidase Isoenzymes and Activitv

Because a difference in color of parts of the newly

derived callus cultures may have meant a difference in certain

i/ enzymatic activities, especially peroxidase and PP , protions of
white and brown callus were analysed separately. ¢

4

i - 4
hd ! Spectyophotometric measurements of peroxidase activity .

showed a variatiod of activity in units per mg soluble protein

-

(1 unit = 1A 0.D. per min.). These ranged from 190-1490 for hypocotyl,
7 . v .
740-2090 for cotyledon and 880-2740 for root cultures. There was no

i
A ]

significant difference in activity between white and brown cells.

? -

- The peroxidase isoenzyme patterns of new cu(E;res are

shown diagrammatically in Fig. 53. As can be seen from a comparison

.

of a and b, c and d, e and f and k and 1 white and brown cells of any

one tissue origim showed essentially identical isoenzyme patterns. The

only difference between white and brown cells was the generally increased

activity of isoenzymes M, L and K in the brown cells. The peroxidase
2

A .

isoenzyme patterns of the root, hypocotyl and cotyledon cultures are

very similar. However, root cultures could be distinguished by the
presence of isoenzyme F, C and the separation of isoenzyme I into two

- ;
distinct “bAnds T-1 and 1-2. A comparison of the patterns of root

+ ’ '

a

cultures from different seedlings (Fig. 53 g-1) shows the considerable
variation in the occurrence of F and G. vhich limits the value of

. - \
isocenzyme F as a useful marker of root cultures even though it was

- -

never detected in any other new culture type.

Jo

"t

4
-
y
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Fig. 53. . \ - .
Peroxidase isoenzyqes of newly derived callus culﬁyres.
Y . - A. Benzidine peroxidase, composite diaérams of cultures )
: No. 1-10, , (' -
a - root, w¥ : B b - root, b¥*
c 1)h§pocotyl, W d - hypocotyl, b o -
°- ’ e - cotyléaqu w | | f - cotyledon, b ‘ .
' B. Guaiacol peroxidase \ -
g tol - root culture No: 10-w*,’9-w,,8-w, 4few, 2-w, 2-b*
‘ m - hypocotyl, composite of cultures 1-10.4
n -ﬁcotyledqn, conosité of cultures 1-10. .
Peroxidase acti;ity is represented by degree of band intensity.
v *w -'white cells, b - brown cells
\ |
v . 5 '

&
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¢) Peroxidase (polyphenolic) Tsoenzymes and Activity

n

- -

The results of spectrophotometric measurements of PP

-

activity in newly derived callus cultures gave the same general picture
as for peroxidase. There was no significant difference in the amount

of PP activity in extracts of white and brown callus; thefe was
«

considerable variability in the amount of activity in the individual.

cultures and, as a whole, root cultures showed the most and hypocotyl
4

eultures the least activity. PP activity ranged from 220-Y160 units

( A 0.D./min./mg soluble protein) in hypocotyl cultures, 470-1130 units

. \
in cotyledon cultures.and 620-1780 units in root cultures.

The PP isoenzyme patterns.representative of new cultures

are shown diagrammatically in Fig. 54 (a-f). There was essentially
no difference in pattern between root, hypocotyl and cotyledon cultures

and ﬁo difference between white and brown cells. ' The presence of

isoenzymes I, J, K and L ip-patterns a, b and f is considered to reflect

pervxidase activity (see Fig. 53 a-f£).

g) Malate Dehydrogenase
The MDH isoenzyme patterns of newly derived cultures are
shown in Fig. 54-B. The patterns of root and hypocotyl were similar

but those of cotvledon were quite distinctive due to the presence of

isoenzymes D and E which werc not present in root or hypocotyl. White

cells also differed from brown cells in the increased activity of

«

"
isoenzyme 1l in brown cells.

2
¥
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e) Glutamatc Dehydrogenase - ° o
v g
The GDH pattern of &Il the new cultures consisted of five
T 3
13 -
or six closely migrating bands of low activity essentially idéntical 1
0 N ’ *
to the pattern proviously described for established callus cultures
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"A. PP .isoenzymeg, composite drawing'of’ cultures Nos'1-10.
. . - B © -
Al1f gels stained with DOPA. S v - t
4 . . : . R 0 . ! S
a - rbot, w¥k b - roqt, b* ' .
« A -
. ¢ - hypoéotyl, w . d - hypocdtyl, b ’ .
~ »I ;' 9 . ) 3 ) 9
e - cotyledon, w ’ . f - cotyledon, b R
. . . R
N o - ¥
B. MDH isoenzymes, e¢omposite drawing of cultures No, 1-10. .
. ’ e o . . . A
4 < Y ‘e . P he -
s “a - root, w¥ b - root, b* , -
. : ) - . } )
¢ - hypocotyl, w . ., d = hypocotyl, b . .
v L4
. e - cotyledon, w | e f - cotyledon, b . ! . ‘
. 3 °
5 a - 0
The degree of enzymatic activity is denoted by, hand intensity. ) . :
- } s g - i e ° »
x . Iy (4 N ~ -
*w ~ white cells, “b » brown cells ¢ . .
!’ j'l‘ ‘ .
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3) New Suspension Cultures.

a) Mo;Ehologz
~

As was the case with new callus, the new ‘suspension cultures
grew slowly in comparison with older stock suspension cultures. First
passage suspension cultures containe& many large, highly vacuolatcﬁ
cells. Many of these cells may have been present jn the ;noculum used
to start the sué%ension culture. Exampkés of the cell tyées‘op§erved
are shown in Fig. 55 to_ 57. After the first few passages in suébe;sion
culture the cell population became more homogeneous and increasingly
smaller in cell size. This was reported and discussed by Liau (1971).
The more irregula; cell forms were no longer comitonly observed and the
cell populations tended to be made up of groups of actively dividing

small cells (compare Fig. 55 A-E with F).

b) Cytochemistry

The morphological characteristics of first passage suspension
¢

cells, namely: large size and the ease of observation of the intricate

internal construction, make these cells useful cytochemical material.

Cells were stainfd for a variety of the cnzyme activities used in the

/

isoenzyme studies. Typical results are shown in Fig. 57.

. Peroxidase activity was localized as a granular stain spread

evenly phfbpghout the cytoplasm and cell wall. Wall associatéd activity
was much lower than that previously observed for stock cotyledon cultures
and no crystais were obsérvcd on the surface of the cells. Staining
for MDH, GDH and GG6PDH activity generally produced a delicate mottled

staining of the cytoplasm (Fig. 57 C-F). Magﬁification of the stained

+ -
I

areas revealed the activity to be a highly stiy@fmd neiwork (Fig. 57-E).




&

___The cytoplasm ddjacent to the nucleus'often stained more intensely

- — . . 3

than other %féas. Cells stained :for esterasc activity showed auéfanular
deposit spread evenly throughout- thﬁ'p§toplasm. Additionallf, some

\

cells shpwed considerable esterase activity associated with the sell -

<
R -

wall of located in material covering the outside surface of "the cells. B

~

-

tm

3
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Fig. 55. é‘m )

e .

Selecﬁéd suspension culture&éefﬁza ] - o

K !&gopt,§uspeps;on culture‘gé.’sgg first passage L+ medium
- typical populatio;uof:réhﬁé,cellg.'

B - Cotyledon suspension wgulture No. 59, first passage L+
medittm - round cells-with highly reticulate cytoplasmic
network. , v oa

C - Root suspension cuitp;k_No. 17, first passage synthttic
medium - possibly a polyploid égll undergoing cell
division,

D - Root suspension culture No. 18, first passage L+ medium
- typical young free cell.

E - Hypocotyl suspension culture No. 14, first paésage L+
medium - flask shaped cell. |

F Hypocotyl suspension culturéz Stock culture é day passage

97 - small group of actively dividing cells for size

comparison. o

q P - -
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%
Fig. §7.
[] ‘ - /\’ - .,’ ¥
Cytochemistry of selected first passageg,f‘ﬁo. 59; root, hypocotyl

and cotyledon suspension culture cells grown in L+ medium. ‘
A - Root cell stained for benzidine peroxidase - note

. reticulate staining of cytoplasm and cell wall.

B - Root cell stained for guaiacol peroxidase - stainibng .
identical to A. n‘ '

C - Root cell stained for GDH activity - general réticulg:e
staining of the cytoplésm. '

D - Root -cell stained for G6PDH activity - general =staining
of ﬁcy'top].asm},around the nucleus. “

E - Cotyledon cell stained for MDH activity - enlargement of
cytoplasmic sta'i.ning.

F - Root cell stained for GDH activity - staining cytoplasmic
in natu_r:a but especially heavy l;etween the nuclei,.

G - Hypocotyl cell stained for Est activity - granular stain
.spread evenly throughout the cytoplasm.

H - Cotyledon cells stained for Est ~ staining of cytoplasm
with some cells shoﬂwfing considerable staining or.the c$11‘
wall surface. ’ .
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c) Peroxidase Isoenzymes

The guaiacol isvenzymé patterns of selected root, hypocotyl

1

and cotyledon cultures are shown in Fig.

a considerable amount of variation among

same part of diffefent parent seedlings.

4

consistent differences between the three

v

difference is the consistent presence of

58. As can be seen there is
the cultures derivéd from the
Nevertheless there are
cultures. ° The most prominent

isoenzyme A and B and G and F

in cotyledon cultures, the presence of strong isoenzyme M, L, K activity

in root and cotyledon cultures and the presence of isoenzyme H in

» -
+

hygocétyl cu&fures.

As can be seen from a comparison of Fig. 58 p and q, the

isoenzyme patterns of peroxidase were essentially the same in cells

grown in L+ and synthetic medium.

. & -
into synthetic medium usually showed little' growth.

of isoenzymes of MDH and PP , as well as

.

essentially identical in cells froqﬁtﬂe two media.-

Y

First.passage callus cells inoculated

When sufficient

’

.growth occurred for isoenzyme analysis to be carried out, the patterns

peroxidase, were found to be

Analysis of the spent medium in which new suspensfon cultures

were growy showed that cell cultures secreted or Tost peroxidase activity

into the medium.

This 1s shown diagrammatically in Fig.

58 r-t. The

pattern of medium peroxidase from cotyledon, root and hypocotyl cultures

are distinctive.

L5
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Lok Fig. 58.

Guaiacol peroxidase isoenzymes of newly derived suspension
Y ]
~ cultures. - ’

S

e N ,

a - e Root cultures* No. 64, 67, 68,“3§“and 63. . ;
f - j Hypocotyl cultures* Ne. 64, 67, 68, 59 and 63.
k - o Cotyledon cultures* No. 64, 67, 68, 59 and %3.

p - Cot&leddqlculthéwNo. 38 L+ medium.

q - Cotyledon culture No. 38 synthetic™medium, i
r - Root, medium peroxidase, composite diagrapt T . e
s -~ Hypocotyl, meéium peroxidase, co&posite diagram. ' ~

. t - Cbtyledon, Qedium peroxidase, composite diagram. ,

The degree of enzyme activity is represented by band intensity.

*grown-in L+ medium.

-
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+d) Peroxidase (polyphenolic) Isoenzymes

.

Q

The isocenzymes of PP for newly derived suspension cultures
are shown diagrammatically in Fig. 59 a to i. The patterns of hypocotyl
cultures can Be distifguished from those og root and éotyledOn by the
presence of isoenzyme J anﬁ the absence of isoenzyme IH. Isoénzyme G,
present in all of the culturesy is equivalent to perokidase iscenzyme

I (Fig. 58).

e) Malate Dehydrogenase and Other Isoenzymes

o

Many of the isoenzyme patterns of MbH, Est, AP, LAP and
GOT were very weak in the first passage suspension cultures and in this

respect not very dependable as enzyme markers. The patterns of MDH /

S

and esterase did show reproducible culture specific . isoenzyme patterns

when' the level of activity was reasonably strong. Typical patterns of

MDH are shown in Fig. 59 j-1  Root cell cultures characteristically

v

showed the presence of isoenzyme B not prlesent in‘yypocotyi or cotyledon.
The esterase activity of most 28 lay new cultures was usually
so low as to make comparisons between Eultures difficult. It was evident,
. > s
however, that i:oEEgyme R was only “present in cotyledon cell'zu}tures

-

(see Tig. 64). e

The patterns of AP, LAP and GOT isoenzymé; showed little

varigtion in the'newly estgblished culturds. AlL newly established

o

. suspension cultures cxhibited a relatively simple pattern shown in Fig.
~ .

S .
64 and _65. ) o
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Fig. 59. ,
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‘ . _ PP and MDH isoenzymes

" grown in L+ medium.
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4) Comparison of Isocnzyme Patterns From Cultured Cells With Those-

" 148

t

of Seecdling and Maturc Plant Parts

a) Introduction : s

A difficult aspect of a comparison of isoenzyme
paftérns from many different sources is the’problem of nomenclature.
Isoenzyme bands reported here have been designated in accord with
the general principles outlined in the section on materials and -—
methods namely that isoenzymes are labelled with capitgf\%etters in
order of decreasing migration towards the ffont. Isoenzymes that
occurred in close proximity and may possibly be related are given

\
subscripts of the game letter, e.g. Al, A2, A3, etc. During the

)
course of this study some isoenzymes detected in various different

experimental conditions, although identical in electrophoretic mobility,
have been given different letter designations.

In order to make easier the comparisons between the

\,
many isoénzyme patterns reported in this section, composite figures

were first drawn for each cnzyme based on all analyses for that cnzyme

including analyses reported in previous sections. The isoenzymes were
then relabelled when required according to electrophoretic mobility.

Furthermore, numerical subscripts were only used in cases where a large

.

band of activity, e.g. D of Fig. 60-c was also found as subbands (D1,D2).

Additionally, when the eiectxophorotic mobilities of

o

certain isoenzymesw.were essentially identical but the banding pattern

characteristics of the isocnzymes were not the same, small case letter

subscripts were affixed for purposes of identification. For example,

"



«

thcﬁbaqdjpg;of guaiacol pcroxi&hsq isocnzymes G and F are differgnt
A T '

3 . s . .
but very characteristic in callus and suspension cultures. It is
. ~

~

not known whether these bands represent identical enzymatic activity

and thus arc labelled with subscript c for callus cultures-and subscript

s for suspension cultures (see Fig. 60 e and f). in the same mapher,

it is not always certain, when comparing certain isoenzymes of stock

cultutes with newly derived cultures that the isoenzymatic activities

[
are identical. 1In this case established culturc bands are given
subscript o (old) and newly established culture bands are given subscript

n (new). Any isoenzyme band that differed slightly in mobility or

other characteristics from the average band was given a subscript to

e .

identif; the point of origin of the band. The subsc;ipts used were:

r - root, h - hypocotyl, x - cotyledon, m - medium, q - stem, p - petiole,
1 - leaf and y - pod. Certain of the isoenzymes ?f the medium could .
not be clearly equated with any of the cytoplasmic isoenzymes; therefore,
their designation with completely different symbols as used previously

was retained.

b) Guaiacol Peroxidase

The isoenzyme patterns of guaiacol peroxidase for whole
plant and scedling parts and new and establishgd cultures are presented

diagrammatically in Fig. 60. The patterns of peroxidase are very

i '

complicated and up to 18 isoenzymes werce observed.

SN « The peroxidase activity of onc day imbibed seeds was ,

very low. Only onc isoenzyme (K) with very low activity was detected
in both the emﬁryo and cotylcdons (Fig. 60 a and u). It is noteworthy
that catalase activity (not depicted) was extremely high in cotyledons

<

at this time. By day 5 peroxidase activity had increased very markedly
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Fig. 60. ' .
Comparison of Guaiacol Peroxidase Isoenzymes

- 1 day embryv (24 hr. imbibed seced).

- 5 day root.

- mature root (6 weeks).

- root callus, stock culture, 21 day passage 53.

~ root callus, new culture No. 9, (28 days).

- rogt suspension, new culture No. 67, (28 days).

- root saspension, stock culture, 12 day passage 121.

- § day hypocotyl,

- hypocotyl callus, stock culture, 21 day passage 53.

- hypocotyl callus, new cufture No. 9, (28 days).

- hypocotyl suspension, stock culture, 12 day passage 121,
hypocotyl suspension, new culture No. 63, (28 days). ¢
- mature stem, second internade, (6 weeks).

- petiole (fylly expanded .leaf).

- leaf (fully expanded).

- cotyledon callus, stock culture, 21 day passage 53.

‘- cotyledon callus, new culture No. 9, (28 dayg).

- cotyledon syspension, stock culture, 12 z‘passage 121.
- cotyledon suspension, new culture No. 67 28 days).

- cotyledon suspension, stock culture, 2 day passage 146.
- 1 day cotyledon (24 hr. imbibed secd).

- 5 day cotyledon.

- immature bean pod (without seeds).

- cotyledon medium peroxidase 12 day passage 121.

$E S St H.ATD OS8R T MDD A0 N
]

Peroxidase activity is represented by the degree of band
intensity.
Subscripts: ¢ - callus, s - suspension, h - hypocotyl

o - stock culture, n -~ new culture

r - root, X - cotyledon, m - medium
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and the root, hypocotyl and cotyledon showed distinctive isoenzyme

patterns (Fig. 60 b, h and v). ‘ -
The scedling root displayed the strongest peroxidase

activity and the greatest number of isoenzyme bands. Isoenzymes A, B,

- T

Dl and D2 werec not Present in either hypocotyl or cotyledon. The
hypocotyl and cotyledon patterns were comparatively simple with 5ands
of low intensityl Isoenzyme Hx seems to occur only in 5 day cotyledons
although it may be ecquivalent to isoenzyme w detected in spent culture

medium (Fig. 60 v and x). Comparison of 5 day root with mature root
i

(Fig. 60 b and c¢) shows that the predominant changes\hith time were

quantitative and the characteristic isoenzymes of root, A and B, were -
intensified.

Comparison of the various parts of the matute plant §

"(Fig. 60 ¢, m, n, -0 and w) shows, not surprisingly, that each plant

part gives a distinctive peroxidase isoenzyme pattern. Although the
patterns are uhique, parts of the plant that are related share many
isoenzymes in common (e.g. Fig. 60 m, n and o).

Comparison of the isoenzyme patterns of different -

‘cultured cells with each other and various parts of the mature plant

shgw some interesting points. The patterns of callus cultures are
similar to those of suspension cultures but differ in the banding

patterns of isocnzyme F and G (given subscripts c¢ and s for purposes

r4

of identification) and the presence of isoenzyme D in callus cultures
(compafc Fig. 60 p, q, r, s). In the case of root cultures (Fig. 60 .

d - g) older %Eock cultures, both callus and suspension, differed from
b 2

N

newly established cultures. Older cultures showed much more pronounced

LA
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activity of isoenzymcs”A and B and much less pronounch activity of
isoenzymes M, L and K. The isoe;zyme pagécrﬂs'df"éhe root cultures
show close similari;%es with the patterns from mature and scedling
roots (compare d - gqéo b and ¢). ..

Isdpefoxiﬂgse patterns in hypocotyl cultures are
depicted in Fié. 60.i - 1. As was the case with root éu}tures callus
and suépension culture patterns show similarities but again, differed
in G and F banding patterns: Hypocotyl suspension cultures differ from
those of root and cotyledon in the characteristic lack of isoenzymes
A and B. The patterns from hypocotyl stock callus (i) are very similar
to those of root (d) and cotyledon caliﬁb (p).‘“In.this respect they

o .t
are much more like the patterns of Q;ture roSEﬁKc) thag 5 day‘hypocotyl
(h) or mature stem (m). The newiy‘deriv;§,cailus‘and*suééension cultures
(j and 1) lacked isoenzymes A and B aﬁq thus are more like 5 day hypo-
cotyl.

Patterns ;f isoperoxidase from cotyledon cultures
are shown in Fig. 60 p - t. The isoperoxidase patterns of cotyledon
callus and suspension cultufres are the most uniform of the three groups.
Callus and suspension cultures again differed in the banding pattern

of isoenzymes G and F but contained considerable activity of isoenzymes

A and B. In this respect, and because of the presence of isoenzymes

o

abprvm

K, L, M and N, cotyledon isoperoxidase isocnzyme patterns are most
1ike thosc of the root. The peroxidase patterns of passage one and

passage 121 cotyledon suspension werc remarkably alike (Fig. 60 r »pd s)

0
2

whereas those of root suspensions (Fig. 60 f and g) were not, althoygh

»

—t

with time they showed a pattern similar to that of cotyledon cultures.
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#* .
o Peroxidase iqagQ?ymes were found to change somewhat
™~ [ >

N PRI

during the culture cycle; isoetizyme J (sec Fig. 60-t) was present

on day 2-4 of the culture cfcle. Isoenzyme J was not dctected at

any other time or in any otlger part of the plant.
.. . 3
. N ’ The fesults for peroxidase agreced with many other reports

’

of.pianp isoperoxidases in tﬂat patterns of seedling and ma&ure plane
parts are distinctive and that the patterns of activigy change with
dgyeibpment. The isoperoxidase pattérns of callus and suspension cells
from any one plant part ;howed differences, differences were detected
among calluses derived from root, hypocotyl and cotyledon and the
isoenzyme patterns of all cultured cells most closely resembled those

[

of root. )

>,



¢) Benzidine Peroxidasc

.

The isocnzyme patterns of benzidine peroxidase for
whole plant and scedling parts and cultures are presented diagrammatically

in Fig. 61. In general the isoenzyme patterns of benzidine peroxidase
are very similar to those of guaiagol peroxidase but there were many

-~

ntitative differences in isoenzymes and a few minor qualitative

~ -differences. Isecnzyme Ia was only observed when benzidine was used

[

as a stain. §

The benzidine peroxidase isoenzyme patterns of the'céllus -
and suspension cultures were identical to those obtained with guaiacol
and hence showed the same results. Callus culture patterns were similar
(Fig. 61 d, g, n) whereas suspension culture patterns were different
(Fig. 61 e, h, o). It ig important to remember that differences detected
between root, hypocotyl and cotyledon callus cultures were most evident
on day 7;10 of the 28 day culture period and not on day 28 (see Fig. 3).
The isoenzyme profiles of all three calluses and cotyledon suspension
most closely resemble the patterns of mature root. Finally the isoenzyﬁe
patterns of stem, petiole, leaf and pod showed more intense bands and

a more complicated isoenzyme pattern when benzidine was used as a-stain

(compare Fig. 60 m, n, o, w and Fig. 61.i, j, k and p).

-~
[



Fig. 61.

Comparison of Benzidine Peroxidase Isoenzymes

- 1 day embryo (24 hr. imbibed seed).
- 5 ¥day root.
- mature root (6 weeks).
- root callus, new culture, composite of No. 1-10,
(28 days).
. e - root suspension, new culture, comp031te of 59, 63,
64, 67, and 68, (28 days).
5 day hypocotyl , .
g - hypocotyl callus, " new culture, composite of No. 1-10,
(28 days). % '
hypocotyl suspension, new culture, composite of 59,

BTN

L]
1

h -
63, 64, 67 and 68, (28 days).

i- mature stem, second internode (6 weeks).

j - petiole (fully expanded leaf).

k - leaf (fully expanded). °

1 - 1 day cotyledon. ~

m - 5 day cotyledon. >

n - cotyledon callus, new culture, composite of No. 1-10,
(28 days).

cotyledon suspension, new culture, composite of 59, 6§~
64, 67 and 68, (28 days).
p - immature bean pod (without seeds).

<
!

1
Peroxidase activity }s represented by the degree of band
intensity.

Subscripts: a - i.e. Ia, subband of I detected with benzidine
’

only, r - root, s - suspension,'c - callus, h -
(4
hypocotyl, q - stem, p - petiole, 1 - leaf,

2

x - cotyledon, y - pod.
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d) Pergxidase (polyphenolic) G -
N a

[y

The PP isoenzyme patterns of cultures and of the parts

. of seedlings and mature plants are shown diagrammatically in Fig. 62.

The patterns are considerably less complicated than those for peroxidase.

A total of eleven. iscenzymes was observed. L_,
The PP activity of cotyledon of one day imbibed g;;;;/

) 1
and of two day embryo, was very strong but only one band, isoenzyme I '

in the embrvo and isoenzyme G in the cotyledon, was detected in each

case (Fig. 62 a and t). This activity decreased with time especially
‘ . . ;

in cotyledon (Fig. 62 t and u). The PP patterns of 5 day root and

hypocotyl (Fig. 62 b, h) are similar but that of 5 day cotyledon is

M

different (Fig. 62-u).

3

¢

- The isoenzyme patterns of established callus were quite
similar. They differed mainly in the activity of isoenzyme C and
showed the mostlcomplex PP  isoenzyme profiles detected (Fig. 62 d, i,
p). The isoenzyme patterns oF stock suspension cultures we;e readily
distinguished on Lhe basis of isoenzyme A and B activity' (Fig. 62 f, k,
r). '

The most striking differences in PP isoenzyme profiles

arc seen between newly established and stock suspension and callus

cultures (e.g. root callus, d and e). The isoenzyme patterns of newly
-

derived cultures are much less complicated. Especially noticeable is

Y

the absence of isoenzgmes C and I (see Fig. 62 e, g, i, 1, q¥ s). In
general the isoenzyme patterns of established cultures are unique

1 '
whereas the pattcerns of new cultures are nof distinctive and are much
W

like those of many parts of the pagent plant|.
b \



-, Fig. 62. ¢

-

Comparison of PP Isoenzymes .

‘a - 2 day embryo.

+b- - 5 day root. . .

- mature foot (6 weeks).

- root callus, stock culture, 21 day passage 53.

- root callus, new culture, composite of No. 2, 4, 8,
9, 'and 105 (28 days).

- root suspension, stock culture, 12 day passage 121.

- root suspension, new culture, composmte of No. 59,

63, 64, 67 and 68, (28 days). - .

5 day hypocotyl T

- hypocotyl callus, stock callus, 21 day passage 53.

- hypocotyl callus, new culture, composite of No. 7, 4,

) 8, 9 and 10, (28 days).

(1 = T o]

e

(S e Q Hh
1

= A
1

- hypocotyl suspension, new culture, composlne of No. 59,
63, 64, 67 and 68, (28 days).

m - mature stemz}second internode (6 weeks).

n - petiole (fully expanded leaf). .

o - leaf (fully expanded). ¢

p - cotyledon callus, stock culture, 21 day passage 121.

q - cotykedon callus, new culture, composite of No. 2, 4,
8, 9 and 10, (28 days).

r - cotyle&on susbension, stock culture, 12 day passage
121.

s - cotyledon suspension, new culture, c0mposlte of No. 59,
63, 64, 67 and 68, (28 days). L

t -1 day cotyledon (24 hr,. imbibed seed).
u * 5 day cotyledon.
v -.immature pod (without seeds).

Activity is represented'by the degree of band intensity.

o

o

hy pocotyl suspension, stock culture, 12 day-passage 12I.
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. were very strong and quite distinctive (Fig. 63 a and u). Isoenzyme

%

.
L ©

e) Malate Dehydrogenasc
. T

_The isoenzyme patterns of MDH for eultures and seedling

~and whole pla&t parts arc shown diagrammatihally in Fig. 63. R

)
1,

- ‘ o .
The MDH isoenzyme patterns of 1 day empryo and cotyledon

B was only found in embryo and in root or root cecll cultures. The
patterns of 5 day old root and mature rodt drc distinct from those

. . .
of 5 day hypocotyl, 5 day cotyledon, stem, petiole, leaf and pod which
are very similar (Fig. 63 compare b, ¢ with h, m, n, o and x).

. The patterns of callus cultures are distinct from each
other and quite unlike any other MDH patterns detected (Fig. 63 d, i,
p). The sléw migfating isoenzymes J and K were only found in callus
cult;res. In stock callus cultures isoenzyme D was detected only
in callus culturecs of root (Fig. 62-d). However, isoenzyme D was
detected in neyly established cotyledon callus cultures (Fig. 62-q).

It is quite remarkable tEat the patterns of MDH in )
cultures are so diverse. ‘The patterns for suspension cultures are
less unique than those for callus. The patterns of stock suspension ,

3

cultures resemblc ope angther and in this respect are all similar to

" the pattern for 5 day hypocotyl or cotyledon (compare Fig. 63 f, k

and r with h and w). The patterns of newly derived suspension cultures
differed from cach other and differed from the patterns of cstab%ished
suspension culturcs in the case of root and cotyledon. The newly
established root suspension pattern vesembled that of mature root or
cmbryo (Pig. 63 g, a, ¢). The newly: established ﬁypocotyl Pattcrn

i

resembled 5 day hypocotyl and stem (ﬁig. 63 1, h, m). The newly
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o

established cotyledon suspension gave a pattern similar to the’ -

e )

isoenzyme'péttcrd% of stock suspension cultures during the division
o M .

Y

stage of the growth cycle (Fig. '63 u, s and t).
. . ’/

" It appears from a considefation of these results

that initidlly the suspension cultures showed a pattern similar to

N

that of the tissuc of origin but with increasing duration of sub-culture

¢

¥he patterns of new root and cotyledon suspension changed until all-

.

5 ”

.

thrée cultures. were similar in pattern to that of 5 d/% hypocotyl

n

{or cotyleden).

~ 5 - "

oo
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Fig. 63:

Comparison of Malate Dchydrogenase Isocnzymes

3

a - 2 day embryo.

b - 5 day root, 2 .

¢ - mature root (6 weeks).

d - root callus, stock culture, 21 day passage 52. vy
e - root callus, new culture, composite of No. 2,4,8,9,

10, (28 days). '

- f - root ssuspension, stéck culture, 12 day passage 14l.
g - root suspension, new culture, composite of No. 59,
63, 64, 67, 68, {28 days). :
h - 5 day hypocotyl.
i - hypocotyl callus, stock culture, 21 day passage 52.
j - hypocotyl callus, new culture, composite of No. 2, 4,
8, 9, and 10, (28 days).
k - hypocotyl suspension, stock culture, 21 day passage 52.
1 - hypocotyl suspension, new culture, composite of No.
59, 63, 64, 67and 68, (28 days). i
m - mature stem, second internode (6. weeks). . *
n - petiole (fully expanded leaf).
‘0 - leaf (fully expanded).
p - cotyledon callus, stock culture, 21 day passage 52. , .
q ~ cotyledon callus, new culture, compo%ite of No. 2, 4,

8, 9 and 10, (28 days).

r - cotyledon suspension, stock culture, 12 day passage 14l.
s - cotyledon suspension, stock culture, 2 day passage 147, .
t~ - cotyledon suspension, stock culture, 4 day passage 147. .
u - cbtylegdon suspension, new culture, composite of No. 59,

63, 64, 67 and 68, (28 days). =
v - 1 day cotyledon (24 hr. imbibed seed). . ~
w - 5 day cotyledon . ’
x - immature pod (without sceds). ’ b

%

Malate dehydrogenase activity is represented by the degree of

T

band intensity.
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f) Esterase

The esterase isoenzyme patterns of cultures and parts
of mature plants and scedlings are shown diagrammatically in Fig. 64-A.
Up to ninttcen isocnzymes were detccked.

As was the case with other enzyme systems discussed
so far, the different secdling and mature plant parts gave different
isoenzyme profiles (compare Fig. 64: a - eﬁbryo, g - 5 day cotyledon,
b - 5 day root, er- 5 day hypocotyl, k - leaf, 1 - pod, m - stem
and n - petiole).

As can be seen ff;m a comparison of ¢, £ agd h the
patterns of stock suspension cultures are di;tinctive in that root
cultures never contained isoenzyme R. Similarly, newly derived
suspension cultures (compare d and j) show no detectable isoenzyme

~

R in root culture. Isoenzyme R is found in 5 day cotyledons (g) and

in the immature pod (1). 1In this re;pect the presence of isoenzyme

"R ﬁay have potential value as ,a marker enzyme for fotyledon suspension
provided it is recognizéd that isoenzyme R was verX low in activity
during the division phasc of cotyledon suspension grdﬁth cycle (compare

Fig. 63 h and i, Seec Fig. 46).

g) Acid Phosphatase

The aéid phosphat;sc isoenzyme‘pattcrns of cultures
and parts of the mature plant and sccdlgng arc_shown in Fig. 64-B.
A total of nincicen isocnzymes was detected.
The strongest activity and the most distinctive pattern

were found in 5 day old roots (o). Isoenzymes D, E, I and I were not

\
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detected ire any othér plant part or cultured cells. Comparison

of the pattern from mature root (p) with that of 5 day roots (o)
shows some very striking changes with development. Isoenzymeé:

c, D, E,'H, I, M and Q disappeared and isoenzymes S and R were
formed. The latter were found in considerable amounts only in mature
roots.,

The isocnzyme patterns of 5 day hypocotyl (q) and
cotyledon (v) are very diéferent from that for 5 day root. The
pattern of 5 da& cotpledon (u) is very simple in tHat only one major
band.(isoengyme A) was detectedf

The AP isoenzyme patterns of mature leaf, stem and
petiole are complex but nevertheless very similar (compare r, s, t).
As previously Qescribed (géction 1v, Bm&)vﬂthe AP isoenzyme patterns
of root, hypocotyl and cotyledén Suspensio; cultures were found to be
essentially identical. A typical pattern is shown in Fié. 64-v.
Comparison of this pattern with thése for different parts of the plant
br seedling shows thaé the 12 day culture pattern is most like that
of stem (r) or éetiole (s). It must be remembered that the AP pattern
is known“to change ansiderably during the growth cycle and to show
very low levels at some points (sce Fig. 42). All of the newly derived
cultures showed low levels of AP and the simplc'battcrn as shown in

S

Fig. 64-w which is rcpresentative.

.-

f




// Fig. 64. 5 4

‘Comparison of Esterasc and Acid Phosphatase Isocnzymes

A. Esterase

- 1 day embryo (24 hr. 1mh1bed seed).

- 5 day root.

. root suspension, stock culture, 12 day passage 121.
- root suspension, new culture No. 67, (28 days).

- 5 day hypocotyl.

- 5 day cotyledon.

- cotyledon suspension, stock culture, 2 day passage 146.
- cotyledon suspension, new culture No. 67, (28 days).

- leaf (fully expanded).

- immature pod (without seeds). .

- mature stem, second internode (6 weeks).

- petiole (fully expanded leaf).

D OH R DR RO MO T
]

Acid Phosphdtase

=

kA
L

- 5 day root. J
- mature root (6 weeks).

- 5 day hypocotyl.

- mature stem, sccond internode (6 weeks).
petiole (fully expanded leaf)., !
- leaf (fully expanded).

- 5 day cotyledon.

- cotyledon suspension, stock culture 12/day passage 126.
- new suspension, typlcal pattern

£ < ¢ty K. O
]

Acid phosphatase activity is represented by the degree of
AR a1 /Il PR —

Y . . Laf -
band intensity. Loy .o
: . 4«6-..{\
~ 4

- hypocotyl suspension, stock culture, 12 day passage 121.

w
cotyledon suspension, stock culture, 12 day passage 145,

N




Acid Phosphatase

Esterase &




h) Glutamate-Oxaloacetate Transaminase

The isoenzyme patterns of GOT from cultures and parts

.

of seedlings and maturc plants are presented in Fig. 65-A. Compared
with the many otéer enzyme activities studied GOT patterns were
relgtivcly simple and remarkably uniform throughout all the tissues
and cultures studied, . A

Isoerizymes C and A occurred in all samples analysed,
isoenzyme D appeared in root hypocotyl and stem and isoenzymes E and
F in intact cotyledon only. The iseenzyme patterns detected in cell
cultures, both old and new, were essentially identical and equivalent
to enzyme fatterns of the parts of the mature plant., Iscenzyme.D was
not present in the 12 day cultures Ellus;;ated (h) yut was detected

in 6 day cultures (Fig. 45).

i) Leucine Amino Peptidase

The LAP ‘isoenzyme patterns of cultures and mature
) A
plant parts are presented diagrammatically in Fig. 65-B. As was the

case for GOT the isoenzyme patterns of LAP were relatively simple with
all tissues and cultures examined.

Isoenzymes Al and A2 were present in all but 5 day
cotyledon (t) and 5 day hypocotyl (n) and isocnzyme D was present in
all but mature root (k), petiol% (r) and new suspension cultures (x).
The qest complex isoenzyme pattern was observed in 6 day suspension

cultures (v). A total of six isoenzymes were detected, one of which

(G) was only observed in 6 day suspension cultures.
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«

The patterns from the cstablished cultured cells are

similar but all rescmble the pattern from 5 day root rather than from

4

This is beecausc of the absence of Al and A2

hypocotyl or cotyledon.
in 5 day hypocotyl and cotyledon. Thus only the c€ll cultures from

root gave a pattern similar to that of the tissue of origin (compare -

u, v, w, j, n, and t).

The isoenzyme pattern of newly derived cultures in all

he

cases simply consisted of isoenzymes Al and A2 and thereforethey too
most clos%fy resemble the pattern of root.

¥

1 . ’
3 .
i 4
<] 7 / .
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. . Fig 65\
Comparison of Glutamate-oxaloacetate Transaminase and Leucine
Aminopeptidase Isoenzymes N

A. GOT .

- 5 day root,

- mature root (6 weeks).

- 5 day hypocotyl. L t
- mature stem, second internode (6 weeks). '

petiole (fully expanded leaf).

- 5 day cotyledon. | .

f leaf (fully expanded). 2 )
- cotyledon suspension, stock culture, 12 day passage 148,

- new suspension culture, typical pattern.

TR MO O OB
1

¢ ]

LAP

W

- 5 day root.

- mature root (6 weeks).

- root callus, stock culture, 21 day passage 53. ° '

- root suspension, stock culture, 12 day passage 91, ’ .
- 5 day hypocotyl.

- hypocotyl callus, stock culture, 21 day passage 53.
hypocotyl suspension, stock culture, 12 day passage 91
- mature stem (6 weeks).

- petiole (fully expanded leaf). . -
- leaf (fully expanded).

- 5 day cotyledon. ' C

- cotyledon callus, stock culture, 21 day passage 53.
- cotyledon suspension, stock culture, 6 day passage 147. ' . \,
- cotyledon suspension, stock culture, 12 day passage 147.

- new suspension culture, typical pattern. :

gt o 0S5 3 H X w
1

The degree of ecnzyme activity .is represented by band intensity. :

< - -
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V DISCUSSION

A) Introduction T .

In order to discuss the fundamcntaf question of whether -
cell cultures, ‘derived from different parts of the parent plant or >

secdling, show persistent differences in properties in vitro, and how

such differences, once detected, can be related to the plant as a whole

! o

demands~that many different aspects of the problem be considered x

Simultanéously. In order to make this possible the discussion will be
presented in the chronological order ip which the experimentation was
conducted. During the course of the work a great deal of care was
exercised in order to establish what are Hopefully the correct bases for
comparison. Only when all the avenues of isoenzyme variation have been
explored can proper comparisons be made. Many of the experiments conducted

[

not only shed light on broader problems of growth and differentiation but

Vo Lok
l

additionally provided- information as’ to the nature of the enzymes them-
selves. ! .

B) Stock Callus Cultures —_—

i

In order to cstablish isoenzyme patterns as tasgs for

4

comparison it was neccessary to detect the patterns during the varieus
stages of the callus culture eycle so that any variation due to the groggh

WL SR ¢ Sl
of the cultures could,be accounted for. After this was donefcomparisonSt{:j

.t

between the cultures could be made on a strong footing. .
1) Changes During The Culture Cycle .
oy

All enzymes studiced in callus cultures, with the possible

- . ,

exception of catalase,.underwent changes during the growth cycle. Enzyme

levels are known to change during tissue culture cycles (De,Jong 1967;
+ )

.
. < ®
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2 .

%

"Olson et al 1969; Simola and Sopanen 1970, 1971; Copping and Street 1972, °

PR

Thorpe and Meier 1973, Harland ég al 1973), but relagively little

IS

attention has been paid to isoenzyme changes. o

- > . 4 ’ [y

The present study shows differences in number and deﬁelopment,

during the standard culture cycle, for isoenzymes of Per, LAP, and tDH.

- &
The isoenzyme patterns were seen to c¢hange the most as. eallus entered a

v
t

phase of vigorous growth (day 6-14) after subculture7; The PP '

o » L
3

©

~ isoenzymes underwent only slight changes-during the culture cycle while

’

~ B :

the patterns of esterase were often £oo weak and too variable to be classified.

.

F, . ,
GDH isoenzymes changes after Bubculture from a five to a one banded pattern

and ’then in time returned to the five banded pattern in all three-:cultures-

2) Differances Amony Stock Callus Cultures ’ - e
‘& , - o
In addition to the occurrence of changes in particular -

[

isoenzymes Huring the culture cycle, differences between the three cultures

were established for complements of Per, MDH, and LAP. Isoenzyme pétterns

< -

~

in the levels of certain isoenzymes were detected. The isoenzyme patterns
? 4 .

of GDH and Cat were the same in @11 three cultures and in the case of Est

. i ~ 1

no culture ‘'specific patterns were detééted\simply as“a consequence of the
. . « ~ . P

-t e e
P ‘

low activity of esterase. Lo . J .-

C) Srotk Suspension Cultures
]

.

1) Comparison with Callus Culfures‘and Cemparison of\lZ day Root, proéotyl

and Cotyledon Cultures & , i v

- N i
. o

Comparison of the isoenzyme patterns of suspension cultures

", v

with their counterbar; callus cultures shows that patterns of certain

enzymes, i.e, GDH and LAP, vere very similar in’ both types of cultures,

© n ¢

. . ' .

&

" 0of PP were essentially identical in all three cultures but clear differences

.
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* ¢
The isoenzymes of MDII, in contrasts, were completely different in callus

and suspcnsien cultures. On the other hand certain of the faster migrating .

peroxidase_isoenzymes arce readily identifiable as present in both suspension

SN :

and callus“cultures, but certain of thc morc slowly migrating isoenzymes

are quite distinct.
As was the case for callus many (up to 7) GDH‘isoenzygeg

were detected. Seven bands of GDH activity have been shown with carrot

suspension cultures (Lee and Dougall, 1973) and various plant tissues

(Lea and Thurman, 1972; Pahlich, 1972). The lack of extractable GDH

activity, from bean cell cultures using NADP as cofactor is in contrast

» 5
to results with carrot suspension cultures reported by Lee and Dougall

t

(1973). An unusual phenomenon with the GDH from bean cell cultures was
that the gels ineubated with NADP after electrophoresis showed no bands

but subsequent incubation in a recaction mixture containing NAD gave normal
- ; R
staining. It is difficult to give an explanation for this, however,

relatively little is known about higher plant GDH. Glutamate Hchydnogenase

has been reviewed recently by Goldin and Frieden (1971).

k4
»

Peroxidase as well as other enzymcs, (ot-amylase, L.A.A.
oxidase, acid phosphatasc, pectin methyl estcrase, ribonuclease, ascorbate

oxidase, and B-galactosidasc) have been detected in"medium in which plant
4

t

. H !
cell cultures have been grown (Straus and Campbell 1963; Jaspars qéd Veldstra™

S

1965; Olson ct al “3Q69; Yamaoka et al 1969, Olson 1971, Misawa & Martin,
1972; Srivastava and Vah luystce 1973). 0f the many cnzymes studicd W

peroxidase was the only one which showed a large amount of activity in
. ,

the medium of suq¥cnsion cultures. Once of the most interesting aspects

{
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b
. of the peroxidase isvenzyme patterns studied here is that the intra and
b
. extracellular isoenzymes have different mobilities and that the isoenzyme

patterns for media of cotyledon‘suspension differ from the gdrresponding
patt¢rns for'root and Hypocotyl cultures. 4
. The Peroxidase (polyphenolic) act;vity detected in the bean

mediup was identical in pattern to that of speroxidase. Polyphenol oxidase

activity was reborted to be compartmentalized in Phaseolus mitochondria

by Ande%son (1968), while peroxidase activity has been found in many plant
" cell walls (Ridge and Osbornme 1970; Gordon and Alldridge 1971). Thereéore,

it seems likely that the PP activity in the medium may be attributed to the

peroxidases present here. .

It is evident from the results with suspension cultures
that considerable differences exist, bétween the ‘cultures, in content and

activity of isoenzyme bands of different enzymes. The most pronoumced

differences were detected in the case of peroxidase, polyphenol oxidase

H

and esterase. It is important to note that the isoenzyme pftterns remained
relatively unchanged in the case of suspension cultures for a period of
almost three years.

»

2) Cotyledon Suspension Cultures And The Effect of Omission of 2,4-D

s and Kinetin.

a) Growth, Morphology and Cytochemistry of Peroxidase Activities

d Most plant cell cultures studied to date, at least to some

degree, require auxin and possibly cytokinin for growth (Street, 1966a, b,
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Yeoman and Aitchison 197%). Auxin requircments of tissue cultures can

.

K

usually be met by the synthetic regulator 2,4-D. Tumorous and so called y
habituated cultures grow without an exogenous supply of growth regulators

. but these culéures arc known toﬂsynthosizc their own (Butcher 1972).
Cotyledon suspension cultures used in the .present studies grew without

- added 2,4-D and kinetin and hence presumably reccived from the basal medium,

or synthesized, sufficient auxin and some form of cytokinin (Liau and Boll,
~

1971, Liau, 1971). /7
: Inoculation of cotyledon cells, grown with 2,4-D and kinetin,

into medium without regulators resulted in many marked changes. Cells in
minus cultures divided faster, but stopped dividing sooner, resulting in
a smaller number and fresh weight of cells than in plus cultures. A

similar result was reported by Street ct al (1968) for suspension cultures

of Acer pscudoplatanus L. cells cultured without 2,4-D.

Concomitant with the very early increcased rate of growth in

minus cultures, that is without 2,4-D, was marked browning of these cells.
- \

A similar change in colo? of Nicotiana cells cultured without 2,4-D was
reported by Vernon and Straus (1972). Cells cultured he;e without growth
regulators showed many changes in form, most noticcable of which were the
elongated, twisted pells with thickcnedwzéll walls., Thesc cells could be
;egarded as being morc Qighly differentiated than the cells in the plus

medium. Very similar cells have been reported recently in cotyledon

% cultures of almond, Prunus amygdalus (Mchra -and Mchra 1974) grown on

/
- . Murashige and Skoog (1962) medium with N.A;#. as,the grqwth regulator

sourcc. !
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A

It has been shown that, generally, the presence of 2,4-D
as the auxin source lecads to a statc of repressed differéntiation which
in somi cascs can be overcome by the removal of 2,4-D or its replacement
by some other regulator such as I.A.A. (Street!966a & b; Steward et al
1970; Steward and Israel 1972; Vasil ;nd yasil 1972; Steward and Bleichert
1972; Yeoman and Aitchson 1972; Lee and Dougall 1973; Havranck and Novak
1973). The tissue culturesn9§~elmond (Mehra and Mchra 1974) that contained
the elongate coiléd cells also produced tracheids and under*appfopriate
conditions could be made to regencrate plantlets. Many tissue cultures,
predominantly callus, that do not regenerate whole plants still maintain
the capacity to form differentiated cells such as vessel elements (Wetmore
and Reir 1963; Jeffs and Northcote 1967; Fosket and Torrey 1969; Mizuno
et al 1971; Torrey 1971; Wilber and Riopel 1971; Minocha and Halperin 1974).
The coiled thickened and twisted cell walls of the cells that are found
as a consequence of removal of 2,4-D may represcent a rudimentary different-
iation. This possibility is further supported by the fact that secondarily
differentiating tissues are known to have high peroxidase activity
associated withjwall (Van Fleet 1947; Jensen 1955; De Jong 1967; Ramaiah
et al 1971) such as was the case in the coiled and elongate cells formed
in minus cultures.

Cells in minus medium culturcdnf?r a second passage without

regulators, showed exaggerated and more disorganized forms of the coiled

cells present igjthe first passage but by day 18 a considérable number of

1
,

very small but actively dividing cells were present. These cells were

»
.

presumably those adapted to growth in the absence of tlre growth regulators

v

whercas the apparent differentiation of ccells was caused by the switch
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from one medium to another. The view that the small cells produced after
two pissages in minus culture represent adaptation rather than selection
is supported by the fact that when an inoculum, consisting mainly of such

[

cells, was put back into plus medium the cells in the resulting culture
were the same in form and color as those in the Qriginal inoculum t£ans—
ferred to minus medium.

Studies of the cytochemical localization of peroxidase and
PP activity showed no obvious differences between cells in plus and minus
medium.» It was found that activity was low in young cells and was mostly
‘cytoplasmic in nature. Activity was much higher in vlder cells. The °
increased activity was most apparent in the wall, These findings are in
general agreement wit@ the findings of De Jong (1967) and Makinen (1968)

in that onion root tips showed little or no activity in young dividing

cells and increased wall associated activity with older cells. The

. findings are also in agreement in jthe observations on gradients of peroxidase

- activity, increasing with age of tissue, in excised tobacco pith (Galston

g£_§1_19685. Lipetz (19h5) reported that peroxidase is associated with
lignifying but not lignified plant cell walls. It can be suggested from

the findings with bean cell cultures here that, in view of the increased
At
activity with age and thé correlation with the phase of cell expansion,

peroxidase nay be involed in cell wall expansion, and in the [ormation

v
+

of differentiated structunes.

-

The Peroxidase (polyphenolic) activity, detected cytochemically, was

distributed in the cell walls in a manner identical to that of peroxidase

-~ L4

and probably represents activity dug/td/;he same enzymes. The only

noticeable difference in the localization of PP stain as compared with



peroxidase was the staining of the nucleus or, as may be the case, the

cytoplasm adjacent tp the nucleus. ‘ .

Results from the cell culture studies in genergal showed th?t there

4

were only one or two PP isoenzymes that did not show strong peroxidase

< »

activity.

b) Peroxidase Activities and Changes in Isoenzyme Patterns .

] -~
- Experimentation on the levels and isoenzyme changes ofy
peroxidase and PP during the culture cycle showed striking correlations

with culture growth. The data will be discussed in three sections: the

first two in relation to what was observed and in the third section the

possible rela&ionship of this aata to fundamental problems of hormone

“

action and growth is discussed.

i) Changes In Total Activity During the Culture Cycle

i
Total activity of both peroxidasSe and .PP activity was

found to be lowest during the division phase afd highest, during the

elongation phase when measured either per unif fresh weight, per millton

cells or per mg extract protein. This was ffrue in both plus and minus

cultures. The increase in peroxidase actjxdty correlated with cell

expansion, together with the observed increase in activity in the cell

a

wall during cell growth, supports the general view that peroxidase may be

involved in cell wall expansion and development. A study conducted by Verma

and Van Huystee (1270) with peanut suspension cultures revealed an increase in
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peroxidase activity and isocnzyme comiloment with incrcasing cell clump
\ . '

+ size and hctcrog@hcity. Peroxidase activity iIs known to incrcase with the

age of plant tissués and the degree of differentiation (see Literature

\
Review), \

\
\
A}

‘ Furthérmofc, peroxidase activity was detected in the medium
in considerable amounts only whcﬁ"the cells were actively grngng.
Peroxidase activity has been éctected in the medium in which various plant
cells have been grown (Straus and Campbell 1963, De Jong ct gi 1967;

Olson et al 1969; Yaﬁaoka et al 1969; Olson 1971; Misawa and Martin 1972;
Srivastava and Van Huystee 1973). As was the casc with the tobacco cultures
of De Jong et al (1967), the electrophoretic properties of peroxidase
’
activity detected in the medium here were not the same as those of the
cytoplasmic isoenzymes and the amount of activity increased in the medium
L

in proportion to the increasc in culture fresh weight. -

The studies conducted without 2,4-D and kinetin 'also ;upport
the view that peroxidase is involved in cell growth. In the first passage-
in such medium the characteristic growth produced highly clongated cells

accompanied by large increases in peroxidase activity both in the cells

and in the mediug. During the second passage, without growth regulators,

‘therc was very little growth from days 12-18. The cells contained very

high levels of peroxidase at this time but produced almost no activity
in ihc medium. Activity then began to increase with the increcase iin fr%sh
weight which began on day 18 when the proliferation of small nondiffeycntiated
cells began, Thus the prescence of peroxidase in the medium was corrglated

with ccll expansion and was not a consequence of levels of internal or wall -t

associated peroxidase. Y

.
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ii) €hanges in Isoengyme Patterns and Activity During The Culture Cycae

v

As was thne|case for callus cultures the isoenzyme patterns

[

of both peroxidase and P in suspension cultures changed during the culturec
{

-

cycle. Certain isoenzymes- of peroxidase were only present or prominent

during specific phases of the culture cycle. For example, regardless of

J El

treatment, isoenzyme D2 vias only present when cells Were entering the
division phase. IsoOenzyme D2 was most prominent during the time of lowest

cell peroxidase activity and hénce indicates a specialized role perhaps

7/

i

unrelated to isoenzymes which may be associated with the wall and involved
in cell expansion. This is also the case with isoenzyme B which also
shows strong PP activity which is prominent during the middle of the

culture cycle.

.

The effects of omission of growth regulators were mostly

quantitative in nature as found with carrot tissue culture (Lee and Dougall

1

1973). However, there were some qualitative é;anges in the isoenzyme

pattern. lost striking of these was the smearing, with resulting loss of
h ]

resolution, of isoenzyme bands in the minus cultures. Evans (1968) rcported

a smearing of peroxidase activity which had been recovered from the cell
wall of pea. Peroxidase isoenzymes‘are known éo be glycoproteins (Shannon

et al 1966; Welinder and Smillie 1972; Darbyshifc 1973). 1t is thereforer
by

A

possible that culture in minus medium may resulti in a peroxidase glycoprotein
‘ .
which is more heterogeneous as a co%sequence of a more limited addition
i
\ \
of polysaccharide. 1In support of tﬂﬁs view is the fact that with increasing

time in minus culture there was an isfrease in both smearing and in the

predominance of the smaller molecular‘k@ighb\isoenz mes in both the cytoplasm

\
. \
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and the medium. Preliminary experiments with B-galactosidase treated media

indicate the enzyme affected the peroxidase banding pattern. ¥
PP isoenzymes present in the mediumudisplayed isoenzyme
3
patterns identical with those of peroxidase and therefore probibly reflect

activity of the same eniymes.

iii) Speculation on the Role of Peroxidase in Cell Growth

"

The purpose of the present section is to relate some of the
findings from bean cell cultures, together with the data o other workers,

i

to the guestion of hormone action and cell growth. Thé ideas that have
been ;enerated extend considerably beyond the scope of the present study;
therefor, they will no; be stated in detail. However, the main aspects
are brought out in the hope that they may stimulate interest in the
possibilities for further research.

The mechanism by which cell walls elongate or grow, and how
this process is stimulatgg by auxin, and possibly other hormo?fs, remains
a mystery. Inspection of the properties of perééidase may shed new light
on this problem.\

As was true with the bean cekl cultures described here it
has been shown, with elongating Avena coleoptiles, that increases in
activity of various peroxidase 1soenzymes are correlated with cell elongation
(Chappet and Dubouchet 1972; Gordon and Henderson 1973). The bean cell
cultures showed a release of large quantities of polysaccharide correlated
with groﬁéh (Mante 1974). Recently Labavitch and Ray (1974) have shown
a reThEidﬂship between auxin promoted liberation of xyloglucan polymers

from cell walls and elongation in pea. It is known that large amounts of

peroxidase activity are associated with'cell walls and that peroxidase is
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Sa,

related in some way to the hydroxyproline-rich protein sretwork found in

plant cell walls (Ridge and Osborne 1971). If we-dssume 4he cell wall

matrix to be somewhat like the model, propo by Keegstra et al (1973)

it is possible that peroxidase may bg-Telated to the release of xyloglucans

from eloqgating cell walls by ? peroxidative breakage of ;he serine-

hydroxyl connection between thelkell wall protein and the polysaccharide

network. /
This idea becomes more plausible in consideration of some

additional properties of peroxidase. For. some time now many workers”

have considered that the in vivo role of peroxidase is the oxidation and

hence inactivation of auxin as a hormone. The mode and site‘of actioé

of auxin is thought of separately and remains obscure. Peroxidase is thus

envisioned to control growth by controlling the levels of IAA. Much of

the confusion in relation to the function of peroxidase steTé‘from the

properties of the enzyme itself. It must be ;cmembered that ﬁeroxidase

is é redox cnzyme, and the methods used to detect peroxidase activity are

very non-specific. The specificity of the different isoenzymes of peroxidase

are actually quite varied (Chmielnicka“gg al 1971), and it is therefor

likely that peroxidase is widely involved in many cellular activities.

Certainly, one of these is 1in relation to cellular redox levels. It is

known that ccll redox levels may be important in the control of cell \ .
activities, and furthermore, it has been reported that the eruced state .
favors cell division and a more oxidizeé state favors differentiation

(Van Fleet 1954; Szent-Gyorgyi 1968, Stonier 19?1). It has also éeen shown

that peroxidase, with Mg+4'and IAA or monophenolic cofactors, can oxidize

reduced pyridine nucleotides (Akazawa and Conn 1958). It is suggested
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that IAA and similarly shaped small molecular weight monophenols function

. -

as electron transport cofactors in a system that channels the reducing
4

'

power of cellular NADH or some comparable ageqt, into the reduction of
1

bonds which will allow cell wall expansion. In this way the mode of action

3

of auxin is seen as directly related to cellular activity. When the store

of cellular reducing power is depleted or channelled in some other direction

. ;
the indoleacetic acid will all become oxidized. It is readily apparent that
small molecular weight monophenolic 'auxin protechrs' (Stonier 1971)
could function as redox buffers.
With this idea in mind that IAA may, in effect, have some
direct action as a cofactor in an enzyme system leading to a loosening of
cell wall structure, rathér than as an aggntvaffecting production of an
enzyme protein, 1t is tempting to speculate on the mode of action of other
plant hormones. It is known that plant growth substances possess metal
chelating properties and that some chelating agents can mimic the action
of plant growth regulators (Heath and Clark 1956 Cohen et al 1958; Maheshwari
and Seth 1966, Chopra and Rashid 1969, Oota and Tsuozuki 1971; Kochlar et |
al 1971) although it is cvident that chelation canﬁot explain all the known i
actions of regulators. However, kinetin, a compound that specifically

(Oota and Tsuozuki 1971),
caugSi cell division chelates iron,Aand in this respect could, under some

circumstdiices, aftect peroxidase activity. It was found by Lee (1974) that

.,

. the addition of high kinetin levels to the medium of:tobacco callus resulted:

in a 907% drop in peroxidase activity. [t is therefor suggested that one

of the actions of kinetin may be directed towards the control of cellular
redox levels by the modulation of peroxidase activity. If kinetin did
work in thgf manner its presence would encourage a generally reduced state,

exactly that which is known to occur during cell division (Szent-Gyorgyi 1968).



The point of the digression has now been made. It ts .
conceivable that thec mode of action of auxin in growth is associatced

with cellular redox levels through interaction with peroxidase and that

[ 3

peroxidase (probably different isoenzymes) itself located in the cell

walls results in the breakage of specific bonds by a redox mechanism.

,
It is conceded, of course, that in a highly structured. and interconnected
e 2

cell wall matrix other cell wall métabolizing cnzymes could play additional

TRy e T AW Ben

important roles. P

.
Y i

P2

o
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c) Activity and Isocnzyme Patterns of Other Enzymes

. 9 .
Other studies on the levels of enzymatic activity during

cell culture cycles have shown, as might be cxpected, that the activities

3

of enzyméa during the phasc of cell division were very different from

those of stationary phase cells (De Jong et al 1968; Simola and Sopéqen

1970; Fowler 1971; Copping and Strect 1972; Thorpe and Meier 1973;
Aitchison and Yeoman 1973; Harland et al 1973).
.In the present étudy changes in LAP, MDH, GDH and GOT

showed gencrally increased levels in young dividing and.expanding cells

as compared to stationary phasc cells. This is in agreement’ with results

-

of De Jong (1968) and Simola and Sopanen (1970) fog.tobacco and Acer

suspension cultures respectively.

Vd .
Acid phosphatase showed a different pattern of thange in

that activity was highest «in stationary phase cells and lowest during

cell division. This too, is in agrecment with the findings of others
(Simola and Sopane; 1970; Suzuki and Sato 1973). Acid phosphatasc activity
has been localized in cell walls (De'qpné et al 1968; Johnson et al 1973)
and has been found in the medium in ;ﬂich plant cells have beeh grown
(Straus and Campbéll 1963; fémaoka ot al 1969, Ucki and Sato 1971). AP |
activity is increcased in cell walls and the medium as a consecquence of
low inorganic phosphate and has been suggested as part of a transport
system (McLean and Gaﬂan 1970; Ucki and»Sato 1971, Syfgki and Sato 1973).C
- Acid Phosphatasc 1in thc'1~csent study increased #n the

n

medium with time and reached mnximum/]ovcls on and after day 6. Medium

l

/o
(22




o

“during the cell expansion phasde.

~éx'pé.nsion'phase. The most dramatic shift in pattern was shown by the

1 - .
5 ‘

-

from culturcs grown two passages without growth regulators showed no

detectable AP activity. Thus. as was the case for peroxidasc there is

4

»

a corrclatiomrdhetween medium AP activity and cell growth and may indicate .

the stoppage .or sharp slowdown in cnergy dependent transport processés in

these cells.

As was the case with callus cultures, all the isocnzymes <

v ’

studied in suspension cultures showed changes in pattern during the culture
cycle.  ‘These ﬁhangeé in pattcrn can be separated, generally, into three

types depending on when, during the culturc cycle, the changes were most

striking. The types are as follows: ’
i) The pattern and activity of AP isoenzymes were stronéast
- *

and most ébmplex during the stationary phase. The,éctiviti and isoenzyme

s

pattern almost completcly disappeared during cell division and re&ppe&red

B

‘ii) The isocnzyme patterns of MDH, GDH and Est changed vér%
«
strikingly when the cells were inoculated into fresh medium. These changed
patterns were maintained during the period of cell division but then rec-

turned to the original stationafy phase pattern during the log growth and

.
-

esterases.’

[
.

iii) The third type of isoeizyme pattern change was exhibited

in the case of LAP and GOT. The activity and iéocnzymo patterns qhhnged

. .

less quickly and became most pronounced during the middle portion of the

N pl

-

- .

culture ¢ycle and then decrecased again during the stationary phase.

[y
- >

® - ,‘ “ L9 N
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Thus in tptal tHe isoenzyme patte;p/Eﬁénges closely reflect

chang?gg growth phases during the culture cycle. . b

The changes that occurred in MDH and GDH banding pattern

- may be due to changes in subuﬁit conformationﬁ: Conformers of both MDH

and GDH are believeld to exist (Kitto et al 1966; Roberts 19695 Pahlich

~

1972; Zeigler 1é74). The evidence is most substantial in the case of GDH.

9

The six subunits of bovine liver 6DH have been sequenced and found to be
identical in amino acid content (Moon and gmith 1973). Similarly the amino
acid sequence @f chicken liver GDH subunits wére found to be identical

(Moon et al 1935) The two immunologically distinct Neurospora GDH subunits
were found to be products of the same geq‘ias a single mutation removed

both forms of the enzyme (Roberts 1969). The change in pattern and activity
of the individual GDH isoenzymes of both callus and suspension cultures

is consistent with the idea that therg is a conformational change from an
inactive, or a less active, to an active form of subunit. Isoenzyme A is

¥
envisioned as containing 6 active subunits, isoenzyme B, five, etc. The
. [

' change in conformation’ occurred when the cellg entered the division phase
g S\\

or a period of imncreased metabolic activity.
*

-

The effects of omissiongof growth regulators on the expression
of isoenzymte pattern were, as in the case of peroxidase amd PP , predominantly

quantitative in nature. With the exception of MDH isoenzyme A, and perhaps
L4
a minor band of both LAP and Est, all the isoenzymes were detected in

S N

cultures grown both wilh-and without growth regulators. Without exception,
however, there were quaﬁtitative differences in isqQenzyme bands and many

differences in the time of detection during the culture cycle. These

El
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differences were greatest during the sccond pgssage without growth
regulators. It is apparent that the isocnzyme pattern and isoenzyme
pattern changes can most clearly be related to the phasce of the culture
cycle regardless of whether the cultures.were grown with or without growth

3

regulators. The oniynknown comparable study was conducted with wild
. !

carrot suspensions (Lee, and Do7gall 1973) and gave essentially analogous
results. The carrot cells were grown in medium with and without 2,4-D.
The cultures without 2,4-D differentiated and many embryoid-like structures
were formed, It was found, however, "that, there were no differences in the
patterns of MDH, AP, GOT, ¥ -glutamyl transfcrase. Quantitative differences
in pcroxidése and a minor 4ualitative differencd in esterase weére detected.
The largest differences were detected in the pattern of GDH isoenzymes,
but these differences could be due to the different conformational forms
associated with differgnt levels or type eof activity.
@ oL Sl

It would appear that there is a good basis for the conclusion
that the isoenzyme profile displayed by the cells is‘very diagnostic of
the ccllulér activities., In the casc of the bean cells the pattern of
isocnzymes‘can be uscd‘to identify the different phases of the culture
cycle. Cells that are %ndizgoing a stage of r&pid cell division dispiay
phase typical isocnzymes regardless of the factors that resulted in the

-

cell division, . o

-+
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D) Growth of New Cultures and Comparison of Isoenzyme Patterns With Those

.of Seedling and Mature Plant Parts

1) Introduction

In the present section of the discussion the isoenzyme
patterns of newly established cultures are compared and evaluated. In
order to establish relationships, if they exist, with the plant as a whole,
the culture patterns are then compared with those of-both seedling and
mature plant parts. The key issues in this section are: can culturé specific
isoenzyme patterns be identified and is there any evidence that diffierences

between cultures are related to the tissue of origin?

2) Isoenzyme Patterns of Newly Established Callus Cultures f
The results from callus cultures showed that generally the
isoenzyme patterns were quite similar in all cultures-examined,_hoﬁ?ver,

some potential matrker enzymes in the case of peroxidase isoenzyme C2 and F
P ’
. .
(Fig. 60) and MDH 1soenzymes D and E (Fig. 63) were detected. The variation

’

1in enzyme patterns made it difficult to establish clear marker isoenzymes.
The patterns of some enzymes, e.g. PP and GDH, were essentially identical
in all cultures studied and hence provided no origin specific isoenzyme
markers. However, the observations were made on four-week-old callus and

it must be noted that most of the differences detected between stock callus

cultures were much more apparent during the stage of active growth of callus

(Fig. 3-7).

3) Isoenzyme Patterns of New Suspension Cultires
t

Culture specific isoenzyme patterns wvere detectdd in suspension
. = |

vcﬁltures for peroxidase, PP , MDH, and Est. The patterns of LAT, GOT and AP

L

1

i

” -
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were essentially ideptical in all cultures examined. Some variation in the

isoenzyme patterns of peroxidas accounted for some overlap of potential

s S

marker isoenzymes. For example, strong isoenzyme A and B activity was
éetectedyin all cotyledon cultures examined, weal activity for these bands
sometimes occurred in root cultures and i& one uccasion in a hypocotyl ‘
culture. Nevertheless, the iéoenzyme patterns were clearly culture specific.
The isoenzyme patterns of MDH were also very different in y
the three\cultures. The interpretation of these differences is somewhat

complicated by the fact. that MDH patterns changed cogbiderably during the

culture cvele (Fig. 48, 49). The esterase, medium peroxidase and PP

patterns of new suspension cultures were quite similar but certain consistent j

~ a

~ differences were detected. >
Thus, undoubtedly the differences detected between the cultures

werd not artifacts or chance variations and thus differentiation into

speciafized tissues may involve changes,irrcversible under the conditions
-

of these experiments, that were transmitted in cell lineages. There are,

however , some other considerations because differences in enzymes between

'

cultures have been attributed to other factors. It is possible that some

differences between cultures may be a consequence of selection during the
LY

initiation and early subculture of cells and hence could represent a type

-

of frozen accident. It is well known that the groyth of cell clones and
even further subclones has resulted in éhe isolation of stable culture lines
differing in many respects. Diffcerepces in clones have been detected in
growth, color, friability, adaptability to different media, ploidy and

. 5
nitrogen requiremengs (Muir et al 1958; Arya et al 1962; Cooper et al 1964;

N “

o

- . .



Sicvert and Hildchrandt 1965; Davey et al 1971; Lutz 1971; Wright and

Noxthcote 1973; larvey et al 1973). It must be noted, however, that single
isolated cells of tobacco when induced to regenerate plantlets produced
Yarge numbers of apparently identical plants (Vasil and Hildebrandt 1967):

It scems unlikely that the processes that account for the differences

reported between cloned cultures could account for the differences observed
here between the bean cultures in as short a period as onc or two passages.
Observations on the morphology and growth propertiecs of

r »
cultures studied here, at least with suspension cultures, showed a
'Y " )

simplification of form and a dectrease in the size of the cells with time

(Liau 1971). 1In this respect it could be argued that the differences between

t

the cultures whether short-term or long-term cultures, were due to sclection
and were possibly related to changes in chromosome number and type which

arc known to occur in many plant cell cultures (Partanen 1963, 1965;

‘

Murashige and Nakano 1967, Torrey 1967; Shimada ct al 1969; Heinz et al 1969;

Steward ct al 1970; Shimada 1971). Such increasecs and duplications of

v

. 4
chromosemes might thercefore account for variations in cnzyme levels between

cultiires of the tame or different origins. Experimentation with the trisomic

lines of Datura stramonium has shown that a simple dosage relationship is

. .
often found between the number of structural gene copies and the enzymatic ¢

activity expressed by the cultured eeclls (Carlson 1972). Thus although

7

changes in chromosome womplement might affect the level of activity they

-

would not nccessarily”affect the isoenzyme pattern. Furthermore, it is
clear from the work reported here that fsocnzyme patterns of the stock

cultures remained stable for a period of wore than three ycars regardless

[
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of any changes on ploidy which might have occurred. Quantitative estimation
of changes in ploidy in these cultures is difficult, for various reasons,
but some changes have been recorded (gein 1974).

The resylt; with bean cells ,therefor suggest that‘specifiE
and characteristic differences are detecFable in the isoenzyme patterns of
root, hypocotyl, and cotyledon cell cultures. -

-

4) Comparison of Isoenzyme Patterns of Cultures and Seedling and Mature

Plant Parts

+

4 )
Comparison of the isoenzyme patterns of the seedling parts

from day one through five, and of the various mature plant parts, confirmed
many established characteristics of isoenzyme patterns (see Literature
Review). Thus, during development, there were changes in the activity and

isoenzyme patterns of all enzymes studied and the patterns of isoenzymes

were generally specific for the various parts of the seedling and mature
plant.
. Comparison of the isoenzyme patterns of suspension cultures

with those of callus cultures revealed that characteristic differences in

|

isoenzyme pattern exist between suspension and callus cultures in the case
of Per, PP and MDH. These d:ifferences are most striking in the case of

L]
MDH. Thus, callus cultures all showed wide MDH bands of slow mobility

which were not detected in any other cultures or part of the mature plaat.

L3

Apparent oligomers of high molecular weight MDH have been detected in bean,

(Phé;eolus vulcaris cv. Pencil Pod Black Wax), (llabig and Racusen 1968,

v

1974) , and cotton (O'sullivan and Wedding 1972a, b).

The isoenzyme patterns of newly derived cultures were in

many cases different from those .of established stock cultures. Again this




*

was most apparent in the case of MDH patterns. The MDH patterns were
strikingly different in all three new cultures but with time the cotyledon

and root patterns changed to be more like hut. not identical to, the pattern .

.of hypocotyl suspension which remained relatively unchanged.

The peroxidase isoenzyme pattern of newly derived cotyledon
suspension cultures, after the first passage, was essentially identical to
that of six-year-old stock suspension cultures. The pattern of root cultures,

however, was different 1n newly derived and established suspension cultures.
1
With time the pattern of root cultures became more like that of cotyledon

v

cultures.
The iscenzyme patterns of PP , LAP and AP were very similar |,

in the newly established cultures and in comparison with established cultures’
't

were relatively simple. With duration of subculture the PP pattérns

became more complex and the isoenzyme patterns of the three cultures appeared |,

A
to diverge. , A

3

Comparison of the isvenzyme patterns of cell cultures with

parts of the seedling and the mature plant shows a variety of different
correlations. In.%he case of peroxidase it is quite surprising to find
that the characteristic isoenzymes A and B, which can most easily bé used
to identify the newly derived cotyledon suspension cultures, were only

found in coot (Fig. 59b, ¢). The isvenzyme patterns of 5 day hypocotyl or

5

i ) . : ;
cotyledon ‘verve very simple and bore no resemblance to any cell culture
. S’ )

pattern. The patterns of stock root and hypocotyl callus, and somewhat lgss .

P
o 1
L, B
-

so those of newly derived root cultures, also showed close similarities to

the pattcern in roots. The hypocotyl suspensions, however, lacked the
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characteristic isoenzymes A and B of root. In this and other respects the
newly established hypocotyl cultures show some similarities to the pattern

of 5 day old hypocotyl but overall, the patterns of all cultured cells

- LIRSNURUE S

most closely resemble the pattern of intact roots.

The patterns of PP of stock cultures were similar to those

2

of peroxidase and showed no close correlation with the PP patterns of

seedlings or mature plants. In contrast, the patterns of new cultures

0

because of their relative simplicity showed, patterns not unlike many parts
. ; . .

.

of the seedling and mature plant. . ”

The patterns of $DH isoenzymes in newly derived suspension

——

P e

ult;uares were strikingly like those of the tissue of origin. This is most

R

clear in the case of root cultures due to the presence of isoenzymes B, C

and D (Fig. 62). It is equally striking that the patterns of root and

.cotyledon with time became more like that of hypocotyl cultures. The pattern

of the hypocotyl suspension cultures chang'ed littjle and maintained the

resemblance to day hypocotyl which was 1like the pattern from various parts

of the mature plant. .
Comparison of the patterns of esterase are difficult due to

the large number and variability of the ibéenzyme bands, however, one

i
marker isoenzyme was identified. Isoenzyme R, although sometimes low in

activity during the division phase of the cotyledon culture cycle, was not
present in ecither root or hypocotyl cultures. 1In the intact plant isocenzyme

R was detected only in 5 day cotyledon and perhaps in mature leaf (Fig. 63).

[+

|
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. The LAP isocnzyme patterns of 5 day’ hypocotyl and cotyledon

were distjéctivc duc to the absence of isoenzymes Al - A2 which were present
in all other tissues and all &f the culturcs examined (Fig. 65). Because

of this and the presence of other isoenzyme corrclations the patterns of
cultures were most like those of the réot. In contrast the isocnzyme
patterns of AP, vhich.were identical in all stock éultureq showed the
closest rescmblance to the patterns from mature lecaf or petiole (Pig. 64).

The isocnzyme patterns of GDIH and GOT were found to be

.

similar in all tissues and culturcs examined and therefore were of no obvious

value as marker enzymes in this study. ,
/ -~
A particularly interesting obscervation from the comparisons

!
of isoenzyme patterns is that the isoenzyme patterns of root, hypocotyl

and cotyledon, whether identical or not, all tended to resomblq the pattern

?
of one part of the mature plgnt. The pattern of the cultured cells, in
most casés, for cxample peroxidase, resembled those of root. The culture
patterns of MDH and AP, however, more closcly resemble the patterns of
hypocotyl, stem or petiole. It is possible that culturce conditions (c.g.
oxygen tension) and the lack of chloroplasts and thus the lack of chloroplast
aisociatcd activities and other factors result in the predominance of
patterns that most closely resemble root. The implication is, however, that
the culture conditions causce the development of Lsoen7yme patterns, whicu
in the intaéL plant, represent at least part of the pr00052 %f differentiation / ‘
of onc qu‘ticular part. ! Preeumably, therefore, the cultures couyld p}'ovhiilc-

the opportunity o analyse the control of that pard of thd piocess of

-
3

differentiation.
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In summary the following gencral principles are recognized

as a result of comparisons of the isoenzymes:

1) Isocnzyme patterns of cell cultures are, in general, r \
characteristic and persistent differences between cell lines are maintained

in culture, f

[\

\? In some cases, (Per, MDH, Est), the ;Eifcroncd% detected

*

in cell cultures were related to the tissue of origin; the stability of

thesc differences varied depending upon the enzyme studied.

I~

i 3) The isoenzyme patterns of culturced cells often tended to
be very similar, particularly GDH. LAP, GOT, and regardless of tis§§e of
¥ i S

origin most isoenzyme patterns were more like the pattern of one part of

v

the plant, this was most often root,

" ; e

I -
; The issuec of whether differentiation into spéeialized

tissues and organs may involve irreversible chanmes and differences that

are transmitted in cell lineages, that thesc differences may be related to

the tissuc of origih and the way that plant cells might provide evidence is

discussed most cxpiiciﬁly by Heslop-Harrison (1967). -

-~
1 . .
Heslop-Harrison states that "there is abundant cvidence of
the transmission of differentiated states or tendencies through tissues
cultured in vitro where-the explant has been relatively massive." - -

The' extent ®fF the value of the work cited in support of this statement is
pp

somevhat doubtful although there 1s other supportive evidence (sce Literaturce
‘ N

&gvicw). The results reported here with bean cell cultures which were

derived from relatively lavge explants  because of the use of clectrophoretic
r o
techmiques gud the resultant detection of fsodénuzyme markers, represent the

. -
.

k /

i
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best positive cvidence to date. Heslop-Harrison congidered that proof
of the transmission of differentiated states in cell cultuuecs would be

obtainced if "cloncs derived fyom single cell explants of different tissues
of the onc parent indefinitely betray signs of their origin, yet cells
from which can be shown in other conditions to be totipotent."

!

The establishment of cell cultures from single cells would
ensure that the differentiative bchavior in individual cclls was not
governed by cecll-cell interactjons or metabolites emanating from other

parts of the founding explant. In this respect it is clear that the

logical cxtension of the present work with bean cultures is to continuc o
with studies of single cell clones preferably derived directly from parent

plant tissues. Preliminary cxperimentation with established stock cultures

3

hashéhown that the establishment of single cell clones is possible.

To eliminate the possibility that clonally transmitted
f

differentiated sfates werc.causcd by mutational changes that had occurred,

-

and wcrc not the result of interccllular contrels that were not switched

s

to a ground condition, Heslop—R%rrison maintained that the cells 1n question

must be shown to be totipotent. The demonstration of totipotency must

[

be considered an important factor, however, it does not necessarily preclude
the fact that genetic change has occurred. For example ancuploid plants

p)
have been regenerated from tobacco tissue cultures, the numberNof chromosomes

did not affect the plants ability to show totipoLency althdugh they may be

deficicent in other ways,(Sacristan and Melchers 1969). :
In a similar light the fact that certain plant cultnuges

do not show totipotency docs not necessartly mean that this is a result of

genetic change, « flalperim (1973) suggests "that the failure of many Lissues
to form organs fin culture is o manifbotation of incomplete dedifferentiation,
in the sense that the cells retain eprgenctic machinery characteristic of
their differentiated function tn the tissue of origin.'




The bean cell cultures used in the présent experiments
have, as yct, shown little tendency toward plantlet regencration. There

arc favorable indicatioms of asymmetric and polar pattevas of gro&th of

suspension culturcs (Liau 1971) whicli suggests that the generatioh of
plantlets may be possible under the appropriate conditions. It has becn

reported (Wu and Li 1970) that the esterasc patterns of rice callus cultures

derived from different parts of the parent plant were idepntical. It is

i -

known that ricc culturcs may readily regenerate plantlets of many ploidy
levels (NisHﬁ?and Mitsuoka 1969). This is scant evidence as yet, but

the possibility exists that there may be an inversc relationship betwecen

ability to express totipotency and the maintenance of differerees in culture.

It is thereforeclear that the bean cell culture work must be comtinued to

:hﬁﬂude the cstablishment of single cell clones and to explore the possibilities
of plantlet regenceration from these cultures. :
It is evident from this discussion that the data available

at present are too limited to formulate generalities as to the persistence

of replicative differentiated states in plant cell cultures. The results

1
1

from bean'ccll cultures show that persistent differences, which may represent
. . , \

such states, can be detected between cell cultures and that some of these

differences bear a relationship to the tissue of origin. The results also

show the obvious value of 1soenzym® pattern analysis in studies of this type.
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VI CLAIMS OF ORIGINAL, CONTRTIBUTION TO KNOWLEDGE

N A ! 1 .
. . .
i

. P

“To the best of my knowlédge the work reported in this thesis is

/
/

the most comprehensive study of isoeansymatic characterization of plant cell

culturces conducted to datce. The following points arc, in the author's

- v .
|

opiniony the most important itcems: >

1) The detection of persistent isocenzymatic diffcrences ip stock
!

N

callus and suspension cultures derived {rom different parts of a sﬁnglc bean

: . ' / .
scedling is reported. B ' \‘\@

2) The comparisdn of 1soecnrzyme paticrns of newly derived cultuges
with those of secdling and mature plant parts showed that isocpzymatic
dif{c;ences related to the tissuc of origin could be detected. The stability’
of these diffcrences varied with the enzyme studied; ncevertheless, ecvidence
for-the persistence of a replicative differentiated state in plant cell

cultures was obgained.

"

3) The iqoonzﬁmc patterns of culturced cclls from root, hypocotyl
O § ’
and cotyledon, wlether different or not, tended to resemble most closcly one,

.

part of the pdrcnt plant, in most cascs this was root.

4) Chagges in isoenzyme patterns during the culture cycle were
detected and the patterns of change corrclatod'w1th the different phases of
growth of the culture cycle.

5) Omission of the growth regulators from the medium of cotyledon

E
suspension cultures affcected the growth, cell form, the levels of enzyme
activitics, the timing of isccnzywe changes and the relative dméunts of the
dif[crgnt isocnasymes, but apart from th smearing of peroxidase activity,

L

it did not affect the isocenszyme comploments.
J

6) A correlation was obuerved lptween culture growth and the
PG :

peroxidase levels in both cells and medium.  This supgests a possible role
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APPENDIX 1.

]

The composition of M3 and M4%* medium,

1 3

(referred to as Liau medium

> . -
. ] Lt or LY. ~ ) ‘
A. Inorgani:r salts ' .
- r:; Major Elcmejnts Miner Elcments
A p Compound Compound mg /1
-No3' . MnS0,,* 411,,0 22.3
i 3 ZnS0, " 4H,0 8.6
CaCl," 21,0 HBO, Er 6.2
MnSOA. 7H20 N KI 0983
. KH,PO, ' Na_}00, - 2H,0 0.25
( ) Cuso, - 5H,0 0.025
~ CoCl," 61,0 Q. 028
- B. Organic Constituents ’
'
Substance mg /1" Substance ‘'mg /1l
Co'conut&‘ milk 150 mls Riboflavin 0:1 .
. \
'2,4-D%% 2 Thiamifie HC1 1 \) :
‘ Kinetin#* 0.64  Nicotinic acid 0.4
Sequestrene Na Fe-EDTA 50 Pyrido;:al HCL 1‘ "
Mcso-inositol , 200 / Cholina chloride . 1
Glycine 6 Calcium pantothenate 1 e
L-Glutamic acid 50 ° Niéotir{amidc 1
L-Aspartit acid 50 Biotin 1
Agar® . 8400 L-Glutamine 100 )
Sucxv-ose ' 20000 Urca - ‘ » 50 - ,.-
’ L-Asparagine 257\
. . ' ‘Adening 80, . 5° )
’ Vitamin By, 0.0015 "
' Folic acid 1
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»
.

. liquid media M4 is the same as M3 solid except that the inorganic

*M4., The
\ K . ° ~~, ¢ » "
salts are used at 1/4 strength and the agar is omitted. ) . \;
" '}\ .
“ t
%% The growth regulators arc omitted from Lt to form L~ medium, \ .
. The pH of the medium was adjusted 5.6 with 0.2N-NaOH, and medium was -
' distributed in flasks and then autoclaved. - i . ' .
- * *
] # R
» ) N a
' ) o
. R T - ?
; e e &
e, f
o 4 N R -
A)
§ i ‘ e . ’ ’
3 Ky . / o
1 R 1 . -
e 8 [
- - 3
-~ N 1 a ’
: o .
- ~ * -
- i - T« B
. . . . .
. . - -
,. 4 f , —
N * ( L
. ] - M
- . . -
. b ) o, -
t, - . /’ »
* s
- Ll ~ i
. . 2
. . .
k . . +
> . . 5 ) . .
D . . D 't
. . d
¢ -




236

APPENDIX 2. ) .

. Synthetic Medium . .
° ;

The composition of Kaa medium. (Modificd Gamborg BV by Mante.)

@

A

. s bt ~A. Inofg'anic‘Salté
Ma jor Elcments | ' Mtnor Elements .
Compound - me /1 Cogpounda mg /1
) KNO3 "’ .’ 2500 . MnSOq';f»HZO 'f* \ 10
(NH4)2304 ) 400 ZnSOa' 7H20 ) 2
MgS0, " TH,0 ‘ 370 H.B0, ' C3
Catl," 2H,0 150 KI, ©0.75
a ) NaH2P04'H20 ' 150 | Nazb@O\SOA'ZHZO P 0.25
.« ‘Na Fe EDTA ’ 40 Costa ol - 0'02_5
. ° “ B. Organic Constituents
’ . Compound o i:g/l ’ ., Compouncgl mg/1
2,4-D 2 m-Inosital ) T 100 A
N \ .Kizlgtin . 0.64 Glycine | . . L 1.2
S " Adeni€ SO, ' 1.0 : _L-Glntamig acid 10
= Riboflavin : 0.1 - L-Aspartic acid 10
Thiamine 1.0 L-Glutamine ' ‘ 20
. © Nicotinic acid 1.0 - brea > 20 )
“ Pyridoxyl HCi 7 1.0 N ~ Asparagine . g -5
P [ % \/
- Sucrose . 30,000

S
w
EY
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APPENDIX 3. . j% , ' .
Stock Solutions for Elcctrophoresis® a
. 4 - )
Solution A. L@ ) . Solution B.

— "

13

IN HCL yevveeees 24 ml

IN ICL .50 heen 487 ml¥k

-

tris Cevenenns 18.1. gm tris ceecessnnse 53.98 ém'
TEMED +evueenen . 0.12 ml TEMED .vveveeeees 0,46 ml
water ..... to 100  ml water ..e.... to 100 ml
.. " . (pH 8.9) (pH 6.7)%% .
' B, ot ; .
solution C. . _ Solution D. )
acrylamide ..:.. ES.Q gn } T acrylam;ge vessess 20,0 gm
bis acrylamide .. 0.735 gm S bis acrylamide ..:. 5.0 gm
ya£er vesees to 100 J ml . . Water ,e.see0s LtO %90’ ml

b ’ S "5 o ‘
solution E. i : " Solution F. -
riboflavin ... amglkélel SUCTOSE seveoed 4O% W/V' .
Solytion G, - . . Sol&éion H.

catalyst: ammonium persulfate

tank buffer .... (pH &;3)
eesveres 0.14 gm/100 ml

v - ) triS M EEREE R NN 6‘.0 e
.o ’ » emn P
. . glycine ..eve0.... 28.8 gnm '
o . WatCY ...eeps to 1000 ml .
. (diiutcd x 5 for usage)
. g . o P »
Solution I. ° - ,
Extraction buffer : i y .
0.059M tris HCI1 -pll 6.9 i} ' \{v ! : : - I
co '- . .
.containing 0.005M cysteine hydrochloride . J

_ 0.0005M EDIA -




o

.Small Pore gel: 1 pt A, 1 pt C, 2 pts G e

» k_ -

P Laréc Pore (spacer) gcl- lptB, 1ptD, 1ptE, 2.5 pts F ¢ -
« Rinse solution: 1 pt B, 1 pt-E, 6 pts H,0. ' P
- A . . . : ; L
g —_— {_* Essentially as described by Davis (1956). C

*% pH adjusted with IN HCL.
AcrylaTidc‘yscd for electrophoresis was obtained from BDH Chemical Company.
Recrystallzed acrylamides were purchased from Eastman Kodak Ltd. and

y
- - ')
TEMED (N,N, N N - tetramcthylethylenedlamlne) from Canalco (CANAL Industrial

r~

* Corp., Rbckville, Md). All other chemicals were obtained locally,
. -~ - )
» t . ~
) .
r4 | N 4
. &
; A
. ' C

~3 - i 3



‘ ‘ , : APPENDIX 4, o,
e - /
" N / - -

= - Standard curve used for the determination of acid phosphatase

‘ activ{ty was described in Sigma Technical Bulletin Now.104. One-Sigma
Unit of phosphatase will liberate on®& micromole of p-Nitrophenol per hour.
- ‘ e
(1pM = 0.1391 mg). All assay conditions were temperature regulated to -

25C. -
APPENDIX 5. \\
3 ! ‘
Standard curve used for the determination of leucine aminopeptidase ¢
- ! M
activity as described by Sigma Technical Bulletln No. 251. One Aminopeptidase
t
Unit will release one micromole of B-Naphthylamide from L-Leucyl-B-Naphthylamide’
12} .
per hour at pH 7.1. All assay conditions were temperature” regulated to
o
3 25¢. ) ‘
ST '
¢ —

f
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