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Isoenzymatic charactcrization of cell cultures 
of bush bean (Phaseolus vulgaris cv. Contcnder). 

ABSTRACT 

Isoenzyme patterns of varioùs enzymes ~rc stuclied in callus 

and suspension cultures of root, hypocotyl and cotyledon of bush bea~. 
> , 

Isoenzyme patterns changed during the culture cycle and 

reflected the'successive stages. Persistent differences in pattern 

. i 

were detected among the cultures and thcre was a' correlation between cell 

expansion ànd peroxidase activity. 

Effects of 2,4-D and kinetiri on &rùwth, 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 

t~e isoenzyme patterns of cultured celis were most similar to those of 

root; however, persistent isoenzymatic differences were detected among 
" 

the cultures and sorne of thc~c differences couid be attributed to the 

tissue of origin. 
1 

'The relcvance of the results to the persistence and stability 

of characteristics in plant cclI cultures and ta differentiatiop is--

discussed. 
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Etude cl~& caractéristiques isoertzymatiques des 

cu'ltures de cellules de Phu'l'l'olus vulgaris cv. 'Contender. 

ABSTRAIT 

Les bândes isoenzymatiques de certaiÏ;,\en~ym('s a'nt été étudiées 
1 ~ 

dans des cultures en ca~lus Ou en suspension cl ~acine, d'hypocotyJe et 

de cotylédo~ de Phaseolus vulg~Tis. 
"- -

~es bandes isoenzymatiques se sont modifiées pendant le cycle 
ri 

de culture et reflétèrent ainsi' les stades successifs de développement. Dé 

plus flis différences persistentes dans les bandes Ôht été observées dans 

les c~ltures et une corrélation entre l'expansion cellulaire de l'activité 

de .. l 'enzyme peroxydase ~ ~té démontrée. 

Les effets de 2,4-D et de la kinétine sur la croissance, la 

mqrphologic cellulaire ct les bandes isoenzymatiques sont décrits. 

Les bandes isoenzymatiqu~s de cultures établies et n;uvelles ont 

été éomparées avec celles de plantes mâtures 'ct de plantules. Les bandes 

isoenzymatiques de cellules en culture étaient souvent semblables à 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 l~ pcrsistence, la différent-
# 

iation et la stabilité des caractéristiques de cultures de cçllules chez 

les plantes est discutée. 

Tradui t par K-uc-André Paré . 
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l INTRODUCtiON 

• 

Almost certainly our [1,rst scicntific knowlcdge ot,a plauL· ié: 

based on observation of its growt~ and forme We recognize species by the 

distinctive ~haracters of 'size, brartehing pattern, flower [orm, cross. 

sections, size and shape of leaves, and 50 on. There eXists, howcver, 
" 

a wide gap between observation and description and the interpretation of 

t~c causal factors that lead to dcvelopment. We'know with ccrtainty that 
. 

the genetie information containcd within the modest acorn will somehow 

~ 

lead to the develorni~nt of a 'magestic oak. Of how this information id 

unlocked, channei led, monitored and r'egulated, wc know in real ity, '·very 

little. 

1 

In arder to understand the control of devclopment in a complicatcd 

organism tlseful facts and '[e<itures can be stu,di~d in a simpler and mate 
\. 

isolated system. Ta this end we turn to the study of single c~11s' and 

small groups of cells participating in'fundamental cellu!ar activities , 

and basic developmental proce~ses. 

Plant cclI cultures can now be used for the study of mctabolic 
" -processes, growth, differentiation, and deyçlDpment. 'Their potential 

value was stressed eloq~cntly by Torrey (1971). 

"Techniques of 'pLmt tüsuc culture offer sorne of the rnost 
promising approaches to an understanding of cyt?different~ation and its 
physio1ogical and biochernical control. Analysis of the ddtermination of 
morpho1ogica1 expression at the cell levc1 by genetically and epigcn~q·C'dl1y 
contro11ed molecular events Jws hardly beg'un. Il " 

, . 
During the proccss of devclopment differcntlation into specia11zcd 

tü,sues and org~s may involve more or lC's.s irreverslblc cellular changes. , 

The question of t1J{' transmlssibn of thc~e differcntiatcd states in ~ 
) 

" . 
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( ... 

lineages is fundarnental to the 'undcrstanding of developmental control 

. 
rnechanisms. It is not known to" what extcnt cclI cultures derivcd front 

1 

different parts of the parent plant show persistent differcnces in vitro 

and if s't'lch ,differcnccs do exist, ta wh.n.t cxtent they are related ta the 

tissue of orïgin. 
p 

It is to at the attention of' the the6 i s is tuPhed. 

The work reported herein i4'conc the characterization of pfant 
, ' 

ceUs in culture 'and in pa'Fticular the' v~lue Of"isoenzkes ~r su~h 

characterization, the degree to which differences betwee~~ populations 
\ . 

from di-fferent pi.lrts of the plant persist in culture, the degree to which 
/ 

these differences çan be attributed to the point of ?rigin of the culture. 
, 

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

gro~ regulators 

parceters and 

~ 

In addi tion, and as part of this study, the effects of the 

biochemi~al characters were studied. . 
Part of this work has been acccpted for publication (Arnison and 

13011., 1974, 1975a). The remainder has been submitted (Arnison and BoIl 

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

.. ~ t 
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11 REVIEW OF TllE LITEM')'URE 

A) Di fferences BC'twel'n Cul turcs Tkriv<,ù From Different Parts of the 
, Parcnt- Plant 

One of the mûs"" fLllldarnental question', in dcvclopmcnt i8 whether 

3 

diffcrcntiation into specializcù tissues and orGan~ may invo1vc more or less 

irreversible changes ~l~ch arc then trnnsmitted in cclI' lincagcs. 
, ' 

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

origin, tend ta be' parenchymatous in nature anù look remarkably alikc. 

The variability of cclI types and the ability ta underga mor~logencsis 

tend ta decrcase with culture age (Steward anJ t-tapes 1963, Stanier 01965, 

Torrey 1967, Syono 1969), although tll1S is not truc in every case 

(Khanna and Staba 1970). The changes that may aecur during prolonged seriaI 

subcul turc arc oHen attributed ta changes in chromospme numbcr and type 

(Fox 1963, Partcnen 1963, 1965,1972; Murashise and Nakano 1965, 1967; 

Torrey 1967; Shimada ct al 1969, Van' t Hof and NeNi llan 1969; He inz et al 
~ 

1969, Nor~tog ct al 1969, Steward ct al 1970; Shimada 1971). This 

assessment must be viewed with caution as regcncration has been d~monstrated 

from old and very ancuploid tobaceo cultures (Sacri ~t'an and Me1chers 1969; 

Asuwa 1972). 
~ , 

The question of tran5miss~on of diffcrcntiatcd ~tates through somatie 

cell lincages and the 10ss of the abiliry ta rcgonerate diffcrcntiated . 

states, i5 fundamcntal to. the llndC'rstanding of cantrol mcchanisms :l.n 

development (lles1op-llclrrison 1967, lIalperin 1969). Rclatccl ta thü quct>tion 

is the still unre~olvcc1 issue of whcther cclI cultures, derivccl f;-om 

diffcrent parts of a p,ul'cnt plant or sceùl il1g, f,ha\v persistent! differcnccb 

in 'rroy,crties in vitr.o. Con~>ldcrablc attention has bccn paid thi~ matter 

by IIc~,lop-I!,1rrü,on (19()7), lIcslop-lIaruson considen 'that there arc thrce 
.. ' 

, . , , 
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possibilities, namely: 
,.- ~ l'-

a) there arc no individual charact'Ct's maintained ' 

in ce11 cultures and that .111 cultures re~prdless of pOini of origln in 

ç..\ 
the parent+, plant wül be idenlic."l.1, b) orir;in specifie characters are 

« " ~ J ' 

initially present in cclI' culture's but these diffcrences decline wi th in 

a few passagcs and then a1l cullurC',s will be ;tt1entica1, c) that origin . 

specifie 'characters arc present in cell cultures and that these differences 

are maintaincd indefinitely in cell lineages. 

Few detailed compa.risons o[ plant ce11 cultures derived from different 

"-
parts of the same plant have been published. Barker (1969) examine,d callus 

cultures derived from ovary wall, root, sh.oot, petiole and p~rimedullary 

region of basswood (Tilia americana L.) and 'various t:issues ai; wheat 

(Triticum ;lesti vum L.). Barker, using on1y cri tcria of--appearance and the 
.1' 

ability of calluses to meld together, conc1uded that the various cultures 

were not distinguishable. 

In contrast, callus cultures deri ved frorn juvenile and adult forms of 

ivy (Redcra hclix L.) showed persistent differences in growth, f~rm, growth 

facto~ re~uiremeri.ts and other charnc~cristics (Stoutmeyer and Britt 1963, 

1965, 1969). Similar1y differences in th,e proliferative ca.:pacity of in 

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

been shown (Trippi 1963). The observations of Stdutmeyer and Br1.tt werc 

supported by those of Rabbins .lnd lIer vey (1970). IIowcvcr"; Street (personal 

communication) was unablc to confirm these rcsuJ.ts. Caponeti!:l al (1971), 

from il stud,y of bIne\. cherry (Prunus s<:rotina) eallus culturcd [rom cambial 

zones of juvenilc scedlings, t'nature trces and mature scions graftcd on to 

juvcnilc trees, concludcd that broad in tC'rclonal v<1r.iation maskcd the 

diffC'rcnces in growth of tis~uc from juvenilc and ma.ture tracs. Caponcti 

1 
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-ct al \Ised the tcrm clone ta re[er to a11 ca1luses dcrived from the same 

trec. 

Nutritional and morpho!ogicnl investigations of ca11us cultures derivcd 

from different part& of a cactus (Neomarruni1laria prolifera, Miller) showed 

va~ied callus formation from the diffcrent parts and no callus formation 

frùm t'he root (Minocha and Mehra 1974). Calluses that were 'established 

showed a high coconut milk and growth regulator requirement and showed no 

differentiat ion. 
.pl 

Ca1lus, culture~rGm root, stern and cotyledon of pinto,bean (Phascolus 

v~lgaris L.), established by Nickel1 and Tulecke (1959) showed different 

. 
responses ta the growth hormone gibberel1ic add. Root callus but not stem 

or cotyledon ca1lus) was inhibited by 10 ppm gibberel1ic acid. Differences 

in activity of the enzymes isocltrate dehydrogcnase, ma1ate dehydrogenase ;,lnd 

shikimate d0h~drogenase we;e reported in suspen&ion cultvres derived from ... 
root, hypocotyl {:l.nd cotyledon of mung bean (Phaseolus aurcus) (Gamborg 1966). 

It was not stated eithcr by N~ckel1 and Tu1ecke or by Gamborg that the three 

cultures were estab1ishcd from the sam~ seedling. 

Prcvious work on bush bean (Phascolus vulgaris cv. Contcnder) cell 

cultures has shown that although the cultures showed no marked diffcrences 

in growth pattern or ccll form t1~re were marked differences in response to 

growth regulators, inr trypto phan synthasc activity, production of extra­

cellubr polysaccJ~id(' 'rrncrJ co1or of cultures (Liau and ,Bol1 1970, 1971, 1972; 

'Liau 1971, Mante 1974, Sein 1974). 

RecC'ntly Wu and Li (1970) reported comparisons of esterase isoenzymes 

[rom embryo, colcnptil(', root, node, internode and scutellum and six-wcek-old , 
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call~~ derivccl from t}rosc pa~ts of rice plants (Oryza satIva, cv. Taichung 

No. 65). They concludcd that aIl ~he 'cultures were identical because the 

patterns of the csteroscs were the same in aIl the cultures. 
" 
" 

With this exception the criteria IIseù to charac'terize tissue cultures 

have been: colour, texture, rate of growth, enzyme activities, and hormonal 

and nutritional requirements. This problem has r0cently b~en expoundeù by 

Dougall (1972). 

"At the moment it is unlikely that adequate' criteria for general use 
in the identification of plant cell lines could be propo~ed. This in part 
because the criteria have not been identi~ied and in .part because data on 
individual cell lines are not available. Data on cell lines which may lead 
ta general cri ter:i.a are desperately' neecl'cd. Possibilities for such data 
include: comparative st~dies of isoenzymes in cell lines, comparative 
studies using.immunological techniques particularly with purified antigens 

"from cells, and st~dies of chromosome number and morphology." , rf·\), ".' . '\ 

'\ 
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B) Isoenzymes 

1) Introduction to Isoenzymps 

The study of isoenzyrncs seems ta bffer a highly useful index by 

which to Judgc cell and tissue individuality. There are, however, sorne , . 

very necessary considerations. This review will deal briefly with the 
1 .... 

nature, formation and significance of ,isocnzyrnes, whilst considerft::lg the 

major problems. Then, in SOrne detail, ,isoenzyrne studies that have been 

conducted with plants and plant'tissue and cclI cultures are reviewed. ' 

2) Definition'and Nomenclature ( 

• -During the last few years because of increased awareness and 

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

of papers dealing w~th isoenzyrnes or isozymes.~ There exists considerable 
, , 

variation in the usage and the implied meaning of ehe terms isoehzyme and 

isozyme. 
. 

Initially Mark~t and M~ller (1959) coined the terrn isozyme to , 

describe the multiple forms of the enzyme lactate dehydrog'cnase (LDH). 

However, the alternative term isoenzyme was preferred and is officially 

recornrnended by the standing Committee on Enzymes of the International 
) 

Union of Biochemistry (Wilkinson 1970) . 
. 

IsoC'nzyrnes arc thus gencrally described as different pro teins with 

similar C'nzymatic activity occurnng in a singl~ taxonomie sPldes. It is 

in this contC'xt that the term isoenzyme will be usad ~hroughout this ,hesis. 

Many authors [ccl that this dehnition is too vague. Howevcr, thete 

are no casy solutions. Some of the difficullies may be appreciated by the 
1 

consiQlcrati0l1 0'[ the followi ng facts . 

Multiple mol~c~lar forms of enzymes may he [ormed in many different 
1 

/ 

, . 
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ways. Method& of formation and the occurrence of isoenzymes have bccn 

cxtensive1y rcviewcd (Shaw 1965, 1969a, b; Vcs!>el 1968, Ogita 1968; 

Markert 1968; Shannon 1968, Latncr and Sklllcfl 1968; Scandalios 1969, 1974; 

,Wilkinson 1970; Sing and Bre\,)er 1971) Mastcrs and !lolmes 1972). The six 

most common types of isoenzyrncs are 1isteù be10w: 

'a) Single molecu1cs - protcin molccules with comp"lcte1y different 

ptimary structure pcrforming the same cnzymatic activity. 

b) Sub-unit enzymes - isoenzymes formçd by the combination of 

sub-units oftcn of more than one type forming ,dimers, trimers, tctramers ~ 

. \ 
etc. In most cases the monomcrs do not posse.ss enzymatic activity"and 

, 
diffcrcnt &ub-units function bcst under different physio1ogica1 conditions. 

c) Po1ymers, - not as in b, but groups of isoenzymes of ~cveral 

differcnt '0 often re1atcd, enzymatic functions in differcnt states of poly-

merization resu1ting in the fo~mation of multienzyme complexes. 

d) Isoenzymes forrned by ligand binding' - enzyme molecu1es with 

small, possib1y charged 

carbohydrate.s. 

bound mo1ecu1es or various amounts of at;~hed 

~ 

./ 
e) Conformational isacnzymes - enzymes that posscss intcrconvertlble, 

thermodynclIl1ical1y stable, tcrtiary structoHres. 

f) CombüM~ional isoenzymes - specifia. combinatlon of enzyme moleçule.s 
~ 

with non~cn7ymaL~c proteins, i.e. carrier or membrane protcins. 

Bcc,u/sC' of the mnny rather non-specifie ways in which iso.enzymes~ 

eould oe [ormcd and -the [acl tlwt an isacnzymc cauld bclong in severa1 of 

the nbové o<,tcgoric& at the &ame 'time, it has bcen suegcsted (i.e. Shaw 1969) 

that the t('rm iso<éymc nr isoen:lynH' be rcstr ictecl to multip1é enzyme forms 

of the ~'lIb -unit type. 
, 

Evi'1l if this w('re adoptcd the prob1cms of ,nomenclature 

.:' 

, 
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would not bc solvcd. FQ~ example malate dehydrogenase activity is known 

to exist in differcnt cclI compartments (soluble, mitochondrial and 
'" 

glyoxomal), each of the types differlng in amino acid composition and 
~ 

phYbiological properties which may or may not allow interaction to form 

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

•• 

and Weddwg 1972a; Hock 1973). Should wc now consider MDII as One or three 
-' 

i soenzyme sy stems '? 
", 

In consideration of these problems it :Î.~ best for the~ present ta 

stay, with the simplest difinition until such time as more specifie cd~teria 

can be clcarly adopted. 

Most of tlle problems that arise, how,f'ver, are not due t~ \tck of 

criteria by which ta 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 ove.rlapping specificiticq isoenzymcs may. be charac,terized in .roles un-

related to in vivo (unction. An ext'reme cxample is that of peroxidase in 

that aIl that is requircd for peroxldase aC,tivity :ts a protein with a suitably 

situatcd haeme group l'I(Galston ct al 1968).' 
.' 

3) Biological Signific~ce 

Despite the many formidable problems associaté'd with classification 

and the dctection of j&oenzymes they certainly exist and the advantages they 
'b • 

" 
affot-d arc manifold. From coâsidc1!'alion of the vast literature on isoenzymè~ 

~t i8 obvious that .,.they arc of biologi~al import.::l11ce. The basis of this 

, " biological &ignificanc(' i5 tlfe differing phY5iochemical nature of the 

o 

indi vi<luul ~SOc."I1zymC'., whicH allows them to per[orm the same enzymut~c reactions 

undcr diverc;(' CCUUl..lr conditions. hoel1.%ymcs ean he vicwcd as an cxprq.ssion 

\ 

) 

\ 
l' 
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o€ the diffcrentiation of cells and the control of l.s9.enzyme expression 0 

during development may be fundamental to the devclopnipntal prQcess. The 

mechani~mc; by which isoenzymes are formcd and modplatcd arc cxtremely 

" 
c;;ornplicated and sensitive. It is out of this scnsitivity that the differen~'ial 

gene action of an organism is cxpressed. 

'. Many clectrophbr~tic studies in plants have beèn 

1 
\ 

"'--directed towards 

4) Isoenzyme Changes During Devclopmcnt 

the detect}on of changes in isoen;,:ymc complement wi th plant develofmlent. 

" It has becn found almost unive~sally that there are changes in nU'!1ber and 
' .... 

• ' .... 01; , ... ft,.J ..-

acti~ity of is6~nzym~s with thé ~rowth and development of the plant. ~ 
'1 .... ' 

:, 

, a) SeedÏings 
, 

Isoenzyme patterns have been stud;i.ed exten~,ively during the germination 

and the developrnent of ~eedlings. Suc~ studies included: Per, LAP, AP, Est, 
,s , 

and GO'!' iso~nzyrnes in the Saquaro çactus, .Carnegiea gigantea ,(tll~t.I",)(Keswani .. ' 
. \ 

and Upadhya 1969), Per, LAP) Cat, AP, and Est in'onion, Allium cepa L., cv. ---Yellmv Graue'x hybrid (MHkii1en 1968), Per MDH, ADH, LDH, FDH, Amy and Rijase 

in bean, l'hqseolus vulgaris cv. Balin d~ Alberga (Trippi and Guzman 1970) 
. 

and Cat, Ï'IDH, and GDM in barley, Hoideurn, (Mitra t! al 1970). Peroxidase 

isoenzymes were found to change during the developt11cnt of secdlings ~f VandÂ"\ 

~(Alvd.rez and K~ng \969,), wheat, Trititurn aestivum cv. Marquis, (BhÇil.tia and , . 

Nils~n 1969), I. acstivurn cv. Lee; (Macko f:!. Q! 1967), peanut, Arachis 

hypogaea, (Thomas and N.euccrc 1,974), dnd J'aclt pind~ Pinus .banke,iana< Lamb., 

l ' 
(Ramaiah et al 1971). Isoc'nzymes of glutamate dehydrogcnase werc studi~d 

during the dcvclopment of safflower, 'Carthamus tinctorius cv. US-lO, ~Errel 
, o' 

.s!. al 1973) and isocnzyme<; of acid pho'-iphntasc in dcveloping 
" '. \ 

\\; 

pen seedlings, 

. , 
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'/f'A P1.sum 's9;~ivüm cv! Alaska, 

'.. 'b) R~S , 

(Johnson et al 1973). 

. 
Investigations of Per, LA1\ox, HDH, A1\ and Est isoenzymes during 

1 
the development of broad bean roots (Vicia faba cv. Ch1urnecky) showed "orne 

changes occurred with time but more pronounced differences were founr 
--.... 

bet\-leen the diffefent parts of the root (Sahulka 1969, 1970; Sahulka 

an;d !3enès 1971, Hadacova 1972). Changes in the pattern of peroxidase 

isoenzymes occurred during the rooting of cuttings of black pop1ar 

\' 
Populus nigra, (Nanda, 1973) and rnung bean, PhaseoLus mungo, hypocotyls 

(Gur~urti and Nanda 1974). Fottre11 (1968) studied the isbenzymatic 

c~nge~ of esterases, proteases and dehydrogenases during the growth of 

'root nodules of eight different Legumes. He found changes with gro~th and 

that the patterns of the isoenzymes were disfinctive for each plant. 

Several detailed investigations of the isoenzyffiatic changes during 

leai Ideve1opment. have been conductcd. Chen et al (1970) studied the 

'l 
isoenzyme, patterns of GPGDH, Phs, Ald, AP, Est, Per, G6PDH, HDH and amylase 

at various stages of deve10pment of single 1eaves of cock1eburr, Xanthium 

\, 
pennsy1vancLum. They found that many of the isoenzyme changes coinclded 

" 

with the'~essation of ce~1 divislon and the complet ion of leaf growth . .. . 
, . 
Isoenzyme~,qf peroxidase have been studied during the development of 

leaves of 'b?-an, Phaseo1ub ~llgarib, cv: Peneil Pod Wax, (Racusen and Poote 

1 1966 ), bar(ey? Hordeum, v~r1,ety Atlas 1+6, (Cupta and Stebbins 1969), maize, 

2t>a mays, (llamill and B-rewbaker 1969), toba'cco, N~cotiana tabacum 1. cv. 

NC95, (De Jong 1972) and ~otton, Gossypium hirsutum cv. Auburn 57, (Wise 

dnd 'M~rdson' 1971) . 

• 

), 

{ 
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d) Fryi t 

, , 

12' 

Hobson (1974) studied the ch~nges in isoenzyme pntterh of 19 enzyme 

systems in deve10ping and ripening fruit of tomato, Lycopcrsicon escu1C'ntum. 

They, fou~d that enzy~~ synthesis accompanies the climateric respiration 

ri se at the expcnsc of non-metabolic protcin. Additiona11y, amylase 

,isocnzymes were ~tudied in developing bar\ey .~~d Hordçum vulgare L. cv. 
\ 

Himalaya (Bilderback 1971). 

5) Isoenzyme Patterns in Mature Plants 

Goncomitant with the many gtudies on char:-ges of isoenzymes with 

development have been cornparisons of the patterns produeed, as a cons~quence 

• of developmcnt, in tQe 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); Sheen (1969), and Mitra ~ al' (1970), have shawn 

that gene~ally organ specifie isoenzyme patterns are the rule and that certain 

isoenzymes are found only in one s'pecifie tissue. Investigat ion, however" 

of MDR isoenz~nes in cotton (Gossypium hirsutum L. cv. Delta Pine 16) 1ed 

D'Sullivan and Wedding (1972a,b) to conclude that under appropriate conditions 

the sarne number of MDR isoenzymes were qêtected in aIl the leaves studied. 

Thèse conclusions were rcaehed frQm the discovevy that the arnount of total 

MDlI activity applied ta the gel column if; c;:ritical for proper detection 

" of isocnz~lc band",. Thü is supportcd by the findings of Longo and Scandalios 

(1969) that the nwnber of bands of MDII are the same in aIl organs of the 
n • • .. 

young maizc plan t. 

6) Isocn2ymcs and T.axonomy 

Just as it is gencrally tru? that isocnzyme patterns change with 

dC'vclopmcnt, and arc <}iffercnt' in thC' vclrious tissues and organb of any 
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• indiviqual plant, it is genera1ly true that the complements of isoenzymes 

are specifie to individual species of plants and that these differences .. 
can be used to differentiate one species or variety from another. In 

this respect isoenzyme, and protein electrophoresis has been used to aid 

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

parts of unre1ated and related plant species and many individua1s of ~he 

• 
srone species has helped to establish re1ationships ~etween plants, in the 

( 

assessment of the variation within a genus or speQies and in the identification 

'of hybrids. 

Plants that are not-~sely related genera1ly have isoenzyme 

patterns that are very distinctive ,Fottre11 1968; ~~k1nen and Macdonald 

1968). TIns depends to a 'degreé, however, on the, enzyme studied, but is 

especially ~ue of tue isoenzymes of peroxidase and ,esterase (Schwartz et al 

1964). Electrophoretlc 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 '.Jheat, Triticum species, 

(Johnson ct al 1967), the genus Suaeda (Ungar and Boucaud 1974), and Yucca, 

(Smith and Smith 1970), GPR and FDH in the Fabaceae (Thurman et al 1967), 

Est and LAP ln species of Phaseolus (i~e5t and Garber 1967), GDH, MDH, and 

Cat in 5pecies of Hordeum (~Qtra et ~ 1970), ~H, Est and LA? in 32 

isolates of Protosiphon (Thomas and Brown 1970), ~mH, Est, lAP and GDH in 

• 
three specics of Chlaryydomonas (Thomas and De1carpio 19J1), LAP, p-galactosidase 

and IndOx lsoenzymes-in natura1 population's of Baptisla (Scogin 1969), 

Est, Cat, Ur', AP, ADH, IndOx; Per in cultivars of peanut, Arachis hypogaea 

L. subsp. fastigiata cv. vulgaris and A. hyeo~aea L. subsp. hypogaea cv. 

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

of Datura (Conk1in and Smith 1971; Ganapathy and Scanda1ios 1973), Per 

Est, PPO, Ga1DH, AP, AIr in nine cultures of Polyporus (Shan~ et al 197!) , 

LAP in the genus Lupinus (Scogin 1973), Est and LAP in natura1 populatio~s 

of Betu1a popu1ifo1ia (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) . . . -,-
r 

Extensive studies on the variation of peroxidase and esterase 

" isoenzymes were conducted among species, hybrids and amphiploids of 
'-. \ 

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

of maize (Ramil1 and Brewbaker 1969). These studies showed 'that each 

species had a unique pattern, no isoenzyme band was cornmon to aIl species, 

hy~rids were most c1ose1y re1ated in is~nzyme patt~rn to parents and 

additionally sorne hybrid enzyme forms were detec~. 

Isoenzymes wou1d thus appear to offer a very convenient tool 

for taxonomical studies. Caution must he exercised, however, as Wennstrom 

and Garber (1965) were unab1e to detect differenceb in isoenzyme patterns 

of esterase and acid phosphatase in extratts of twe1ve speci~s of the 

genus Co11ins~a and the work of Fieldes and Tyso~ (1972, 1973a,b,c) 

on genotrophs of f1~x, Linum usitatissimum, has bhown that environmenta1ly 

induced heritab1e changes in isoenzyme mobilities can occur. It is, therefore, 

possible that environmentally induced shifts in relative mobility may be 

a source of _,enz'yme variation. 

Nevertheless, isoenzyme patterns are very distinctive and have been 

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

" 
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, 

citrus (Ig1ef>j as ct al 197/~) and as additional proof that somatie cell 
, 

hybridization belwecn two straim, of tobacco Œ.' g1auca x N. 1angsdorffi) 
- il 

had Laken place (Carlson eL al 1972). Malate dchydrogenase has been 

proposed as a hybridization marker in haploid and dip10id spccies of 

Datura (Ganapathy and/Scandalios 1973). 
" .. ' 1 

7) Isoenzymcs: Gcnctic and ~lysiologica1 Studies 

" Many of the studies of isoenzymcs in plants have been directed 

towards an undcrf>tandinR of the gonctic control of isocnzymc formation. 
1 " 

Th~s area has becn revicwed by Scandalios (1969, 1974). The most extensive 

investigations have bcen concerned with the control of isoenzyme systems 

in maizc, Zea mays, (Scandalios 1968; Schwartz 1960), the studies included: 
~ 

esterases (Sch""tz 1965, 1967-_, lfucdonalc1 and Brewbakcr 1974), catalasc, 

(Scanda1ios 1968, 1969, 1974) ADR and MDR, Scanda1ios(1967, 1969, 1974), 

cndopep~idase, (Melville and ~canda1ios f972, Scandalios 1974) and trans-

aminase (Macdonald and Brewbaker 1974). 

Other genetic studies have inc1uded the control of esterase 

isoenzymes in cucuntbcr, Curcurbita ecudorcnsis (Wall and Whitaker 1971), 

Solanum~. (Desborough and Peloquin 1967) and oats, Avena Fâtua (Clegg 

and A11ard 1973), ~. sativa and A. bY7antina (Smith 1972). Genetic studies 

have been conducted on pcroxidascs in ric!!, O~~a sati va (Endo 1971, Endo .It 

et al 1971), and O. pcrcnnis (Shani s:! al 1969), and flax, L1num usitatissimum 

(Tyson t970, Tyson and Bloomberg 1971, Ficldcs and Tyson 1972), C'sterase 

and amino p~pLidabc in Phascolus (WCbt and Garber 1967, Wall 1968) and 

alcohol 'tlchyc1rogcnasc in \ll!c'at, Triticum chcoccunl (Hart 1969), sunflowcr, 

-
Hc1iantlnts annut, (Torrcb 1974a" b) and narro\<l leafed lupine> LlIPin(s 

. _angust ifoliw; L. (}L.ushall ~ al 1974) . 

•. 
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Other studies. of isoenzymeb of ~lo1e plantR have usual1y bccn 

, ' 
dire:cted toward finding changes in isoenzyrne pattern associ,dted with a 

specific physiological phenome~on. Studies related to in jury , disease 

and disease resist.ncc have includcd: bC'ln leaves, Phaseo1us vulgaris, 

afflictcd with Halo Blight Di&ease (causal agent Pseudomonas phascolicola) 

(Rudolph and Stahman,n 1966) and infeclcd with Agrobacterium, tumefaciens 

(Curtis 1971), peroxiùasc isoenzymes of sweet potatoe, Ipompea batatas 

L~ cv. Norin No. l, in relation to Black Rot (causal agent Ccratocystis 

timbriata) (Matsuno and Uritani 1972), Nie<}tiana glutinosa infee~ed with 
il 

tobaeco mosaie virus and potato virus X (Chant and Bates 1970) and wheat 

stems infeeted with Stem Rust ~isease (Sccvers ~ al 1\971). -Sako and 

Stahmp.nn (1972) studied 14 isoenzyrne systems in barley leaves infected~ 

with Erysiphe graminib f. SIJ. Hordei (powdcry mildcw). Their results 5 
show an increase in the number of isoenzyme bands of Il enzymes and a 

decrease in the number of 4 other enzymes after infection'. These types of 

d-ifferences are oftcn encountered between hea1thy and diseased tissues. It 

is not clear, ho~ever, that this additiona1 synthcsis of isoenzymes is not 

just a genera1 reaction ta inJury (Seevers et al 1971). 

Many othcr physiologieal, isoenzyme studics of wh01e plants have 

been fn relation to hormonal regulatian (Ridge afld Osborne 1970; Ockerse 

and Humford 1973, Gal-.par cl [lI 1973). Host of these studics have involved 

peroxiddsc isoenzyrneb and F;d will be cxamined in detail in the seclion on' .. 
pcroxidasq. The rC'maining phy~l.ological studics have becn: the effcels 

of photoperiod on isOl'llzymc patterns (War'ner and Up,lldhya 1968; Penel and 
1 • • 

Grcppin 1972; De Jong 1973), the ('ffcet of nulritional r(.gime on isoenzymc 
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pattern and mobility (Van Lenr and Smith 1970; 'Fieldes and Tyson 1972, .....,-
1973à,b t c) and the usage of isoenzymes of MDII and GDH as markers of , --

cyto~lasmic and mitochondria1 contamination of wall extracts of pea epicoty1s 
1 

(Ferrari and Arni~n 1974). 

~) Studies of Isoenzyrnes From Cultured Plant Cel1s 

a) Hormonal Studies 

A large numbel; of isoenzyme studics conductcd to date with cultured 

1 
plant tissues have been related to the hormonal control of isoenzyme pattern 

~expression (Kaur-Sawhney and Galston 1972). Many of these studies have 
4 • 

used tobacco cell cultures or pith cxp1ants and have inc1uded the effects 

of cytokinins, gibberellic acid and lAA on lAA oxidase isoenzymes (Lee 1971a, 

b,c, 1972), lAA,2,4-D and kinetin on polyphenol oxidase isoenzymes (Stafford 

and'Galston 1970; Vernon and Straus 1972), lAA and ethy1ene on isoenzymes 

of peroxidase (Calston ~ al 1968; Ritzert and Turin 1970, Birecka et al 

.1973; Birecka and Miller 1974), and GA on enzymes of starch metabolism 

(Thorpe and Meier 1973). 
\ - \ The in vivo and in vitro effects of gibbère1lic acid have b~en 

stuçied in bar1ey, Hordeum vulgare (Jacobsen et SÙ:. 1970; Montani and Katb 

1972). Large increases in the' activity and the synthesis of new isoenzymes 
'. 

of 0<. -amylase wcre detected. Addition.üly the effects of the presence 

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

\ 
hdve been studied (Lec and Dougal1 1973). Thc greatest differcnces between 

the treatments was notecl for ,isoenzymes of CDll, sli~ht clifferences were 
.~ ~~~~,ps 

detecte.cl in the patterns of esterasc whi1e the isoeI1zyme patterns of t-IDH, l' 

AP, aspartdte nmino transferdsc and 
! 

'\dentica1 . 

sc were essentia11y 
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/ ( 
Studies on the hàr~nal control of isoenzyme patterns in tissue 

cultures have sbown the responses to be quite diverse. The changes in 

patterns that do occur probably reflect the seneral chancies in metabolism 
, 

of the treated cells. Pt 'is not uncommon that' growth regulators affect 

" the activity and expressLon of indole acetic acid oxidase activity and 

pero~id~se isoenzymes. This is of s~ecial interest because of the possible 

involvement of these enzymes in in vtvo hor~one metabolism. --
1 

b) Developmental and Physiolùgical Studies 

Related to the hormonal studies in plant tissue cultures.are 

attempts \Jhich have been made to correlate the changes in isoenzyme patter~s 
• y 

with developmental and physLological events occurring in tissue and cell 

cultures. Gradients in the activity and changes in the isoenzyme patterns 

of peroxidase, PPO and catalase were detected in explants of c~1tured 

tobacco pith, ~. tabacum cv, Wisconsin 38 (Stafford and GalstoR 1970; Lavee 

and Galston 1968). The activity of peroxLdase was'greatest in the cultured 

explants [rom the more mature pith whi1e the activity of catalase was exactly 

opposite. 

DLfferences in the activity and isoenzyme patterns of peroxidase 

and catalase were detected in groups of peanut suspension ce11s of difforent 

sizes (Verma and Van Huystee 1970a,h). Additional activity and isoenzymes 

of peroxidase were present in the larger groups, ~hi1e the opposite situation, 

that the greatest activity and number of isoenzymes l.Jere present in the 

groups o[ the smallest dimensions Illas the:case for catalase. 

Studies on the tumorous condition and reaction to wounding of tissue 

culture cell~ has shown that these conditions and rcactions can be eharacter 

ized by specifie isoenzymes of Per, ~-amylase, Est and AP (Jaspars and Veldstra 

iJ 
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1965a,b; Foster and Heber 1969; Rousseaux et ~ 1971; Birecka !..S. al 1973; 

Birecka and Miller 1974). It is a1so' known thàr massive doses of irradiation 

of peanut (Arachis hypogaea) ce1ls affect protein synthesis (Verma and 

Van Huystee 1971). The effects of ionLzing radiation on plant cells have 

been reviewed by Verma (1973). 

Dirferent isoenzyme patterns of peroxidase were found to be 
f 

characteristic of tobd.cCO calltd; and tobacco cal-lus induced ta fonu buds ' 

and stems (RUcker and Radola 1971) and root 'characteristic enzyme.levels 

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

lutea that wsre fonuing roots (Simola 1972). ALI the tissue clumps that 

formed roots showed clear enzyme similarities irrespect ive of the culture 

medium used ta initiate the differentiation. 

~ 
Other physiological studies have included the effect of photoperiod 

and temperature on the isoenzyme patterns of Per, Est, AP and 6-PGDH Jn 

Nicotiana tabacum and DLdnthus caryophy11us callus cultures (De Jong et al 

1968; McGown ~ ~ 19711, De Jong :Jnd 01son 1972), the effect of ion con-. 

~ 
centration on peroxidase and lignification in app1e ca11us and sunflower 

crown gall (Lipetz and Garro 1965; Lavee and Hoffman 1971), and the effect 

1 

of enzymatic digestion of the cell Hall of suga'r' cane suspension cel1s 

(Maretzki and Nickell 1973). These pxperiments have shm.Tn, that cert<1in 

isoenzymes only appedr under sorne of the light and tcrnperature régimes, 

-that ·the levels of ionyE~ect the perox1dases released fy tissue culture. 

ce11s and hence rnay i;(fluence lignification, and that e removal of the cell 

wall caused on~y ~t'tat,ve differences in is~~nz~e of esterase and GOT. 

1 
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c) Enzyme levels in Plant Cell Cultures ' 

Recently several investigators have reported changes in fhe levels 

of var~ous enzymes durr,iJ1g the culture cyclè in batch culture. Sirno\a ànd 

Sopanen (1970) reported the activities of 12 enzymes at four stages of the 

growth ot Acer pseudoplatanu5 L. suspension cultures. Enzymatic act~vities 

c1uring the phase of rapid cell cli vis Lon were different from those of t,he 

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

cel1s whi1è the activity of glucose-6-phosphatase,aciJ phosphatase, rLbo-

nuclease and peroxidase were highest ~n ageing stationary phase cells. The 

activity profiles of six dehydrogenase enzymes during the 12 clay growth 

cycle of tObdCCO, Nicotiana tabacum L. cv. WR-132, suspension cultures were 

rcported by De Jang et al (1967). The act1vity of ADH, SDH, GDH, and G-6PDH 

generally clecreased over the culture cycle while ~mH showed a sharp peak 

of ~ctivLty on day four. 

A study of invertase activity of cultured Acer pseudoplatanus L. , 
~ 

cc11s showecl thdt thè actlvity of invertase rose cluring the period of active 

cell division r~aching a peak which then declined during the stationary' 

pha~e (Copping a~d Street 1972) These resultB arc in contrast to the find-

ings of Thorpe and Neier (1973) in. t;.hat the 11l.Vertase lcvels showed no .. 
correlation wi th the g~owth of tobacco ca1lus. The fluctuations of invertase 

activïty \Vere simrlar ta those of phenylalanine élnnuonia lyase activity 

• 
rcported ear1ier for cultured citrus fruit (Thorpe ~ nI 1971). 

Harland ct al (1973) reportecl changes in sorne enzymes involved in 

DNA biosynthe~is ,(DNA polymerase, thymidine kinase dnd thymidine rnonophosphate 

kinase) coincid'ent with and dependant upon DNA repllcation in partial1y 

• synchronized Jerusalem artichoke tis,>ue cultures. Similarly King ~ al (1973) 
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rneasured the activity of thymidine kinase in synchronized Acet' pseudoplatanus 

L. c l l1s and found a peak of activity twclve hour& aIter cytokincsis in 

cc1ls with a mean generation time of f2l. 6 hours. King et al a1&o rcportcd 

results of Fowler (1971) on tJ1C activity of G6PDII and phosphbfructokinasc 

in batch cultures of Accr cell&. Glucosc-6-phosphatc dehydI;'ogcnasc was 

highcst- on day 4 of the 24 day cycle while phosphofructokinase showed no 

real peak of activity and was highest at the sta~t and the end of the 

culture pcriod. Sludies on the levels of various nitrogen metabolizing 

/-
enzymes have reccntly bcen repwted in chemostat/cultures of the same Accr 

\ / 

pseudoplatanus L. cells (Young 1973). Culture steady states werc perturb<;d 

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

changes in enzyme and alnino acid levels were rccorded. The transition 

caused an cnhancemcnt initially of alanine and with further time dn e1evation 
, 

,,?f glutarnate-oxaloacetate and &luLlmatepyruvate transaminases and 'f, -glutamyl 

transferase activity and a decreasc urease and n~rate reductase activity. 
"" 

Davis (1971) reported the changes in activity of threoninc deàminase 
, ~ 

and phenylalanine arrunonia 1yase activity during the growth cycle of rO$,6 

suspension cells. The acti vit Y of TDA peaked at day 3 and that of PAL on 1 

clay' 6 of the 12 clay' culture period. The peak of PAL activity coincidecl 

with the period of maxim<t1 phenolics content. 

Other stuclics on the 1evcls of enzymes during thp growth of tissue 

culture cclls inc1udc the effects of the rer;ulators 0l-naphtha1-cnc acetic 

acid (NAA) and cl-nnphtho}.')'ncctic acld (NAO) in Atropn 1)('llndonna cells 

t 
(Simola and Sop,men 1971) .me! tIlC' effcct of 6-t-lP On the levo,ls of G6PDH 

aClivlty in cullur('d artichokc"tissuc (Aitchif,on and Y('oman 1973). 
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in the levels of enzymes werè also reported f>far~s 

betwéen ~hoot f~rming and non-shoot forming Acer (~hmola 1972, 1973), and 

Nicotiana (Thorpe an"d 'Laishley 1913) ceU cultûre~. 
• 0 , ' 

the genera1 difficu1ty of interpretation of changes in enzy,me 

activity associated with the,growth cycle of batch cultures 

" of differentiated structuras is stressed by King and St~~et 
, ' 

9) Peroxidase and Polyp~enol Ox~dase Isoenzymes 

and theph 

(1973).\ 

A considerable portion of th~ work presented in this thesis dea1s 

with peroxidase isoenzymes and activity'and hence this enzyme will be 

oonsidered in 'some deta!l. 

Peroxidase and polyphenol oxidase have been the subJect of many 

investigations. The two enzyme~ are discu~s~d together because of over­

lapping substrate specificities. Perox~dase is an enzyme which specifica11y 

utillzes hydrogen peroxide as an e1ectron donor to oxidize a wide spectrum 

of phenolic and indole like compounds. Although most of the literature 

. "",,,iI' 
has been re~tricted to peroxidag~ activity PPO activ~ty ~s often associated. 

Most isoenzymes that will oxidize ~ophenolic compounds will usua1ly show 

sorne ab~lity to oxidize polyphenolic compounds although enzy'mës h~ve been ( 

detectcd thclt apparent1y p01:>sess only PPO activity (Wang et gl 1971). 

P~roxidases are haerr;.oprote1ns and. thus contain iton \'Jhich \vas 

shown by Gals-ton ~ al (1'968) to be suEfic;icnt to give a positive peroxidase 
~ 

renction. Po1ypheno1 oxidase isoenzymes are copp~r containing enzymes 

(Van Lear and Smith 1970, Kerte~z ct al 1971). Peroxidase enzJ~es are known ta 
.,. 

be glycoprotein1:> can_sü,tlng of up ta 18% by \-leight carbohydrate attached at 

(Shannon et al 1966; 

, 
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Wc1linder and Smillie 1972; D,ubyshire 1973). 

Peroxidase activity was probably ffnt des'cribcd by Racibbrski 

(1898a,1». Raciborski ùiscovcred an 'o:xygenasc' in the phloem of sug41r 
i 

can~ stem sectibns which he called leptmnin. Subsequent experimcnLation 

with other organs led him to postualte that leptomin fulfillcd a sjmi1.ar 
- ' 

role, as dacs haemoglobin of animaIs and hacmocyanin of arthropoùs, in the 

carriage of oxygen, in this case frbm the leaves to the other orga.ns. 

Most of the c'arlier work on pcroxidase as would be expectcd is 

histochemical in nature. Studies have been made on whole plant secti1nc; 

..' . 
shoots" 'toots, stems and meristems by a varicty of workCrs (Van Flcet 

1947, 1959, Jensen 1955,. Vanden Born 1963;. Oc Jang 1967, Alva-rcz and King 

, 1 

" 1969, Sheen and Rebagay 1970, Repler ~ al 19712;~Ral1}aïah et al 1972) . 

. ' 
Tissues anù structures th~t 'displaycd the strongest activity wcre: root 

cap, epidcrmal layers, protophloem, and protoxylem in root; trichomes, 

epidermis, endodermis and phloem' in, :stems; and sub-apical and pheripheral 
<t' 

tissues in shoot t~ps. 

In cellulat terms peroxidasc acti~ity can be divided inLQ wall 

associated and non-wall associatcd actrvitics. Non-wall associatcd activity 

has bcen found in cvery cytoplasmic compartmcnt examincd (Lee 1974), i.e. 

\ 
..... in associati.on with 'lysosomes and mlcrobodies (Plesnicar ct dl 1967) and 

ribosome:, élnù membranes (l'enon ~ al 1970; Darimont 'and Baxter 1973)~ Wall 

assoc~ateù actlvicy \"a<; round botl1 ionically and cov,llently bound to the 

cclI wall nhltrix. Tht' lonically hounù dctivity ü prc[ercntially relcase-d <f. 
" + ++ ' by N,l and C~t ~onc; while the, covalcntly bound enzymes m~ly be relea<,cd 

by pectin.LS(' (Lipl'lz 1965; EVLlll" 1968; Riùge and Osborne 1970a,b, Osborne 

, 1 

. . , 

. , 
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, 
et al 1972; Gordon -and Alldridge, 1971; .Whitrrrore 1971; JHrecka ~ ~ 

---x> 
P~roxidase,activity has~been stu~~ed c~tochemica1ly in tobacc~ 

.? 

tissu~ cultures by De Jang et al (1968). The strain of cells used by 
, ? 

,De Jang ~ ~ (Nico'tlana tabacum cv. NC95) grcw in fi~<llIlents without ,,feU 

defined gr'owth phases. PeroKldase dct ivity ,\~as localized intensely nt ùne 

end of il ti lament and sçattered unevenly in the cell walls. 
~ 
~ 

, Ac.tivity detectcd biocheml.ca11y, 'specific to po1ypheno1 oXidase, , '-....::.,---" . 

appear~. predominantly associated with ch10r~pIast~ and mitochondria 

(Harei et al 1965; Mayer 1966; Anderson 1968; To1bert 1~73). 
- -,,- Q 

Much of the more recent work on peroxidase and PPO has been in 

rei~eion to th~ wide occurr~nce of the Se enz~es and hence thair usefu1ness 

as markers and toois. A l,arge part of this worle. has been compi1ed and 

reviewed by Shannon (L968) and Scanda110s (1974). 
~t:---. ... --'" ... __ .. __ ", __ p -'"_.. "'_-"'Ii!k ,. 

_ Chànges in peroxl.dase isoen?yme patterns hav~ shawn a close 
~ ~ ~ , 

eorre 1atvm ,vIth ma.ny deve10pment al phenomena. Peroxidase and PPO Isoenzymes 

show shifts in activity And' pdttcrn \Vith dpvelopme-nt .(Racusen and Foote 

19n6; A1var;-z and King 1969; Keswani and Up;1(~hya 1909; Anstine ~ ~ 1970; 
<, • 

Chen pt al 1970; Evans 1970; Sahulka 1970; Ramaiah ~ ~ 1971; Khdn et ~ 

1972) which eventua11y result in the formation of organ specifie isoen2ym~ 

patterns (::, LC'ga1 and Galston 1967; Ndkinen 1968; Upadhya and Yee 1968.,; Hall 

g al 1969; HamiLl and Rr.:!l,fbaker 1969; Sheen 1969; iHse dnd MorrIson 1971). 

Peroxidast" isoenzymes have bE'en found ta show changes in connection \ofith: ' 
o 1%<.> 

Mutation (~upta and StebbinsÀ. the sizè of e1ump in peanut c~ltures (Verma 

" 
ànd Van Iluystee 197,Ort,b) .:md.xl irradiatwn 10 NicotL:ma"(Chourey ~ ~ 1973), 

-differentlation in tissue C1I1t~re (HUcker and Radola 1971; Lee and Dougall 

'./ ~ 

• 
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"'-' , 
\ . 

1973) with nutrition<ll environrncnt (Van Lear and Smith 1970, Fic1des and 

Ty&on 1972, 1973a;b ,e) anù with 1ight anù tC'Hlperature trcatments (De Jong 

ct al 1968; OIson ct al 1969; McGown ct al 1969,. 1970; Pend and Grcppin 
,1 

1972; De Jong 1973). 

Pcroxidase is thus sern to be invo1 vcù in or rclatcd to 'lUany 

deve1opmenta1 phenomena. Hueh of this evidence is putc1y circumstantia1 

in nature as the actua1 in vivo ro1e of pcro~idase remaint unc1ear. 

Olle of· the morc attractive possibi1:ities as to the function of 

peroxidase and ppO is the implication that it is invo1vcd in the metabo1ism 
, 

of auxi,n (Gé\.lston ct al 1953). This possibility has gained support because 

" 
peroxidasc isoenzymcs can, when supp1ied w1th Mg++- and thc appropriatc 

cofaci:ors, oxidize indole acctic acid and the findings that the appearance 

of c~rtain peroxidase and polYHhenol oxidase isocnzymes are under hormonal 

control. These iSQen::::ymes have appeared in relation to lM and 2, 4-D 

(Galston ct al 1968; Lavee and Galston 1968; Ga1ston and Davies 1969; 

Leshâm et al 1970; Ritzert and 'Turin 1970; Stafford and Ga1ston 1970; Lee 

1971a; Lesham and Galston 1971; Whitmore"1971, Birecka et al 1972; Meudt 

and Stechcr 1972; Gaspar et al 1973), gibberelJic acid (Birccka and Galston 

1970; Lee 1971b; Rycher and Lewilk 1971; Ockers.c and Humford 1973), ethy1ene 

" (Gahagan et al 1968; Osborne et al 1972; Ridge and Osborne 1970a,b; Shannon 

E.!:. al 1971; Bireckd and HLUer 1974) and cytokinins (Lee 1971c, 1974; 

GaspJ.r ct al 1973). In sorne cases the new isoenzyme forms that J.ripearcc1 have 

< 

been 5hO\I11 by Llbdlec1 amino ,lcid incorporation (C<lhar,an et al 19G8; Ga1ston 

~ al 1968; Kaur-SalVhcny and Gablon 1972), and by density 1abelling tcchniques 

(Anstine ct al 1970, QULlil ,tnd V.trlll'r 1971) to be formcd de novo. The 

J 

application of a hormo\l(, do('~ nul always c1icit the formation of ncw' 
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isoenzymc forms, in' fact the formation of some isoenzymes may 'he rcpresseù 

(Kaur ~awhn ey an,cl 

dramatlcal1y (Lee 

Gabton 1972) or the ~~ta1 peroxidase a.clivity, dC'cl"C'ased 

·r 1974). 
,.' . 

The active site of peroxidasc activity rpsts with the iron contain-

~ng teme pros,thetic E;roup while the lM oxidase activity of the pel"oxidase 

-t+ . 
wh~cl requirc's Mg anù phenolic co-factors was tho,1,lght to be a property 

of tre apocnzymc (Gahton C't al 1968). The IM uxidase activity of the 

.a~ehzyme has ,been clisputed by Ku et al found the apoC'nzymc 

to be dcvoid of peroxidative ,lM destructive and ethy1ene [orming ability. 

Therc has been consider
c

ab1e dispute as 0 whether the 1eve1s of 

peroxl.dase and UA oxic1asc arc the contr011inE; factors in the in vivo 

\ 
regu1ation of lM 1evels (Stonier 1971; Raa 1971). Stonier has proposed 

. -that IAÀ levcls are regu1ated by the 1evcls of small mo1ecu1ar weight 

o-dehyùroxyphelloh \,hich inhibit the oxidation of lM by their action as 

anti-oxidants (Stonier 1971). A considerable amount of experimentation • 
has br conductec1 on thesc auxin protcctor substances (Yoneda 

1966, 1967; Stonicr o.nd Yoneda 1967a:b, Stonier et al 1968a,b, 

and Stonier 

Stonier 

1969; Sto,üer et al 1970a, b, Stonier 1971; Novale and Gahton 1971). Stonier 

suggestec1 that anything that affects the levels of auxin protectors will 

cause a shift'in tlle cell metaholi~m towards division ur a1ternately lowards 

differentiation. It has bcen shown Lhal the 1evels of auxin protector 

substances a1"C' very high in mcristematic, tumorous and woundeù tissues. 

ThL'SC' fotl\(Jj vs h,we implicated pcroxid.:lse ae; invoivecl in the maintenance 
, 

of cellular redox poLential!, (Aka<,awcl and Conn 1958, Sto.nier et al 19700.) --, 

by the oxidcll1on of NADU or po~~ib1y SIl group~ (Pilet and Dubois 19GBa,b). 

111 addillon to peroxictu,(! isocnzymc<, being st imulateù by, and 

involVl'd in', lIa', d('~trllction of :wxin ~l ha!, bl'eq po<,tulaLcd that pcroxidasc 

\ 
1 

.' 
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itself could be responsiblc for the formation of anolher plant hormone, 

namely ethylenc (Yang 1968; K;mg ct al 1971; Phillips 1972, Fowlt'r anù 

Morgan 1972). The gcneration of ethy1enc via mcthioninc mctabolism 

may explain the increases of pcroxidasc and PPO isoenzymcs that accompany 

fruit, ripcning (Frenke1 1972; Uaard 1973; Hobson 1974), Pcroxiclases 

have simj 1arly becn associated ,vith plant rcspon~s to in jury and ùiscase 
( ... 
resü,tance ~Chant and Bates 1970; Curtis 1971; Rousseau et al 1971; Seevers 

et al 1971, Matsuno anù Uritani 1972; Birecka ct al 1973, '1974). 

A more direct and ·specific role of peroxidase and pro has been an 
.. 

involvement in the formation of lignin-like compounù6 (Lipctz 1965; Lipctz 

and Garro 1965; Brown 1966) and [urthcr involvcmcnt in the development of 

the cell wall (Ridge and Osb~rne 1970a,b; Osborne et al 1972), Peroxidase 

in vitro will polymcrizc simple phenolic cOflpounds and elevated peroxidase 

lcvels are oftcn associated with genetically dwarf plants (Siegel and 

Galston 1967, Evans 1968, Gordon and I\ldridge 1971; SChertz ~ al 1971), 

Another rather novel and quite unrelated suggestion was madc by De Jong 

(1~66) that peroxidasc is involved in il. system for the transport of iolOLs 
• 

in roots, ' 

Despite aIl of thcse many different but often rclatcd investigations 
~ 

of peroxiù,lse and PPO <lctivity their cxact in vivo ,roles ,still rcmain very 
' ... 

much d mystery . 

' . 



28 

• 
, 

'. III MATERIAL~ AND MgTIIODS 

A. CeU Cultures 
." 

1.0) Stock Cultures 

The stock susp~nsion and callus cultures uf root, hypocotyl and 

cotyledon usèd in the 'present work werc initiated in this 1aboratory in 

1968 by Dr. D.F. Liau. Callus cultures were maintained on coconut milk 

\ 

containing M3 medium (Liau and BoU. 1970; Liau 1971 Ph.D. thcsis) on a 
• 

21 day culture cycle wi1ilc ?u~pension cultures wcrc maintained in M4 

medium (Liau 1971) on a 12 day culture cycle. The contents 'of M3 and M4 

media are shown in Appendix 1. 

2) New Cul tures 

The generàl methods uscd for estab1ishing cultures are described 

elsewhcre (Li<1u and BoIl 1970; Liau 1971). Root, hypocoty1 and cotyledon 

explants of sterile Hve day old seedlings were set out on H3 or 50lidified 

'synthetic medium (Mattte 1974, contents given in Appendix II). The parts 

chosen for culture arc sh0wn diagramatically in Figure 1. The deve10pment 

-
and seed germination of bush bean (Phaseo1us vulgaris cv. Tay10rs Horticultural) 

i5 discussed in detai! by Halbot ct al '(1972). Calluses that formed from 

the cxp1ants were allowed ta develop for 4 wceks and then transferred to 

sol id or liquid medium ([or tlle formatIon of suspension cultures) or uscd 

1 ...,.1. - 1 for expcrimenta purposC's Ul rcct y. 

\ 

• 
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Fig. 1. Parts o~ the seedling chosen for cu:~.l1re: 1. - r0tlf'. 2. 
-~ r-

I 1 
~'" ... ... '" -

- hypocoty+) 

and 3. - cotyledon: 

" 

Newly derived_suspension cultures were analysed for isoenzyme patterns r 
after one, two 'and threc passages. Grm.,rth of the newly deri ved suspension 

cultures was considerably slower th an the established stock cultures, thcrefore, 

the initiQI culture passages were of threc or four weeks duration. Celis 

uscd at the end of this period were seived by the method described by Liau 

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

B. Heasurcment of Growth 

1) Fresh Hcight .. 
The frcsh weir,ht of -cells wa'> recorded simply by collection on filter 

paper in a Buchncr funnël by Sl1ction. The cciis 'were washcd fi ve times 

with dilutC' buffcr or ùistilled Hiüer-. 

The \\'e.Lght~ of callu'> tissucs uscù [or a~!1.lysis were me;sured dircctly 

2) Cell Numhl'r 

Thl' number of ce'11s pel' flask ,l1H1 per ml of cullul'e were c,tlculatN1 • ,[rom the' chromic ,1cid digc'lLion of 1.0g111 of ~:ucti\ dricd ccll';, ('f,~,~ntially 

\ ~ 
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Fig. 2. ~Parts of the mature bcan plant sclccted for isoenzyme 
, .. 

, 

pattern analysis. 1 - root, 2 - petiole, 3 - stem 
.,. 

_ (seCQn9 __ J.n~erI1.09-_~-, _ 4 ~ leaf, 5 '- innnature pod'. 

-----------------

- ) 

• 

• u 

... 
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as describcd by Lint! (1971). Af~tT digestion for 12 hours the samples 
, . 

were dil'ulcd to 100 mIs LlI1d af,itatcd by explll~ion through cl 1>yringe to 

separalc the cell~. The cells were tht'n coun ted microscopically in a 

Sedg-ew~ck RdEtcr Plnnkton counting çhamber wi th n capacity of one ml. 

The number of cells per culture wns calculatecl [rom the average of fifty 

counts. 
T 

C." Electrophorct Lc Procedure 

1) Prel~ration of Extracts J 
Sections of seedlings (Fig. 1) or the parts of whole, six week old 

plan~s grown unùcr green house condi tions (Fig. 2) wetc harvcsted and 

weighed. Samples of 5.0 gm of plant material \vcre hOlllog('nized ~n 2.5 ml 

of chilled tris -HCl extrnction buffer with a Virti s '45' high speed 

homogenizer and thcn bub~eyt!cntly in a motori7.cd glass mortar and pestel. 

The extraction bufSer, 0.59H tris-IICl pH 6.9, contained 5 x 10-3H cysteine 

hydroch10ride and 5 x 10-4H EDTA. Homogenatc6'\verC equilibrated with 

Polyclar AT"~ powder for 30 minutes at 4C. S<:mples (5.0 gm) of ca1lus 

cells werc hOlllogcn1Zed ~irectly in 2.5 ml extraction buffer with a glass 

mortar and pestel. Suspension celle; from any one treatmcnt \Vere pdoled, 

fillered from the medium in a Buchner fllnncl hy stlction anù- then "\"ashed 

with tell timc~ di lute exlrLlctiol1 buffer or distillcd water tü rcmovc 
~ ~-

rcsitlud1 medium .:md medium I11ncromolcculcs. Extr,lct s \vcrc thcn pl' cpared 
-"'" 

a <, with c[lllu s cu 1 tlircs. 

AlI homogenatcs \vl'rc cen-trifugcd at 20,OOOg for 20 mil1l1.tes in a Sorvall 

RC2-B refogeratcù centrifuge. The re~tlilant supl'rni1llldnt fillid was u<.,ecJ 
i 

[or el('ctropltofcsi<,. S,ImpIes of v;lri(9l1~ IIll!dia ret.:linl't1 nfu'r" the fi ltration 

of cl'lls IVl'n' ~ubJ('ctl'J ln clectrophorc!,is \vitlttlut fllrlher t-reatlilent. 

~ .. (lbLllllt'd [rol\l Cvigy Cürjltlrdtiull. 
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procedure lx:!eaUL>(,jlitlle clarifie.:ltion of bOC'llzyme patterns result ('d .from 
,,1 ...-, ~ 

thiE> procé~s and/Lhore was eonsider.:lhl,e lo~;" of some enzyl11:tric aetivitit's. 

Preserva't/on of C'xtraets [or duplicdtc expcrlmcnls \';.15 accOIllI~ishe~ 

'f by freczing at -20C; Fro"en extrael& were analyse,d the following day 

.1 •• 
in orc]f'r tü ml.nl.m1.2e any inacti vdlion caused by frcczing. On il fe\. occasions 

callus and suspension ccllh were also prescrvccl for short periods by freezing. 

2) Disc Elcctrophoresis 

polyacrylamide clectrophoresis was performed essentia\ly ftl& describccl 
\ 

by Davis (1964). ProteinE> were soparatecl on 7.5% small pore\ge1b at plI 

8.9, at 4C i~ the dar,k. A large porc s tacking gel was .:llso u\ed. Recipes 

for the acrylamide solutions and buffers are listed in APpencl~ III. 

Aliquots of 0.2 ml of coll or 

were applied ta each largc porc gel 

tissue ~tract or 0.5 ml of medium 

an~ subJocted ta e}cetroPhoresis with 

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

dye movo into tho gol. The eurrent was thon l.ncrC'ased to 3.25 milliamps 

per tube. The protein extraets were di luted wi th fort y percent "uerose 
~ 

solution to give a fllwl concentration of cither 100, 50, or 25 pg pro\cin 
... ~.. \ .. 

per ml. de pendant upon the initial concentration and the enzymes studiecl.,·<_ 

The 'Clcct-ropboresi sIvas terminatcd \.Jhen the tracking dye hac! moved to near 

the end Qf tbe tube (abou.L 2-2 1/2 ho ur s) . 
[: 

/ Gel tube., \Vere rellloved from tbe clectropllOrcsis tank and 'placcd in 

a sink (lil a hl'cI o[ cru',hL'd di.,till('~ \.;atcr l.ce. Gels wcro enol cd [or 5 

mil1ult"> .1IlÙ thel1 l"l'l1lovC'd [rom the tube~; by a fi ne j('t of watl'r slipplicc! 

by .1 hypodcrmLc Ilcedll' dt L.lchl'd, by .1 hos(', lo cl dl'ionized wi1'lL'r tap. 

11l(' gels \vl'rc LIll'Il pl.lcct! ln th!' approprLlll' rcactlon rnixtlll·ch . 

J 
\ ' 
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3) tlnzymc Visuallzatlon .' 
a) Mdlatc Dchydrogcna~, (L-ma1atc! NAD oxidorcductase, E. C. 1.1.1. 37). 

Ma1até dehydrogenasc (MÏJU) activity wus localizcd as dark b1ue 

staining bands against a light ycllo,,! background in rcaction 

mixtures c'on tainiog: 

............................... 
NBT : .•.. fI' ••••••••••••••••••••••••• 
PMS ................................. 
0.2W tris-HCI, pH7.1 ..••••.••••..•. 
0.05M Na-L-ma1ate .•.•.••..•...•••. 
H20 ....•.•....•........•........•... 

Incubation time; .. t' ••••••••••••••• 

Protcin conccntratiôn .•.•.•..••• 0 ••• 

Fi~ in 7% acetic acid. 

15 
25 

5 
10 
25 
15 

20 
25 

mg 
mg 
mg 
ml 
ml 
ml 

ttliFlUtcs . (in dark) 
or 50 Jlg/ml 

b) Glucos~-6-Phosphatc Dehydrogcnasc, (L-~lucose-6-phosphate: NAIYP 

oxidoreductasc, E.C. 1.1:1.49). G1ucose-8-phosphate dehydrogenase 

(G6PDH) acti vit y Has localizcd by method of Shaw 'and Pra~ad (1970). 

Reaction mixtures contained: 

.J 

+ 
NADP . . • . • . . • . • • • • . • • • • • • • • • • • • • •. 30 mg 
NET •• • • . • • • . • • . • . • • • • . • • • • • • • • •• 20 mg 
PMS .••.....•.••.•.•.••.•..•••... 2mg 
0.5H tris-HGl, pH7.l ..... ! ......... 25 ml 
Na2 glucose-6-P04 'H20 ..•..•.•..•... 200 mg 

1-12 0 ••••••••••.••••.•.•••••••••.•••. 90 ml 

lncubàtion Lime; .......•..•.••...•. 60 minutes (in light) 
(Chcn et al 1970) 

Protcin concentration; .• ' .•...•••.•. 100 Jlg/m1 
Fi·x in 7"10 acctic acid. 

~ 1 

" 

' . 
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c) Glutamate Dehydrogenase, (L-glutamate: NAD(P) oxidoreductase 

(deaminating),. E. C. 1. 4.1. 3):. Glutamate dehydrogenase (GDR) 

activity was localize~-as-dark blue staining bands in reaction 

mixtures containing:)' 

NAD+ .•••.••••.•.•••..•.•••••••••• 
(or NAD P+ •.•.••.••••.• 1 ••••••••••• 

PMS ' ••••••• " •• " • " " •••••••• " ••• 1. " • ~ ,. 

NBT .": .•• "." •. " •... """." .• ,, .•••••• 
0.2MI~hosphate buffer pli8.0 .•••••• 
O.lM Na-glutamate .......••.•.•••. 

15 mg 
15 mg) 

5 mg 
25 mg 
25 ml 
25 ml 

34 

Incubation time; .........••.••••.• 
Protein concentration; •••••••••• ~. 
Fix in 7% acetic acid. 

30 minutes (in dark) 1 

50 J.lg/ml, 

d) Peroxidase (polyphenolic)* 

Peroxidase (polyphenol~c) (PP) isoenzymes were localized by reaction 

mixtures containing hydrogen peroxide and polyphenols:. 

;~ DOPA-H202, 

~ H20 2 per 10 ml. 

3,4-dihydroxyphenylalanine plus 0.1 ml .. 
Gels were incubated for 15 ~nd JO minutes 

until dark brown bands appeared. Gels ",ere fi:xed in 7% acetic 

acid. 

'ii) Catechol: H202' 5% 1,2 bènzenediol in Sodium phos phoqi tnfte . , 
buffer pH 6.5 + 0.1 ml 3% H

2
0

2 
per 10 rul. reaction Illixtur;e. 

Incubation time; 15 or 30 minutes. 

iii) Chlorogenic and caffeic,acids: H20 2 , Phosphate buffered}, pH7.0, .. , 
baturated solution of chlorogenic or.caffeic acids + O.~ ml of 

"3% H
2

0 2 per la ml reaction mixture. Incubat~on time; l~ or ~O 

minutes. 

*Peroxidase activity toward polyphenols,is distinguished here as 

peroxida::ie (polyphenolic) without implying any specificity toward 

such polyphenols. 

..-

\ 

/ 
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, . 
:,C) jCata1d'H:, (1I

2
0

2
: H202 oxidoTcductase, Ë.C. 1.11.1.6). 

Catalase activity Wd~ '1ocatcù by thC' mcthod of Mitra g al (1970). 

Soluble st1rch (0.25%)" \Vas incorpor.1tcd into "the sm .. lll- poq~ gei. , 

After electrophoresis the gcl~ were iricubated for one minute in 

a solution containing 0.5% 1I
2
0'2;nd then washcd with distillcd 

.water. Rinsecl gels wcrc dipped ioto a 1% potassium iodidd solution 

acidificcl vIi th ac('tlc acid, Areas of catalase acti vi ty remain as 

light or white staining bands against a black background, 

f) Peroxidase,-(Donor: HZ02 oxidorcductase, E.C. 1.11.1.7). 

Peroxidasc (Per) isocnzymes \Vere visualized by the following 

methods: 

i) Guaiaco~ - H20 Z' 
-3 

Gels \Vere incubatcd in 5 x 10 M guaiacol 

(o-methoxypllCI101) buffcred \vith O.2N Sodium acetate-HGl at 
"'\, .. 

pH5.0 "vith 0.1 ml of 3% H
2
D

2 
per 10 ml. Gels were incubated 

for ten or fifteen ,minutes and thch fixed in 7% acetic acid ,vhich 

sOf\1ctimes resulted in _the appearance or intensification of sorne 

• bands. 

ii) Benzidinc - ll2ü2' Gels were incubated in a reaction mixture made 

up as fo11oIN5: One hl)ndred ml of 7.0% acetic acid plus 16 gm of 

sodium acetate \\IdS saturatcd ,vith EDTA. 
.. 

The ~olution \,]a<; fj Itcred 

, " 

and saturatcd wlth bCl1zidinc dehyùrochlor iùe (p-cliamino -di phl'l{yl' 2HCl) 

Ccls \vc;n' incubdtC'P in tlH' bcnziùin~'~,olution plus 0.1 ml II Oz 
.'" ~ ,2. 

per 5 ml for 5 o~ 10 minuLC'~~ Pcroxid.1se activity is loca\iz('d 

.. 
as clark hllll' or y('110\,] ~tainln~; bnncl(;. Gclt, wcre fixl'd in 7% 

< , 

acl'l- ie acid • 
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Ui) 3-amino-9 -cthyl carbazolC'; IIZO
Z

' Gds \Vere staincd in il rCdction 

mixture- contaLning: ' 

3 amino -9 -l,thyl carbazole' .. h............... . 5 ml 
(clissol veù in DllTIl'thyl formamiùc ~ me/ml) 
O.05M Sodium acctate pH5.0 ...... : ... ·: ..... 9t,..;""""ml_ 
o. lM CaCl Z ••••••••••••••••••••••••••••••••• 2 TIll 

3 % ·U20 2 ,................................... 0.5 ml 

------ ---

:}:ncubation time; .......•....•.•..•.•.. ~ -:.. ~ . 
Fix in 50% glyccrol (Shaw anù Pr'l,ad 1970). 

30 minute" 

'g) ·Indolelg.cctic Add Oxida~e: Indoleacetic add oxidat>c activity 

WilS localized by the mcthod of Endo (1968). Reaction mixtures 
... - - : 

contained: 

1. OmM potassium -3 indo1eàcct'hte 
O.5mlI sodium 2,4,6 tr ichlorophenol 
Fast Blue Bn salt .••••. 2 mg/ml 
in 0.2M Sodium acctatc buffer pH5 .. 0 

h) Glutamate - Oxaloacctatc Trallsamiri<'i'~c, (L:.aspartate: 2-oxoglutarate 

aminotransfcrase, E.C. 2.6.1.1). Glutamate - oxaloacetate 

transaminase activity was dctccted ,by the mcthod of Sch\vartz et al 

(1963), cit~d by ShaH and Prasad (1970). Thc"'reaction mixtures 
J 

containcd: 

L-aspartic acid ..•..........•..•.•..••.. 
Oi.-ketoglutaric acid. .........•........ ! .. 
Pyridoxal phosphate ..................•.. 
Fast violet B salt .....•.•..•...•...... 
a.lM phosphctte buffer, pII7.0 .•.•..•.•.... 

532 mg 
73.mg 
50 mg 

200 mg 
100 ml 

Incubation tiIne, :........................ 30 minutes 
Fix in 50% glycl'rol. ~ 

~ ~"ot.. 

i) EstC'rasl', (Carbo",-ylic cster Itydrola,<,c, E.C. 3.1.1.1). E&teràSC 

(Est) ibocnzymcs wcrc locdlizcd in rl'action mixtures containing: 

Fallt Blue Rn. t,aIt •. .•... •• ...•. • • .••.•.. 25 mg 
a.m tri',-UCl huf[e>r- pH7.0 .••..••..••... 10 ml 
aL - naphli1yl :lcctalc (1% in acctollC') ...• 10.1 ml' 

H
2
0 : •• -.. • . • • • • • • • • • • . • . • • • • • • . • • • • • • • • • •• 110 ml 

. ' .. 

....... S~~n~ ________________ ~ __ 
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Incubation time; ..•••..•.••.•••.•••. 30 minutes 
(changcd after 15 minutes if solution' becrune cloudy.) 
Fix in 7% acctic acid. 

~ltcrnate suh~tratcs: 

OL-naphthyl proprionatc, cx..-~aphthyl Q.lItyrate ,1 

CL- naphtll)'l lallrate· (lipl:lSc) , 'Napthol AS acetate 
" and,l3-naphthyl acctate 

Fast Carnct CBG ~alt was a1~o tlscd as a coup1ing c1yc' (Lc(!"'~nd 
" bougall 1973). 

Escrina and 5-:Brom'onapht11ylac('tah~ \vCl'e usè<f as inhibitol, 
(Vccrabhadrappa and Mont~omcry 1971a, b). '1 1 

j) Acid Pho~phatasc, (orthophosph~l'ic mohoestcr ph0spho-hydrolase , 
, 

E.é. 3.1.3.2): Acid phosphatase (AP) activity was tocalizc"d as 

':red-purplc bands in reaction mixtures containin:g: 

Na- ex.-naphthyl acid phqsphate ••.•. "; •... 100 mg 
Q;{}5.H Na-acetate-HCl pH~.O •.•.•....•... 100 ml 
Fast Black K salt •..•.•..•.••.• ~ .•.•. ,. 100 mg 
or Fast Garnet cnG salt ..••.•.•...••... 100 mg 

Incubatio'n time; ...•......•.• : .••.•.•.. ~30 or 45 minutes 
Fi~ i~ 7% acetic acid. -.,.. 
Nethod of Shmv and Prasad (1970). 

,. 
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k) Leucine Aminopcptidasc, (L-1euéy1-peptide hydrolase, E.C. 3.4.1.l} ~1... 

Leucinc aminopeptidasc (UP) ~socnzymes ",cre 10calizcd as blue 

bands ar;ainst an orange backgnmnd in reactlon mixtures contàining: 

0.2H tris-malcate DuHel' pH6.0 ..•.••• ' .. 
HO ••••••••••••••••.•.••••••••••••• / ••• 
Lf leucyl j3-naphlhyliuniçle-HCl .• · .•.••••.. 
Fabt Black K salt ..••.•.....•...... , ••... 
or' Fast Garnet cne ~lt ..• '.' ...•..•• ; .. 

o ~ 

. 
Incubation time; .•.•..•.........•. ':' ••.. 
Fix in 7% dcctic acid. ' 
Ncthod of Shatv ,md Pr'asod (1970). ~ 

. l 
·0 

.. 
\ . 

50 ml 
'50 ml 
20 mg 
50 ~g 
50 mg 

30 "or 45 mi.nulcs 

, !) ... 

, , 
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D. Protein Estimation 

Prolein es tlmLltion prior t6 elcctrophoresis WilS conducted by the 
• t 

convcnient mct:hoù of Waclde1 "(1956). A salllple of the prütcin extract, dilutccl 

100 times, \Vas scanncd for absürbance in the uvl ... range with a Unicam SP 

800 sC;ll1ning spcctrophotomcter. The diffcrence in absorption bctwecn 

215 anù 225 nm wllen cbmpareù lü a stanùard curve made using bovine serum 

f 
~lbumin (BSA) gave a rapid estimate of the protein concentration. The 

values obtained \vcrc in good <lgreement wiLh those obtaincd by the Lowry 
• 

methoù. Protein eslimates uscd in the calculation of specific, activity 

of enzymes wcre conductcd fluorometrically. Fluorometric assayb using 

the fluoroscenc rcagent arc very accurate and gave values similar to ~hose 

of the more conventional Lowry mcthod. No intcrfcrcncc from seconùary 

plant produc.ts \las 'dctected. 

E. Rccord1ng of Elcctrorhorctic Data 

AU gels \Vere diagrammcd immediatcly after electrophoresis. On sorne 
,\ 

occasions gels \]ere photographed using a Leica H2 camera equipped with 

a reflex housing and 50 mm 1ens. Gels \Vere phot'ographcd in a petrie dish 

contnining 7% acctic acid. Lighting wab supplied by two 600 K flood . 

lamps. Subscquently gel SCc1l1S were made using a Zeiss LKB Spcctrophotoll1cter 

with a lil1o<:11' transporter. Dchydrogcnasc gels \Vere scanncd at 610 nm, 

Esl, LAP ,llld Al' at 5/10 nm DOPA (l'PO) at 325 nm and f,uaincol (l'cr) at 295 nm:'" 
.,....w 

The l1lohllitiGS of, lllC ~ndiviùllcll i/ioenzyn~s Wl'n' C~lL!tl~~_~1irectlY from 

the dLlgr.1!lh ,mel pholl)gLlpl!:-,. 

l'hl' ,lcli vi li (.~ of the indi vidual i!,ot'llzymc:-, ,.,rere calcul,ïled from 

.. 
the Illl'.F;un·!11l'llt of 1"e L.1t ive pCL!k ,1re,!,;. On lhe gel scans (IIdrt ct al 1971) . 

-' 
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• mg solllble prote' ln , per gm frl'f,h \tiC' L!jhl 0,- per mil li (111 cl'1ls. The 

-accura.cy of pc,lk area ca.lcttLltlOI1!-' W,lS clwcked using an ORTEC !Jcanninp, 

and integraLin13 ~,p('clr()pI1Oto1l\l'Lt'r (l:C&G Co., O.lk lUdgl', Tenn., U.S./\.). 

/ 

Dingr<lms of the ch..ln[;c~~ of inlcn~ity and ch.ll1ges in I~tîtterns of 
1 

o[ three and up to six 

" 
isocnzymes VIere calculatcd [rom the 

separate c~~pl'rill1ents. \-lItcre da.td is pre~ented for one spec~[ic culture 

.y 

cycle it \Vas typic..ll of repeatC'd experiment.1tion. The intcnsity of the 

isocnzymes acllvi'ty i~ reprcsl'ntC'c1 by .m arbilrary cight-point scale o[ 

:. 
intensity. Whcn composite diagr.tn1S Vlcre prep.1red thc band inten~ity 

displayed was the average of .1.11 equivalcnt ba.nds considered. 

The nomenclature of isoenzyme bands was deter.nined by the fo11owing . . 

general principles. Under anyone set of experimenta1 conditions isoenzyme 

bands were.design..lted with capital 1etters in.order.of decrcasing migration 

towards the dnodc. In cases \"hero. isoenzyme bands appcared ta be re1ated 

or where l..lrgc bands of activity were seen to divide into sep..lrdb1e forms 

additiona1 numera1s werc affixed [or purposes of identification (e.g. /\1, ~ 

/\2, /\3). In the final section of the thesü isocnzyme patterns gcnerated 

'" r. 
[rom numerous sets of exporimonts were,compdrcd. During the progress o[ 

the work ccrtdin cquiva1ent 1socnzymes \Vere un~voidab1y dcsignatcd with 

mon' than one symbo1, t!terofore [or clarit)' the isoct/,z)'mc bands where 

nccossary \"cre rct1.1mcd. The ~,amc gC'nerctl princip1cs wcre cmployed, hO\/cver 

1l11mer Lc,ll :l(le)j Li ons \'l'rC .1 voidetl a.s much as possible. l c,oellzynt(' bancl~, th.:lt 

migr,ttl'ù lü the SGmc poinl bu,~ ~Illl\vl'd differl'l1ces in hrUlding p.lttern or 
1 , 

otllcr .propt'rLiC's Hl'le given s1l1.!11 case 1etlt'r huhscripls for iùentification 

( K c.g. r - l'oot, and Kh H1IL'rC h -=: hypocolyl). 

• .1 
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B. Ultrnviolet and Colorinetric Enzyme Assays 

Spectrophotometric assay~ of peroxidase, pp , ~IDH, GDH, L\P and Ar 

\Vere conducted. AlI readings \vere made Ivith a Unicarn,,1.SP-800 spectro-

photometer temperature regulated ta 25C. 

~.) Peroxidase 

Perox1.dase activity \Vas caJculated from the increa5e in absorbance 

at 470 nm if a 5 x iO-3
M guaiacol solution. Five drops (0.1 ml) of 

freshly prepared 3.0% H
2
0 2 \vas added ta 2.85 ml of the guaiacal sb1ution 

buffered to pH 5.0 (Na-acetate/acetic acid) and quickly inverted severa1 
, 

times. To this 0.05 ml of enzyme extract was added and quickly mixed. 

The change in absorption ~as recorded fo~ 30 seconds. Each sample was 

tested five or six times ànd in the case when activity was very high 
, 

dilutions of the extract were made and retested. Activity is expressed 
(' 

as 6.. O.D. units/minute per mg extract prote1.n, per gm fresh weight, per 

million cell~ and per ml of rne,dium. 

2) Peroxidase (po1yphenolic) 

Peroxidase (polyphenolic) activ1.ty \Vas measured from the increase in 

absorbance at 325 nm of a 5.0% catechol solution buffered ta pH 5.0 Hith 

Na-acetate/ acetic acid (0.211). The procedure!',"" the 

3) Halatc and Glutamate Dehydroeeaase ! 
:"arne as above. 

Assays for dehydrogenases were carrie~ out at 340 nm and monitored 

the rate of form.1tion of l'lADH at this \Javelength. Tbe reaction mixture for 

malate dehydrogenase cont,:u,ned 0.9 ml of 100 ml"[ tri&-HCl buffer, pH 9.2, 

1.0 ml of 50 rn~l sodium malate and 1.0 ml' of NAD (1 mg/ml). The reaction 

was init1.ated Ly the addition of èih ml 'enzyme cxfract. The reaction mixture 



• 
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for GDll cont:dned: 1.0 ml of 0.1 M phosphnle buffer plI. 8.0,0.2 ml of 0.1 M 

sodium glutamate, 0.5 ml NAT) soittion (21l1f,/rnl), and l.1 n~l deionized watcr 

.,....,.. 
(Yamasakl and SH'>:uki 1909). The reaction i5 inlllated by lhe addition of 

0.2 ml enzyme extract. A unit of aClivity i8 defined as the incrcase in 

nbsorbancc nt 340 nm of 0.01 o. D. per ..Ulinutc. 

4) Acid Phosphatase 

Assays of Bl.IJ phobphatai,e were conducted cssential1y as described 

in Sigrna~'( Tcchnical Bulletin No. 104. Reaction mixlures contained 0.5 ml 

, 
- . sodium acctate buffer (0.05 1'1) pH 1).0, 0.5 ml substl'ate (Sigm<l 104 pllosphntds~ ... 

~ 

substrate) 4 mg/}1ü, .:nid 0.1 ml enzyme extract. After 15 minutes the reaction 

is stoppcd by the addition of 10.0 ml of 0.05 N NaOU. Each sample '''as l, 

testcd [ive times. The intensity of the yellow color is l'ead at 410 nrn. 

Units of acid phospllatnsc acti vit y arc calculated [roll1 a ca] ibration curve 

made with a p-nitrophenol standard solution (obtained from Sigma;""). A 
.: \ 

typical curvc is shown in Appendix 4. 

5) LeUCine {\mino Pepticl<lse 

Al:.snys of UP 'Jere conducted dS described in Sigma';: Technical 

Bulletin No. 251. The amount of UP nctivity is calculatod from the color-

. 
imetric determinùtion, at 530 nm, of p-Naphthylarnide libcratcd from the 

bub:-,lr<lte L-Leucyl P-NLlpllthyLunide. Each samplc was testcc1 five times. A 

stGndard curvc "'<1'> prep.:lrcc1 usLng Sigm~~': LAPe ccll~bréltion st.1I1ùard. A 

typical ~Lmdard curve is shaHn in Appencllx .5. 

;"Sigma Cltl'l1Iic.ll Company, St. Louis, HL:-,souri, U.S.A. 

~ 
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G. Enzyme Cytochemistry 
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Cel1:s used for cytqcnemica1 enzyme location were filtered from the' 

. 
meJium and weighed. Samples of 0.5 pr 1.0 gm were put in sma1l petrie 

• dishes containing buffers and the appropriate reagents for staining. 

Sorne samples were washed ta r~a-residual media-macromolecu1es., 'Cell~ 

not supplied with enzyme substrates were included as contraIs. 

Peroxidase acti-'1ity ' .. as localized .using guaiacol and, benzid1.ne-HZ0 2 

reaction mixtures similar ta (ne methods of De Jang et al (1967) and 

Reiss (1973). 

The pp activity was localized using DOPA-H2Ü
2 

reaction 

mixtures. 

Glutamate dehydrogenase, MDH and G6PDH activities were localized 

using a bu~fered tetrazolium dye system containing: NBT, PMS and NAD as 

described by De Jang et ·al (1967). 

Esterase activity was localized wrth an ~-naphtholacetate/fast b1ue 

RR salt reaction mixture (Gomori 1952). 

Acid phosphatase and UP ,"ere localized at si tee; where enzymatically 
, 

liberated CL -naphthol and ~-naphthyamide combined \nth the aza dye fast, 

black K. The substrate used ta localize AP was cx.-naphthal' acid phof:>phate 

and that for LAP was L-leucyl-l3-naphthylamide. 

AlI cytochemicals \vere purchased from Sigma Chemical Co., St. Louis, 

No. except fabt black K salt \Vhi ch was obtained from K & K Laboratories 

lnc., Plainview, N.Y. 

D 

. " 
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IV RESULTS 

A. Stock Callus Cultures: Chagges in Isoenzymes D~ing the Culture Cycle , 
,----

and Differences Bet~.,een Root, Hypoco.tyl, and Cotyledon Cultures 

1) Introduction 

Isoenzyme patterns were exhaustively analysed over a six 

cycle period (passages 50-56) in order ta fully apprecia~, first, 

isoenzymatic changes during the, culture cycle; second, persist:;ent 

differences that occurred between the cultures; and third, the possibility 

o~ enzyme variability being of critical importance in interpretation. 

Figures 3-6 show isoen~e patterns from one culture ~ycle 

which was representative of recurring patterns of changes during aIL tbe 

culture cycles studied. It was found that a particular change might not 

be evident at exactly the srune time in any one culture cycle, but never-

theless it always occurred within a period of a day or two. 

P~roxidase, pp , Est, HDH, GDH and LAP enzymes were studied, 

in aIl three cultures, in three ta six culture cycles. Catalase ~as 

studied once during cycle 51. Electrophoretic accuracy was éhec~ed both 

by running a duplicate sample of fresh extract and subsequently a preserved, 
r \ 

frozen enzyme extract. 

2) Peroxidase 

The peroxidase patterns noimally found with extracts from 

root, hypocotyl, and cotyledon tissues are summarized diagrammatically 

in Fig. 3. In general the isoperoxidase patterns of the ~hree cultures 
-' . 
~ 

were similar, the patterns of the isoenzymes were foufid to change during 
. 

the culture cycle, and consistent differences were detected among the 

three cultures. 

• \ 

.) . 
• 
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The pcroxidase isocnzymes recorùcd herC' can be. gronpcd into 
\ 1 

severai categu~es acc~n1ing to the.ir gencrùl properties during the 

culture cycle. trin; tIy, thcrc arc isoC'l1zymcs which are ùctcct<lble at 

\ 
aIl ~tages and whl,ch show the maximum detcctablc activity as Judgcù by 

, ' \ 
band stain!ng'.intensity. Examples arc Dl and f 'in Fig. 3, which dre 

present"in all threc cultures. Other enzymes, e.g. Al, B, C, D3, E 
o ~... , 

'.(Root.), G, and Il are "'able .. md ch.:mge in ùctivity, sometime& dlsLl.ppear-

ing, comp1etê1y during part of the cycle (e.g. Al, D3, E, G) or change in 

banding pattern (e.g. C1-C2). 

Certain isoenzymes were on1y·present in one of the threc 

culturcsi Thus H, E, D3, ~nd ci occurred' on1y in root, while A3 was 

det\ectcd on1y in hypocotyl. The maximum numbcr of isocnzymatic dîffercnccs, 

betv.'Cen the cultures, was found at day sevcn (sec Fig. 7) during the phasc' 

of most active growth of the callus (Liau & Boll, 1970). In rare instùnccs 
1 

chang.cs oecurred which coulp not prope1'ly be grouped in an)' of the afo1'e-

mentioned categories. For eXLl.mple with isoenzyme TI, in al1 three cultures 

" 

in cycle 54, thcre \Vas a dec1'easc in act,ivity to below that in thE.' i-noclllum 

and, by day 21 the 1cvc1 of dctivity \Jas not resto1'ed. This 10ss of 

aeti vit Y \-ias l a tcmporùry nature because in subsequent passages the 

o1'igindl 1evc1 of activity \Vas restorcd. 

The iS,operoxidnses of thcse cultures dis play a certain c1egrec .. 
of substr.lte spl'cificity in th,lt benzic1ine and gU:1Llcol alw,l)'"s gave ,1 more 

! 

inten~c rcactioll th,lIl dld orthodLm Lsidille ùnd 3~dmino-9 ethyl C~lrba7.olc. 

,'f"'- ISllen~ymc's 13, G, ,llld 11 rc,lct('tl more ~trongly \Jith gu.li.acol dS sub<,tr,lt<.', 

\.Jhih' lSlll'n:'yllll's Al, A2, AJ, .md D] rè .. lctt'd more strongly with hOÎi.zidinc 
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Fig. 3. 

• 

Benzidine pçroxidase isocnzymes. Diagr.tmmatic comp-

arison of isoenzymes from root) hypocotyl and coty-

ledon callus during cycle 54. The numbers at the top 

of the gels denote the days of the cycle (duration 

21 days). The initial day 21 is from the preccding 

cycle (i~ocult~). Enzyme activity is represented by 

degrce of band intensity. 
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Up ta six of the isoenzymes, particularly A, C, and n3 or 

E showed considerable indophenol oxidase ~ctivity. Indophenol oxidase 
1 

1 
activity ,.,ras loc'tlLzed as ~"hite or light staining bands present against 

". 
the blue background of the dye, NBT, used in dehydrogenase staining 

, 
systems. Control dehydrogenase g~ls, left i~ the light, slowIy turn blue 

• except for the regions,of indophenol oxidas~. Thus, on the basis of 

coincidence of Rf, i~dophen~ oxidase activity appears ta be a property 

of these p~~oxidases. The property is discussed by Brewer (1970). 

3) Peroxida~e (polyphenollc) 

Peroxidase (polyphenolic) activity was associated with at 

least eight of the most frequently occurring peroxidase isoenzymes. (Fig. 

7). Only isoenzymes B, C, H, and l axhibite,d strong activity. The pp 

~-~ :.~_. ' '} isoenzymes' w~.Y sïmilar for all three culturês land, in contrq.st 

with the peroxidase activity, the activity of eaéh ~ isoenzyme varied 

little during the culture cycle. For this reason they are not illustrated. 

The main differences between the three cultures in regard to pp activity 

\vere the consistently uigh a~y of isoenzyme B in the root and the 

higher levels of A2 acti vit Y in the hypocotyl (see Fig.' 7). 

4) Catalase 

AlI cultures cxamined showed càealase activity as a rath~r 

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

.. the three cultures, or distinct ch~nges during the growth èycle were 

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

ana~ysis of catalase activity \Vas not pursuèd • 
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\ 
Fig. 4. 

, 1 

'F 

Diagrarrunatic .r -, glutamate à~hydrogenase, 

The GDH diagram 

shows the usual change in i~oenzY,ffic pattern upon re-

inoculation. The catalase diagram is typical of al! 

tissues studicd. E'nzymatic actiyity is shown by the 

white area. Estcrase diagrams display a typical , 
" '" .. 
• pattern from ~oot cycl~ 51 (2 days) and show substrate 

specificity. NA = alphanapt~y1acetatc. NP = alphana- ' 

pthylproprionate. 

t ' 
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/ 

5) 'Esterase ~. 

.,0 

.. ?rot, 
Of a11 of the en2ymes 'sLudieù, estera&e isocnzyme& \Vere Lhe 

most varittblc from grmvth cycle to growth cycle. Although ch,lllges in 

the Ttlf-mber of isoenzymes and di[[ercncçs bctwc,Cn cultures \Vere ohserveù,. 

these were not repr,odpcible with callus cultures. The study WOlS alsa 

hampered by extremely low levcls of esterase a_c"tivity during a large part 
r 
" 

of the cycle. However, t~e cstcrases showed a considerable degree of 

substratc spccificity and in.this respect were simila.r to those described 

for Phascolus by Veerabhadrappa and Nontgomery (197la). The most intense 

reaction was obtained with o<'-naptholacetate and 0.. -'napthol proprionate , 

as compared with either p-napthol acetate or napthol AS acetate as substrates. 

In addition to differences in number of b-anùs, the esterases also shO\ved 

differing band intcnsities \vhcn the preferred 0(, -napthol acetate and 
, 

proprionate were used as substrates; (sec Fig. 4). 

6) Nalate Dehydrogenase 

Obsèrvations on malate,dehydrogenase activity are surnmarizeq 

diagrammatically in Fig. 5. The main differencé among the three cultures 

was the pr(.!damin~,-ncc of the isaenzymc dc&ignatcd A in the r~t cal lus 

and the presence of isoeit~yme E in the hypocotyl and dotyleùon callus. 

Isoenzyme A was strong clnù present at aIl times in the root callus bUL , 
only appeareù brjcfly about d.Iy 12 in hypocotyl and cotyledon c.:llius. 

, , 
Isoenzymc il \\I.:1S prescut in cotyleùon and hypocotyl cells throughout the 

culture cycle .Inù was at.a peak ,lt day 12, \Jhcreas in root CC'lls isocnzymc 

B dj Happüared tO\v,:rd 1..he end of the cu] turc cycle ,1Ild wa~; at ,1 pc,lk about 
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-r~ig. 5. Milate dehydro~enase isoenzymes. Diagrannna.tic comp-

arison df enzyme activities during culture cycle 53. . , 

-~ .. --..... ,The darkness of the band repre~el).tr relative activity]" 
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7~ Glut~te Dehydrogenase 

A ~epresentative pattern for the glutamaté dehydrogenase 

isoertzymes, which 'vas the same for the three caltures, is shawn fn Fig. 4. 
'li 

• 
GDH activity was resolvable into five distinct bands of closely migrating 

activity. 

The isoenzymatic nature of GDH activity changed markedly during 

t~e cultur~ cycle. Five bands predominated for mature 21 daY,oid callus, 

but upo~ reinoculation onto fresh medium the pattern disapp~ared resulting 

in one broad band of attivity. Thi~ band changed back to the five banded 

pattern by about day seven or nine. 

8) Leucine Amino Peptidase ' 

Leucine amino peptidase activity (LAP) appeared as diagrammed 

in Fig. 6 (See als~Fig. 7). The same isoehzymes of LAP were detected in 

each of the three cuitures and each of the iBoenz~es changed in activity 

during the culture cycle; however, each culture l~ad a dis tinctive pattern 

of development during the cycle. Thus in root callus the isoenzyme designated 

C, in Fig. 6, rapid~y increased in détivity, (ollowing subculture, rCdching , ~ 

a maximwn at clay 9 and. then decreased. In contrast, isoenZ'.f111e C only 

appeared briefly in 'the hypocotyl cells at about d.ly 12 .:lnd only, i'n any 
~ t 

obvious Wllount, at the end of the culture cycle ln cotyledon cells. The 

rnarked chfference, betHeen" the cultures", in content of isoenzyroe C is 
\. 

illustrated in Fig. 7. In root callus the activity changes in iso~rzymes 

BI and B2 p3r31leled thoseôf isoenzyme C, \"hile in cotyledoih~nd hypocotyl 

·callus U1'e- dctivity decreased aEter subcultllre and rhen increased later 

at day 9. Changes in the isoenzymes designated Al and A2 \vere"similar 

in aIL th~e cultures. The activity decreased to very low .levels during 
D 

the initial phases of- the culture cyèle and th en incre.asecl qt.'ft'ing the , , 

-later stages. 
• 
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Fig. 6. Leucine amino peptidasc isoenzymes. Diagrammatic 

representation of activities,during cycle 53. 

Enzymatic activity is rcpresented by band intensity. 
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" 

Fig. 7. Photographs of gels '. A, fB'f1 C = LAP 

root, hypocoty1 and cotj1edon, day 

iso~zymes from 

16, cycle 53., 

D, E, F = ,pp isoenzymes from root, hypocotyl and 

cOtYrledon cultures, day 14, cycle 53. G, H, I = 
'\ 

Peroxidase isoenzymes,from root, hypocoty1 and 

coty.ledon, day 5, cycle 53. Note the presence or 
1 

D3 and E in root {G}l and the activity designated 

~3 in hypocotyl (H). 
. 

J, K, L ~ comparable perox-

idase gels from cycle 54 •. 
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B. Stock Suspension Cultures: Isoenzymatic Differences Bétween Root, Hypocoty1 

and Cotyledon Cultures 
) 

1) Introduction 

Comparison of the isoenzyme patterns of eight enzymes studied 

intermittently over a/ three 'year period, showcd persistent differences 

between the three cultures. Ce11 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 p4,tterrts were different depended on 

the enzyme studied, but the differences,have been maintained relative1y 

unchanged for three years. ' 

2) Peroxidase 

Of aIl the enzymes stüdied the p.eroxidase isoenzymes showed 

the most s triking difff!Yences. The patterns for the three cul tures are 

shown in Figs. 8 and 9. The patterns for root and cotyledon cells are' 

, 
similar but that for hypocoty1 cells is clearly different. The most 

evident differences are the absence of isoenzymes Al and A2 in hypocot;y1, 

the very high activity of thesœ isoenzymes in cotyledon, the presence of 

isoenzyme F in cotyledon cells and ehe difference in intensity of other ~ 

bands especia11y Cl. The intensity of the various bands fluctuated some-

what but the-..differences persisted in successive cycles tested. Fig. 8 

is for ce1ls from passage 91. Fig. 9 is for ce1ls from passage 121. 

It was noted that when the leve1s of total peroxidase ?ctivity 'per unit 

protein were determined spectrophotometri<4al1y by the metllod of 'OIson 

!:!. al (1969) the leve1 in hypocotyl cultures was <llways considcr;:'lb1y 

below that of root or cotyledon cultures. 

) 
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Pero~idase isoenzymes IY'ere detected in the ,media of ail three 

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

from the medium for the three cultures, ,vere diEferent. With the exception 

of the activities designated Al and A2, the isoenzymes in the medium 

could not be clearl~ equated with those' extracted from the cells. Therefore, 

ta avoid possible confusion with isoenzymes of the medid were given ~ifferent 

symbols. The presence oE Al and A2 acti V\ty ITIay be due to contamination 

of media with cytoplasm of ruptured cells. 

3) Peroxidase (polYPhenolic) 

The pp activüy appears to be a non-specifie activity_ of sorne 

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

activity. However, the isoenzymes showing the highe~t amount of DOPA 

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

..-- activity tO\vard the monophenols tested. The three cultures differ in'the 

rclati ve .1IDOU{t s 

A in hYPOcoty~. 
of the pp l.bOenzymes as well as in the absence _~f isoenzyme 

~\ 
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'1 

-Fig ... 9. peroxidase isoenzymes. Tracings of gels, day 12 

passage 121, scanned at 295 nm, guaia~ol as substrate~ 

R-root, H-hypocotyl, C-coty1edon, D-composite. 
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-~--~ 

Fig. 10. Pé"roxidas.e ~ypheno1ic) isoenzymes. TraClngS of 'ge~s 
·.·s , 

stained with DOPA, clay 12 passagê 124. R-root, H-

~ypocotyl, C-cotyleclon, D-cornposite of three cultures • 

• Scanned at 325 nm. 
- ' 1 

.' 
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4) Esterase' 

Compari~on of esterase activt~ies from t'he three cultures 

was made somcwhat di[[icuLt by the low l«èv~ls of activity nt day twelve. 

" " 
The most prominent difference between the thrce cultures w.as bctween 

root and cotyledon (~ee Fig. Il). The pre~encc of a strong activity 

designated C2 in cotyledon is in contrast ~Ùh the lower level in hypoCQtyl 

and the complete absence of activity in root. 'There are also clear 
• 

diff,erences among the minor enzyme peaks; the p<resence of A2 in cotyledon 

is particJlarly ~oticeable. 

5) Malate Dehydrogenase 

" The differences between cultures in the complement of 

ispenz)111!es of m~late dehydrogenase are shown in Fig. 12. Each of the 

toree isoenzyme. patterns shows two very promine~t ~ands designated D and G. 

However, ~~fferences May be noted by the presence or ab~~nce of certain 0 

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

and whi~h, show clearly on the stained gels. 

, ,- \ 
6) Glucose-6-phosphate Dehydrogenase 

li 
./ 

~ 

GJ:ucose76-phosphate dehydrogenase (G-6-PDHt actiIJity was 

" , 
.' ,conspiciously low .\lt a11 times in al'l thr~e culture~. , The presence of 

, 

one lj,ghtly statning b~nd wa~ dètectcd,in cotyl<cdon lcells only. I1or,rever,' 

ÏT!.,tact ttt1fure 6ells, supp1i~d wiSt~ b'uf{ered glucose-6-P, NBT and NAD~ 
~ ~ ~ 

,(DeJong et al 1967),' sta~ned intensaly in a reticu1ate ·manner. Thus Ü --.- .' .... 
'. ... 

th~'t the cxtra~tion dr electrophorctic procedu~e had in some appçars 

way c1iminitted the çl)zymatic acti v,ity. 0 

_C' j 

" 

--.~" 

J' . 
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Fig. 11. EsterasèOisoenzymes. Tracing of day 12 passage 124 

gels scanned at 540 nm. R-~oot, H-hypocotyl, c-
0\ \ . 

" cotyledon, D-composite of three çul~ures. 
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Fig. 12. 
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a 

Ma1ate dehydrogenase isoenzymes o Tracing of clay 12 

passage 124, gels sçanned at 610 nm. R-root, ~\ ' 
~ ~ 

hypocoty1b C-cotyledon. 
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7) ",Leucine J\mino repU dase (lA P) 

LAP acti vit Y , typicLll of root, hypocolyl, and cotylcdop 

suspension cultures, is shawn diagramaticdl1y ,in Fig. 13. The three 

cultures wC're very much alike. They differcd only 1.n the low lcvcls of 

isoenzy~es Cl-C2 anù Bl-B2 in cotyledon cells. 

8) Acid Phosphatase (A~) 

The isoenzymes of acid phosphatase Wcre found to be remdrkably 

similar in a~ cult~res (see ~ig. 14). The amount of AP activity 

was greater in cotyledon cultures. AP activity was detectable in the 
1-

medium. Rowever, activity was not detectablc in the gels after mcdium 

samples were subjected to elcctrophoresis. Considerable AP activity was 

de..t;ected histochemically in the walls of the intact ,cells. This ha'S also 

been rcporf!"ed by others (De Jong et al, 1967., and Johns'tlj'n et al, 1973). --
9) Glutamate Dehydrogenase (GDR) .\; 

- Glutamate dehydrogenas~ activity 
1 1 P - • 

[inely div,idcd bands at day twelve. The 

was separable into [ive or 
,/' 

pattern was essentially six 

.identical for aIL three cultures. The patterns for cycles 92, 126, and 

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

st~ini~IfJnd the heigl1t of densitomctry peaks was low because of the low 

level& of GDIl~ivity in stationary phase cclls. With rcinnoculation into 

fresh medium, as was the case with callus tisstics, thc total enzyme activity 

was stimulated and the five banded pattern changed to one or two. SubscquC'ntly 

up to seven bands m.::y be evident. ,The bcan ccRl cültt~rcs showed no 
\ " 

extractable GDU activity using NADP a1) co-factor. After clçc.trQ2h",resi& 

.. geis. incubatcd with NADP sho~l no bands but whcn placed sub&cqucntly in 

a reaction mixt,ure containing, NJ\D the f>tainin!j procedcd as normal wi..LllOUt 

inhibition. 



.. -

3!-

~ 

, 
• 

62 

~ 

" 

I ,\ 

" 

. , 

,., . 

Fig. 13. 

< -

~ < 
1~ 

f-

.- .1 
~~ 

.. /-- -~ ,-

t 

~ 

-II 

.v 

! 
\ 

Leucine aminoopeptidase ~soen~ymes. Day 12 passage 91, 
, 

diagranunatic represE!ntat,iol\ of activity in R-root, c-

cotyledon and'H-hypocotyl cu1tures .. ---.-J 
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Fig. 14. 
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Acicl phosphata~e isoanzyrnes. 
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1 

\ 
1 

.. ~;~-.. 
... ,... 'l'tiitA 

Traèing of gels, clay 12 

passa~~ 124, scanned a~ 540 nm. R-root, H-hypocotyl,' 

C-cotyledon, D-composite. 
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Fig. 15. 
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Glutamate dchydrogenase isoenzymes. lTracing of gels 

day 12 passage 126 and 127 fro~ cotyledon scann~d ,at 
\ 

610 nm.: Photograph of GDH activity, day 12'passage 
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C. The> E[[cct of 2)4-n ,Inti Kinctjn on GroVllh ,1l1d Is(1('I\?-YI11(' l'.\tte>rnf, of Catyle>d(~n 

Su<;pensiQn Cultures. 
" -- --

1) Introduction , 

Concomit.nnt with studics dcsigned to detf'li;t d~fferences 

betVleen cultures were st_udies designcc1 ta monit'or changes in isocllzymc , 
pattern tllat occur~ed c1uring the ~ulture cyale, as waf, donc for callus 

) 
. , cultures, and to detect possible p.ffccts of the growth regulatars 2,4-D 

and kinetin on thesc isoenzyr~c pat terns. Previ~t~ work by Linu and Boll 
/ 

(1970, 197~, 1972) and Liau,(1~7l) showed that cotyledo~ cultures, unlike 

those of root or hypocotyl, rnaintained sub~taQtial growth iates in medium 

.; "'~, -'f containing ncither 2,4-D nor kinetin. These e:xperiments sho\"ed the most 

.. ~ ", 
. . 

\ p 

1\' 
striking comparative differences when bath growth regulators y/cre omitted'. 

. _. 
It was felt in consideration of these facts that co.tylqdon i?uspen~ion 

cültures grown with and without growth regu1ators offered an excellent 
\ 

system for -the study of growth regulator action. 
" 

Experiments "bn the effcct of growth regulators were conduc~ 

for trYO consecutive pas sages for a total of 24 days. Cel1(-cu1 tures were 

harvcsted from passages: 9t, 91,92, 119'1'120,121, 125,'126.,127,137, o , 
138) 139, 141, 143, 146, 147, 1L~8, 149, 154, 155, and 156 . 

Four ml of twelve day old cells wete inoculated into 250 ml . 

flask~ con~din~ng 50 ml of mcdi~.containing growth regulators, referred· 

to as 'p1u~' cultur_cs' (L+) and into equi valen t' medium btlt without 

reguL.ltarc.., design.1ted 'minus' cul tures '(L-). Cells were lrnnsferred ta , , 
o 

fresh, O1e.:diuIll on clay twel ve of lhe exper' -al per ioJ. 
, 

Be~ause CI.Jl turcs 

. maintained without 2,/j-D an\] kinetin h.lù fresh' wel gh t ;nd .. l'ower 

cclI nl1l11bers ,lfter lhe first p.u.,sag(> the cullures of passag~s 138 

, w 1 . " 
" 

',~ 1 • 

? 
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and 148 were inoculated with only 2.5 ml of cclls in 'an attempt to 

compensatc for any growth diffcrcnces duc to cclI numbcr,a1ù to cc11 

~ " .' 
dcnsity. 

.....1 

2) Growth Charactelistics 

The growth curvc for' cotyledon suspension cells, as measured 

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

into fresh medium the ccl1s entered a short lag'phase, followed-.jy a 

phase of intense cell division, then a Joga~thmic growth and expansion 

phase and finally a stationary phase. The ,patterns of growth and cel1 
" 

division have prcviously been reported'in detail by Liau and BoIl (1971), 

The numbcr of cells per culture and an index of,cell size, namely cell .. 
number per gram fresh weight, 'are prescnted in Fig. 17 and 18 respectively. 

Comparison of the figures ',shows that during the 1ag phase there was no 
, 

increase in cel1 numbe.r but there was an increase in cell size. _The cells 

then di vided rapidly. Host of the division was completred by day eight, 
/ ~ 

after' which time e10ngation and expansion accounted for the sharp rise 

in celt fresh weight. 
1 ~ 

CclI size was at a minimum during the phase of -

eell di vision' .nd at a maximum during the stationary phase. When plus .., 

cult~es werè inoeulated with a lower cell 'density this resulted ifl a 

longer perioù of ~ogarithmic growth, il slower inerease in fresh weight 

" and a sm~ller initial avernge eell size. By ,the end of the' second cul turc 

'lçyc;lo hO\vever the weight, number nnd size of the cells were compnrable 

with values' for day twelve in the, f~rst passage. 

The grO\vth ldnetics were c4wnged when c~lls wcrc cultured 

, 
/' in medium wi-t:houl growth regulators. Initinl1y, minus eclls dividccl 

l sooncr and more often produclnr; comp,lrati ve1y largcr cclI numbers .tnd 

"\ , 

\ ' 



• 

, 

..,. 

.4 

• 

67 

an increased tdtal fresh weight bX day four. lIowevcr after day [our 

without the rer;u1:àtors furthcr ccll division was restricted and the 

.., 
log-arithmic increasè in ~otàl fresh wcight, until llay twelve, was mostly 

duc to ccII enlargc;ment. After twelvc days the minus cultures contained 
o 

about one third the number dI: cclls and about one half the fresh wcight , 

of the plus cultures. Cells reinoculatca into medium without growth, 

regulators sbowcd very little growth, as mcasured by inerease in fresh 

weight, for the fiqt si?C clays (clay 12-18). Initially eell di vision 

occurred predominantly during thé" first two days (day 12-14) and was 
1 

mostly restricted to elongatc cells. This.resulted in the decrease in 

ce!l size; as shown bl the cclI size index (Fig. 18), and means that \ 

during the first six days of the second pa~sage (da::(~l2-18) the ,cells 

of -the inoculum divided without any c.ncurrent eeU expansion. 'Af~r 

clay 18 there was again,a'sharp increase in the number of cells due this 

time t6 the rapid proliferation of previously small groups of tiny cells. 

This resulted in. an inerease ~n total fresh weight per culture which, 

despite the fact that the total number o~ cells apprpaehed, that of the 

plus cultures, was only one fifth that of th~ plus cultures. Thus at' 

this stage the minus cultures contained many' very small celis growing 

in large elumps. An interesting and novel aspect of -these observations 

is that the second passage without g~owth regulators, in effect, shows 

'jnduccd diauxic growth. 

! 
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The number ~f cells per gram fresh werght for 

cult~jf,s grown w~th and without growth r~gulators. 

Cultures were irioculdted inta fresh medium on ~ay 

twelve. 
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3) Mùrphological Ch~racteri:>li.cs \ 
Twelve-day-old stock cultures used as inocula consisted of , 

a mixcd population of clongate, oval and rounù ce11s existing either 

singly or in sma11 groups (Fig. 19-4). 
, .. 

Aftcr the lag phase, clumps~ 
~ , 

o~ ~ctiv~ly dividing cclls were formed (sec Fig. 19-5). Sorne of the 
• 

,more clongate cclls f±rst dividcd by a series of internaI cross walls 

and th en prolifcrated in various ways (F:ig. 19-6). Thesc patterns of 

ccll, division arc compnrab'le to tho$e described in detai! by Liau and 

Bp,ll (1971). By the 'end of twelve days in èulture most of the cell J 

'c1umps had' dissociatçd into sma11 grfPs 0 cells and single ceUs 

(Fig. 20 .. 11). Growth characteristic~ during e second passage, wilh 

a lower inoculutn dcnsity, \Vere identical to those in the first passage 

(Figs. 21-17, 18" ~-26). 

CeUs cultured in the 'absence of,growth regu1ators showed 
.. ~ ..... J _ 

,_ Some marked mo.rphological dif[erences ,.,hen compared with the plus cultures. 

By the sixth day, minus c~turcs wcre already marked1y browner than 'l:he 

norma1ly very white to pale yel10w color of the pl'us cultures. Sorne of 
, 

the ceUs had becomc very long and had a wavy or kinky appearance (Fig. 

19-7,8,9,10). On close cxamination sorne col1s appearcd twistod with 

striations of wall thi~fening. It was corrnnon ta find these cells spirally 
, , 

: \ « 

twin~J'-arou?ld each other (Fig. 19-10). Not all cells of the minus cultnres 

bccarne e~ongated and twisted. Thus, by day 12, the minus cultures con-

sistcd of a population simi1ar i-n appcarancc to the plus celis (compar~ ... 
\ 

Fig. 20-11 and 20-14), but with a large number or long, coilcd cells , 
and groupB of smnllcr dense cclls • 

,. . . 
t'". 

'j 

) 
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During the second passage without ~rowth regulators thc 
~ 1 .. 

chan~es evident dur~ng the first pa.ssage becam~ more exaggerated. By 

<: 1 

day 18 the minus cultures haer become very dark brown and very little 

growth in [resh weight or cell number had occurred since day lQ. The 

cultures consisted mostly of extremely long, thin, coiled cells and 

groups of very small cells with dense cytoplasm (Fig. 21-20,21,23, and 

Fig. 22-24,27). Some of the ecUs appeared to be plasmolysed or dead. 

The diDfercnces in size of ceUs, and in the r;-ature of the plus and 

minus ~ltures after two passàges, can be appreciated from a comparison 

of Figs. 22-26 and 22-29,30. 
-.. 

Cells maintained in minus culture for additional passages 
'",. .... 

eontinued to grow but at a rate slmoJer than that of the~ plus cultures. 
o 

In order to maintain growth ln nlinus culture~ it was necessary ta transfer 

ten ml of the culture. Cells 60 maintained in minus culture consisted 

of v('ry dense groups of cells ,1S in Fig. 22-29,30 and many small, round 

and oblong free cells. Many of the free cells and ce11 groups were 

~ry dense ~n appearancc and the cultures remained dark brown. Transfer 

of cells cu1tured for one, two ana ~hree passages in minus medium to 

. plus medium resulted in inunediate cclI proliferation and enlargement , 

ta produce populations of ce1ls typical of plus cultures. Additionally 

the light yellow to yhiti&h color of the cultures was regained with 

. the first passage back in plus culture con~itions. Cells culturcd 

alternately in 1Jlus and ~hen minus culture showed a cOml)licat:ed mixture 

of dense groups of smali cclls, some of which were very brown, c-longated 
\ 

and twisted cells .1S weIl aS a host of intermediate forms. The cultures 

were p;üc to medium brO\.J1l in co'ior. • 1 
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Fig. 19. 
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Representative 

wi-thout growth 

r 

o 

cplls, from 'cultures 

r:gulators ., 

--

grown with and 

Frame 4. Population of twelve da~ old cells from plus 

mepium used as the inoculum. F;ame 5 & 6. Cell 

- , . 
groups from six-day-oid plus culture sh~wing a typical 

group of activity dividirlg cells and a long' sub-

divided cell proliferating at one end. Frames 7 to 

10. Representative cells fr~ six-day-old cultures 

grown without regulators, Note that the cells are 

long and wavy, sorne of which show wall thickenings 

J and twisting. (ar~) 
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Fig. 20. 

J' 
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, \ 

• .. . 'II 

1 ,/ 
J, 

Î 

'" '.' 

o 
,1 

Rcprèscntative ce11s from cultures grmm 'for twc1ve 
. . 

clays with ancl'withouq growt~ regu1ators. Frame Il. 

Cells fro~~day 12 plus cultur~. Frame lh' CclI from 

• ? 

Frame 13. Ce11s from clay 12 plus c~lture stained 

for pcroxi~ showir;g !bo~ tie,I' shapecl ,crystals 

attached to the ceU surfaces~ Frame 14. Cells' 

from clay .1,t minus culture, note e1~ngate coiled 

cel1s (arrow) and g~oups of ~ividing(cells. Frame .. 
" 

15 & 16. Very long highly coi1ed ce1ls from 
" 

day 12 . 

minus ct1l turc •. 
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,4) Peroxida3e 

a') Cytochemistry 

The stain~ng of plus and ~nus culturML for'peroxidase 

activity at various times duriQg the'experimental 

periot!, showed ·that enzyme acti vi ty was predominantly cytoplasmic in 
1 

yvung cells and very strong1y assoc~ated with wall in olde~ celis. 

Furthermore, cells cultured without growth regulators 9~ained much more 

intensely. Ce1ls that were used as the initial inoculum stained quite 

intensély for guaiacol peroxidase activity • 
. \''''~ ct? 

~~_' 1" - il 

Young and actively dividing cells showed comparatively low 

activity, ~at was local~zed through the cytoplasm (Fig. 21-18,19). 

The peroxidase staining reaction gave a coa~~e1y granular, 

crystalline deposit spreFd sornewhat unevenly over the cell surface and 
... : 

a more even, and le~s crystalline, brown staining of the cytoplasm (Fig. 

20-121. On sorne occasions larger 'bow tie' shaped crystals of oxidized 

guaiacol wer'@' .'found scattered O'ler the cell surface (Fig. 20-13). Such 

" 
'__ 'bow tie' shapedocrystalJ dld not form whe~ tné spent rnedium"itself was 

stained', al though other larger and more amorphous crystals did farm and 

,"ere seen ,to flaat in the medium. tBow tie' crystals ,"ere easily washed 

off cells and then ",ere observed in the medium. Cells that ,vere ' .... ashed 

with Jilute buffers or ùistil1ed water before staini~~howed less 'intense 
, , 

cell wall staining and no 'bow tie' shaped crystals. Finally no crystal 

'" format~n was observed e~ther on the surface, of celIs that wer~ washed 

with buff~ and suspended in spent ~uffer o~ on celfs' that were washed, 

resuspended in srent medium and then this medium filtered off qnd re-

p1aced b~ fresh medium . Presumably the 'bm" tie' shaped crystals, as 
po 

.. 
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s~ch, are a consequence of the location of t~e crystal growth rather 

than a crystal form produced by a ,special surface per"oxidase. HO\oJever, 
· l' 
the observations do show that the peroxidase on the surface is'not 

, 7 
simply left 'therr Hhen the medium is .Eilte:fed off but is loosely attached 

, , , , 
at nwnerous di:J'perse sites on the surface. Crystal formation was not 

restricted .to guaiacol ox~dation yroducts. Thl),s many long needl'e-like 

• 1 ) 

crystals of benzidine blue \Vere formécl \.;rhen benzidine dihydrochloride 

was üsed as an alternative stain. 

Cells that were grown without growth regulators ~wed the 

same distribution, and granular nature, of the peroxidase stain (Fig. 
, 

21-23 and 22-25). The long coil~d cells of the ~ay 18 minus cultures 

often stained 50 heavily that they appeared almost completely black 

(Fig. '22-24,27). Groups of small cells that were present in these 

cultures did not stain so intensely and, curiously, certain sections of 

sorne long coiled celis did not stain dt aIl either in wall or cytoplasm. 
r 

Such -sections contained no obvious .cytoplasmic contents "(Fig. 22-27), 

Surprisingly, nezligible amounts of peroxidase aGtivlty, as , 
iu~ged by crystal fonnation, were present in the média of these cultures. 

,/ -
Celis that Here 'washed to rêmove r:eroxidase acti vit y still stained very 

heav~ Iy (Fig. '22-25). 
, 

Coiled ceUs' that werc present at the end of the 

experimental period stained extremely heavily but the moré'numerops 

clumps of Bmall cells stained very little. 

The Peràxida&e (polyphenolic) activity showed a pattern of staining 

activity and distribut~dn similar to that of peroxLdas~. A fairly even 

granular staining was evident in aIder ~nd clongate celi walls." The major 

.. 
diff~rence between peroxidase and pp activitics, however, 
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• \jas the prefe"'î'"èntial staining of the nucleus, and possibly cross eeU 
, . 

wal1s, with DOPA oxidation ~roducts' (Fig. 2t-22 and 22-28). -
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Fig. 21. 

--

• 1 

• 
Representative cells from clay 18 cultures grown with 

and without growth regulato{S. " Frame 17. Sample of day 

18 plus culture cell,s 

18,&,19. 
'~ 

Day 18 plus 
l , 

(equiva1ent to day six). Frame 

culture tells stained for 
o 

guaiaco1 pe~oxid~se showing light cytoplasmic stain-

ing. Frame 18, 20 & 21. 
'-

Day 18 minus culture, re-
~ 

prese~tative cells showing e10ngated cOils, smal1 

tightly pa,cked groups and dense cytoplasm. Frame 22. 

" 
Day 18 plus culture cells stained \.,rith DOPA to demon-

strâte PP activity. Activity i8 located 

through the cytoplasm, nucleus and possibly in the , . 
cross walls. Frame~3. Coiled day 13 minus culture 

cclI st\ined for peroxidase activity. , 
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Fig. 22. 
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day 18 and' day 24 cultures. 

Frame 24. Day 18 minus culture cell~hOWing a 

\ . ~ 
heavy per~dase reaction. Frame 25. arged 

very 

por.tio~/ of day 18 minus culture cell washed with 

/ 
buffer and stained 'BP~ peroxidase activïty. Note 

the granular nature of the staiR 
• '\ 

the cell wall. Frame 26. Sample 

plus culture cells. , F!ame 27 ,as 

deposit embtd e~ in 

population of clay 24 

in Frame 24 except 
" 

sections of elongated cells did not stain. Frame 28.,'; 
1 ,~, __ 

Enlargement of, a portion· of day 18 minus culture cell 

stained for pp activity. Note the 

granular nature of the reaction product and th~stain-

ing of the nucleus. Frame 29-30. Represent~tive 

clumps of,small cells from day 24 minus cultures. 
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b) Pero~a5 e Acti vi ty 

Pcroxidase aetivity 6xprcsseù pcr gram fr('sh 'Wcight, per 

~ , 
million cclls and per/mg soluble protein is sho'Wn in Fig. 23, 24, 25 

t ~ _" 1 

respcctively. The activity ~s shown for ceUs, grown with and without , 
.... -tt'"' { • \ 

growth rcgulators over a two/j;SS.1gc pcrio'd of twcnty-fou~' -à.1Ys. The 

general conclusions are the same rcgarùless of the base on which the 

enzyme activity is cxpressed. f, 

After subcult\i:tc, both plus and minus cultu1;'es showed an 

initial dccreâse in peroxid~se acti vit Y which rcached the 'lowest leve1s 

by day 4 and day 2 respecti vely. After this low point peroxidase aeti vit Y 

increased to a maximum and then dC'clined. Peroxidase at:t'iVity increased 

""" 
previously fottnd to have " ... 

mo~t rapidly in the minus cultures which were 
1 / 

a shorter lag phase and a more rapid increasc in fresh weight and eell 

numbcr than tQ.~ plus cultures. On a fresh weight basis, plus éultures 

showeù highest activity on day 10 whereas minus cultures showed peaks 

of activity On day 6 and, during the second passage, on 'day 22. -

Peroxiùase activity in plus cultures was considerably lower during the 

second passage (clay 12-24) when 'the cultures were inoeulated with lower 

numbers of cells. TItis/cs sening of acti vit y was only 

acti vi ty was restored t levels comparable to those ~n , 

~ 

temporary because 

the firs t passage 

if cells \vere kept' for nu aùditional [our days without trnnsfer. Cells 

,1 cultur('cl without 2,4-D .:md kinctin showeù very high lev~ls of peroxidase 

aoti vi ty \uring the second passage • 

1 
/' 
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Fig. 23 • 

l. 

., 
,.".".,., 

Changes in activity of perokidase per !;esh weight of 

~ cultures grown with and without growth regulators 

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

" . 
Day twelve represents the point,of reinoculation into 

fresh media. The inoculum of plus cells in the first 

passage was 4.0 ml and 2.5 ml in the second passage. 

Bar markings represcnt standard errors. Where no 
• 

tnarkings occur the standard error was smaller than 

the size of the dot. 
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As for Fig. 23 but activity expressed per milli9n ·cells. 
1 

Inoculum sizes for pt-os----C-e1:1.s were a..s for Fig. 23. 
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Fig. 25. As for Fig. 23 and 24 but activity e..xpressed per mg 
) 

extract protein. The protein concentration in the 

extracts at different 'stages is aiso shown. ·lnoculum 
'~ 

sizes for plus celis we,re as for Fig. 23. 
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I;.C) Changes in Peroxidase Isoenzyme 

/ 
Patterns 

. The changes in isoe~zymcs of peroxidase arc presentcd 

diagramatically in Fig. '26 and 27 [or cel1s grown with and without 

growth regulators. Peroxidase isoenzymes changed both qualitatively 

and;quantitatively during the culture cycle. The mosf noticeable qU<lI-

---itative changes were the appearance of isoenzymes designatèd E ;md D~ 

on day 2 and then the subsequent disappearance of isoenzymes D2 and C3 

pn ?ay 4. Isocnzyme E no longer occurred after day 8 at which time 

isoen~yme C3 recurred. These changes in isoenzyme pattern, although . . 
not extensive, were round to be very consisteRt. Comparison of isoenzyme 

patterns of plus and minus cultures showed few qualitative differences 

although the ?~tterns are very distinctive (sec Fig. 27). Minus cultures 

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

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

of the extracts with reducing agents or subjecti'lg extracts to dialy~is 
. 

L'or passage through Sephadex G-50, failed tG remove this acti vit y .. It is 
'Î , 

alsd noteworthy that isoenzyme D2 persisted as a prom~nent peak until 

day 8 in minus cultureq. 
\ 

Most of the changes in peroxidase isoenzymes during the 
jl 

c{;lture cycle ,.., and differences between plus and minus cul turcs) were 

~uantitative (see Fig. 26, 27). Changes in the activity of the individual 

isoenzymes D2) Band A2 are presentcd in Fig. 28, 29, 30 and 31. The 
'J 

mos t striking clwng,cs that occurreù in pl\J.B cultures look place after 

inoculation into" [resh medium. On tiay two tl1ére Was .:l rel.:ltive rise in 

tl}e aeti vi ty of i80cnzymes E, F, G, Cl) C2 and CJ even though the total 

peroxidase act l vi ty as 11ll'.:lsured 8 pec tropho tOlUctr ic.'tlly .was ùecreas ing 
~ 

{ 
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rapidly. These isoenzymes subsequently decreased in activity and returned 

to the day twel ve levels. lsoer;zymes A2 and Dl 1;vhich made up considerable 

portions of the peroxidase activity of the plus cultures reflect the 

total changes in p~ro!<idase activ:!);i~ ,(see Table 1). This is èxemplified 
-" 

oin Fig. 28, 29 and JO for .,i:soenzyme A2. Figure 28 shows that the percent 
" , 

A2 activity changed relatively little during the culture cycle (day 0-12). 
, 

However, the activity contribut~4-bs isoenzyme A2 when measured on either 

fresh \veight (Fig. 29) or protein basis (Fig. 30), underwent considerable 

changes during the growth cycle. lt" can be seen by comparison of Fig. 23 

and Fig. 29, as well as Fig. 24 and Fig. 30, that the change~ in A2 

activity paralleled thos~ of the total activity. When calculated in a 

~ 
similar manner the activity of isoenzymes D2 and B followed a different 

pattern of change (Fig. 31). lsoenzyme D2, in p~us 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 pat;tern in that 

.. - -percent activity ,vas const:ant 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 ... 
total peroxidase activity generally c,hanged as did the total activity , ' 

but isoenzymes that overall, contributed less to the total activity 

changed.'more dramatically :.md at more specifie times during the culture 

cycle', 

Differences in quantitative changes between plus and minus 

cultures are also evi?ent from Figs. 26-31 and Table 1 and 2. The most 

prominent difference in activity that resulted from transfer to minus 

medium uas the immedi<lte increase in activity of isoenzymes Al and A2 
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Fig. 2p~' Diagrammatic representation of the patterns of activity 
,J ~- • 

1 of,guaiacol peroxidase isoenzymes.from cultu~es grown 

(, 

with and without growth regulators (plus and minus). 

Numbers at the top of the gels denote the, day of - , 
sampling. Day 12 represcnts the point of reinoculation 

int~ fresh medium. nlC amount of activity is represent-

ed by band intensi~y Càlculated, as the average of 
( 

nt least three separate experimcnts. 
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Fig. 27. 

'\ 
V 

" 

Tracings of pcroxidase gel scuns from cycle 126 •. 

Plus culture scans are representt! with a sol id 1ine 
. " 

and minus culture scans with a daslied 1ine. 

A.* Peroxidase \soenzymes of inocu1um - 12 day 
passage 125. 

~ . . , 
B. Pcroxidase isoenzymcs 2 day passage 126. 

c. Peroxidase isocnzymes 6 day paSS{lge 126. 

D. Pel;'ox:f.dase isoenzymes 8 day passage 126. 

* note A drawn 1/2 sca1e of B, C and D. 
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and the activily designated A+ (FiG. 26 and Fig. 27-il). ily llay C> tlH're 

were considerably higher levC'ls of Dl, D2, Cl and C2 in lhe minus cullures. 
) , 

Ilowever, by clay 12, at the end of lhe firsl culture passdge, in contrast 

Ito the plus cultures, .isocnzyme Dl h,lcl decrc.:l.secl con:,iderably while 

isoenzymes CI-C2 lwd continued ta increàse (Fig. 26). During the second 

culture passa~'e \Vithout growtll> reguLltors, hiGh levels of Dl and D2 were 

again restored as in the plus cultures but as in the previous p~ssdge 
.' 

these dctivities were secn lo decline to low levels by the cpmpletion 

of the cycle on day 24. The activilies of isoenzymés Cl and C2 remained 

high in minus cultures through the second cul turc cycle while isoenzymes r:"! 

Al and A2 continued to 

bet\Veen plus and minus 

increase in activlty. The most prominent difference 

cultures, by da~" wns 1;he very low level of 

isoenzyme D2 in the minus cul tures ::'. E~riment~ ~uf which extr.:lcts \oJere 
~. 

treated \Vith ~-galactosidasc indi.:c.:lfed that pcroxicl.:lse A2 and D2 arc related 

in that p-galactosidase treatment tesulted ln a decreasc of D2 and a con-

... 
comitant increase irr A2 activity. 

The change in activity of the individual isoenzyme A2 is 

presented [or minus cultures in Fig. 28-30. 
\ 

In contrdst with the plus 

cultures the percent activity of A2 decredsed during days 6-10 in the 
\ 
\ 

.' minus cultur('s. This \oJas clue in part to the persi:,tcnce of isoenzyme 

~'\ 

D2,and the increa5e of isocnzywc C2 during this period. The actual levaIs 

of A2 as seen by density scans or mea5t!red per greun [resh weight were 

mo:(,c or 1('s5 equi v,dent however in plus and nd nus cullures (Fig. 29)" 

The dr,1.n!c1lic incre.1SC in D2 Llctivity found l minus cu1lures (cldy 4-10) 

is ~hU\vn in Fig. 31. The ~j gni fieant ln activity of isoenzyrnc , 

il, in minus cultures ,15 compared wLth during days 2 and 4 

"~. 
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is probably duc to the incrc;1sc in 'absorb;1ncc on tl~ gol scans duc to 

the activity dcsignated A+ (sec Fig. 27). Witll increasing tirne in 

minub culture the scans oblaincd from tlle gels decrensed in. resolution 

( duc. t:~~ ~JI\cars of activity such as A+ (Le. Fig. 27-D). This smearing 

)"ma~~ it 'difficult to calculate the' nc~ilty aCtually contributed by 

the isoenzyme peaks. Thercfore, it is possible that calculations of 
(:: .. 1 

the activity contributeo by the individual isoenzyrnes in the minus 

cultures may be somewhat imprecise. The percent activity of a11 the 

individual isoenzyrnes is presented in a~abular form in Table 2 • 
. 

The substrate specificity of thc peroxidase isocnzymes \~s 

tested b~ substitution of alternate enzyme substrates. No marke~ 

differences in isoenzyme pattern or staining activity were ohserved 

with benzidin.c as substratc, howcver, in comparison stainin§ with 

chlorogenic acid and caHcic acid "as much redllced. None of the isocnzymes 

shO\,cd any prominent activity towards either of these two substrates. 

Gels staineU for IAA oxidase activity showed sorne 10\, activity in the 
1 

region of i~oenzyme D2, Cl and C2 only. Isocnzymes stained for tyrosinase 

activity sh~wed ~onsidcrable activity in the region of AI-A2 and slight 
, 

activity associatcd w:i..th isoenzymes B and Dl. Tyrosinase activity was 

dctectcd by the mcthod of JoUey and H..i~on (1965) . .. 
" 

J 
" / ! 

/ 

• 

) 
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Fig. 28. Changes in actiyity of peroxidase isoenzyme 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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Fig. 29. 

J-

/ 
\ , 

1 -- .­. -

'. 

Chan~cs iù ~activity of pero~idase isoenzyme A2 éx­

pressed per gram fresh weight from cultures grown 

-" 

with and without growth regulators (plus and minus). 
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Changes in aèti~ity-of peroxi~as, ~soenzyme A2 ex-
.<' 

pres,!ied per mg extract pro"teil} frorI} cultures grown 
o 1 

with and without growth regulators.( 'plU:s and minus). 
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Fig. 3~. Changes in activity of peroxidase isoenzyrnes D2 and B 
, 

.( 

expressed as the per,ccnt of, the total' peroxidase 

activity frOm cultures grown with and without growth . 
regulators (plus and minus). 
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Table 1 

Percent of the total peroxidasc activity contributed 

by the individual isoenzymes; Plus cultures passage 125-126. 

~ J' 

('I 
..-

Isoenzyme Day 0 Day 2 Day 4 Day 6 Day 8 Day 10 Day 12 .. .. 
... 

Al 6.5 4.0 3.5 5.5 .3.0 5.0 9.0 

A2 17.5 H.O 23.0 24.0 24.0 16.5 20.0 

A+ 2.0 ;. 5.5 4.'Û 
,,-, 

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 

- 1)2 0.0 15.0 10.0 0.0 0.0 0.0 
, , , E ... . 0.0 2.0 2.0 0.0 0.0 

., 11_ 
.. -

F- -s.a 9.0 5.0 3.0 Il.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 

o 
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• Table 2 

Percent of the total pcroxidasc activity contributcd by 

the individual isocnzymcs; Minus culttires passage 125-126. 

Isoenz~me Day a Day 2 Day 4 Day 6 Day 8 Da),'; la Day 12 
• . , 

Al 6.5 5.0 3.5 4.0 5.0 4.0 7.0 
~' .. 

" 
.. 

-

'. .A2 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 

Cl ' 12. a 5.0 7.0 6.5 3.5 6.0 8.0 

C-2 12. a 11.5 12.0 10.0 9.5 10.5 8.tO 

C3 4.0 4·iJ 1.0 3.0 3.0 6.0 6.0 

;- Dl 16.0 7.0 , 22.0 9.0 18.0 24.0 15.0 . 
~, 

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 
l 
2.5' 3.0 4.5 2.0 1.0 

G 4 .. 5 4.5 4.0 12.0 5.5 -5-. -5 -, .. _- -LO· -. -

li 3.0 2.0 
l' .. 

Other 15.5 4.5 3.0 14.0 13.0 8.5 20.5 

r 
----- j 

.. 

• .f " 

" 
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d) Peroxidase (polyphenolic) .. 
Peroxid~se (polyphenolic) activity as measured peü gram fresh weight 

and,per mg protein extract are presented in Fig. 32 and 33. 

The ~p activity curves were similar to those of peroxidase in that the, 

levels of activity dropped markedly with suhculture. During the first 
, 

passage the increase in pp act~vity in plus cultures was gradual and 

in contrast to peroxidase only reached' maximal levels ,by day 12 (Fig. '33). 
~ . 

The increase of pp activities in minus cultures, however, paralleled 

that of p~roxidase exactly (compare Fig. 23 and 32 and Fig. 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. ~us cultures on the other 

hand, were found to have strikingly high pp activity. This activity 

was highest on day 18 "lvhen the cultures were found to contain many highly 

, elongate ,md thickened cells. ( 

Changes in pp activity with tim1 are presented in Fig. 34 

and 35. The pp :i,soenzymes with the possible exception of 
~ 

E and F a1so showed peroxidase activity. In con~ast with peroxidase, 

changes durinK the culture cycle, and differences between plus and minus 
... 

cultures did not involve differences in pattern dlthough quantitative 

effects are evident. Nost dramatic of the changes was the striking 

increase after subculture of isoenzyme B in the plus cultures and of 

isoenzymes E ~nd F in the minus cultures (Fig. 34 a~d 35). The main 

difference between plus and minus cultures was the increase in the activity 

~ (, 

of isoenzyme A2 and the relative decrease of isoenzymes E and F in the 

minus culture~ during the second pass~ge ~g. 34). 
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Fig. 32. ~Changes in activity of pp per gr~ 
'", 

fresh weight for cultures grown with and without 

growth regula~s (plus and minus) during two 

successive cul ture :cyc}..es. Day 12 ,represents the 
l ' 

point of reinocu1atîon into fr~sh'medium. Inocula 

as in Fig. 23. (' 
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Fig. 3'3. 
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Fig. 34. 

1 

1 _ 

Diagrrumnatic representation of the patterns of activity 

of pp isoen~es, from cultures grown With and without 

growth regu1ators (pïus and minus): Numbèrs at the 
~ 

top of the gels denote the day of sampling. Day 12 
~, 

represents the point of reinoculation into fr~h 

medium. The amount of activity is represente~ by band 

• intensity ca1culated as the average of ~t least three 

separate exp~riments. \ 
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e) Perox:l.das-e l-stlt>-fl.z.:vne-s -and Act~ vit y Detecteù In The Nedit+m 

Peroxidase and P'P activity measured in the 

medium in \-Ihich, plus and minus cel1s ","ere grown is presented in Fig. 36. 

Activity \.Jas low or nonexistent in the m~ium irmnediate1y after subculture 

but ~s 3een t~ rise as soon as cell fresh weight increased. Cultures 

. 
grown \v'ithout 2,4-D and kinetfn initially grow faster a~ shown by increase 

in fresh \veight and :,ho-;"'ed higher levels of madium peroxidase 3.Ild J pp 
A 

f' i' 
activity. However,. by day 6 plus cultures had increased more in fresh 

weight and had secreted more ~xidase actl vit~ into the medium. ~leasure-

ments of activity in passage t\Vo confirm ~'that the occurrence and irt.crease 

of peroxLùase and pp in the medium was correlated with anset and increase 

in fresh weight due to cell e~prtnsion. 

TIle isoenZyme ~atterrts of'peroxidase present in the medium 

and .the changes .that took place in these activities during the culture 
~ 

- cycle, cire presented in Fig. 37 and 33. The isoenzy:ne pattern of pp 

V/as identical to that of peroxfüase and therefore ~s not illustrated. The 

clectrophoretic mohilities of iSàenzy~es present in the medium were not 

the stlIne as·those of the cytoplasmic isoenzymes with the exception of Al-
• t 

A2 •. As a conseq~ence the meclitun isoenzymes \.Jere designated vith different 
! 't, 

lct'ters toJavoid conIusion. Figur,es- 3~ and 3D show thd.t after subculture 

the first dctivity that appeared "\Vas isoenzyme V in bath plus and minus 

culture:,. Subsequently by day 6 H, Zl and'A2 ",ere present in plus medium 

the actl.vity of ,,,hich, except for Z increased ~ maximal 1eve1s bye.day 12. 

~Knus cultures differed from plus cultures in tfiat initially ther? \Vas a 

-grcatcr level of isoenzyme V~ (FLg. J3-B) \vhich however did not increase 

l.n activity after day L~. ~Iinus cultures showed a much more rapid increase 
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in isoenzymes A2 and U (Fig. 38;C) and the presenèe ot a previously 
., 

undetected isoen~e T (Fig. 37). By the end of thê first culture 

• passage-the' pattern of 
'1 

isoenzymes from minus medium was quite different 

~ that 

and V· and 

for plus"medium in that isoenzyrnes A2 and U were prominent 

W were much reduced (Fig. 3~,D). Initia11y during the second 
. 

pas~age without growth regulators, day 12-24, very little activity was 

present in minus medium although the intracellular leve~ ~tremely 
" 0 

high at tnis time (Fig. 25, 35). With"the onset of sorne g~owth, peroxidase 
i 

activity at day 18 was found in the minus medium and, as in the first 

'\ 
passage, showed a predominance of isoen~es A2 and U(Fig. 37 and 38-E). 

• 1 

'" 

. . ' 

.. 

l, 

, . 

, 
\ 
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_Fig. 36. Peroxidase and pp acti~ity detàcted in the medium of 
... 

cultures grown with and without growth regulators 

" j 

(plua and minus). Activity is expressed per ml of 
---

medium and a growth curve expressed as the increase 

in culture fresh weight is incluèed' for comparison. 

Day 12~repre~ents the point of reinoculation into. 

fresh ,medium. 

". 

'" 

.1 • 
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" Fig. 37. Diagrammatic representation of the patterns of activity 

of peroxidase isoenz~es detected in the medium from 

cultures grown with and without growth regulators 

" 
(plus and minus). Numbers at 'the top of the gels 

-
denote the day of the ~xperimental periode Day 12 

represents tllC point of reinoculation into fresh 

mediqm. The amount df activity is represented by band 

intensity calculated as the average of at least three 

separate experimcnts. 
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F;i.g. 38. Tracings of gel ~cans for media peroxidase. Scans for 

plus cultures arc drawn \.>Jith a solid line and minus 

culture scans with a dashed 1ine. , 

A. Peroxidase isoenzymes from 12 clay 125 medium. 

B. Peroxidase isocnzymcs from 2 clay 126 medium. 

c. Peroxiclase iso~nzy~bs from 6 clay 126 medium. 

from 10 day 126 medium. 
/! 
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5) Acid Pho:;pkll.l"C 

Acid phosphaLl~e acLivlty expre::;seù per mg soluhle protein 

an? per gram [re811 we~ght ~s shawn in Fig. 39 and 40 respectivcly . . -, 

The activity is shO\J11 for cells grO\vn with <mù without grO\vth'reL;ulators 

over a two passaGe period of twe~ty-[otlr' dnys. Aci:~l phosphatase ncti-,vity 

calculated per mg soluble protcin showed a sharp drop wi t11. the inoculation 

of c0lb, into fresh medium although the lcveb, of soluble protelns increased 

at this time (5('(' Fig. 25). AP activity thell incrC'oscd during the culture 

cycle ta reach highest lcvels by day 12 an~ 2/t. AP activity cxpre<;sed· 

per fresh wcight (Fig. 40) showed an initial decrease with inoculation .-
into fresh medium but then rose sharply tü reach a peak on day 6. The 

activity during the fir5t passage fallO\ved cssentially the samc pattern 

in bath the plus anù minus cultures. 

\ 

During the becond p,lSSJ[';C plus culture:, shO\ved lcvels of 

activity equivalcnt with first pJssage valJes. Minus cultures showed 

considerably altcrcd activity, hawever, the pattern of activity change 

during the culture cycle was sirnilar ta plus cultures but exaggerated 

on a frc5h wcight basis and much rcduced on a per protein basis. This 

was duc ta the high l~vels of s'olublc protein in second p,l!:>bagc minus 

'1' , cul turcs. 
è 

A compnrativ<,ly ~m,tJ 1 hut significant :llnount of AP activHy 

WUb detccted in the lllC'd LUlIl in \/hich cellr; had bec'I\ grO\J\1 (Fig. 40). 

Thç ,lct~vily [or plus cullures was S0('11 ~l'ncr.ll,ly to inC1C.l!:>.é wlth dur,ltion 

of culture, .1llhollgh ,lctivily did nol InCl e,lf>e greally ,lflcr day 6. t-Ul1US 

culUIl"C IIlCCHtll1l COnLlllll'd cqlllv,llc'nt ,Ullollnts q[ AI> ,1Cti'vj ty ul1l~1 ÙdY (1 , 
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Fig. 39. 

, ' 

o 

,Jo .. ,..-.. 

Changes in activity of aci~ phosphatase pe~ mg soluble 

protein for cultures grmYn \vith and wit-hout regulators . 
(~lus and minus) during two successive culture cycles 

(147-149). Day twelve represents the point of re-
, 

inoculation into fresh medium. The inaculum of plus 

cells in the first passage WélS 4.0 ml and 2.5 ml in 

the second passage. Bar markings represent standdrd 

errors. ,Where no markings accur
t 

the standard error 

was smaller that1 the size of the dot. 
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Fig. 40. Changes in the activity of acid phosphatase per fresh 

weight of 'cultures grmvn with and without growth 

regul~tors (plus and minu~) during'two successive 

culture cycles (147-149). Acid phosphata&c activity 

detected in the medium of plus and minus cultures 

expressed per ml med j'lm is reprcsented by the srnaUer 

"circles. Day twelve rcpresents the point of re-

inoculation into fresh medium. The inocu1um of plus 

ceUs in the first passage was 4.0 ml and 2.5 ml in the---

second passage. 
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Thuinlj Lhe second • 

passage wlLhout rc'ljl1lator:; t1w fi.fl ,~cl ivity detecLcù in the' medium W.:1S 

negligib1e at aIl times even LllOugh the i lltrace11uLu- levels \%ro very 

hieh ~at thie; time. 

Concomitant with measurements of medium AP act;.ivity me,u,;uie-

mcnts of mcdiwn plI \\Tere recorded (Fig. 41). 'During the first passaec 

the pU of bath 'lJ1.l1S and minus cu 1 turcs \JaS !>een ta decrc.1se quick1y to 

reach 10\vest leve1s on day 4 and thcn ta incrc<lse rapidly from days 

6-10 ta reach maxim.1.l leve1s on cidy 12. During the second passa:;e Hith-

out growth regulators this patter'h of change was riot maintained. The 

pH of the minus culture medium uncleT\ve' t lit:tle change from the original 

medium pH during the second passage. 
~-~_ ... -

Acid phosphatase ü>oen;;~vme patterns and sclected gel sccms 
/" .; 1 

are s11o\-.'11 diagrantTI.:ttically in Fig,. 42 and 43 respectivcly. The JT\ost 

promincnt isoenzyme of the inoculum ceIIs \"as isoenzyme Al (sec Fig. 43). 

This dctivity and aIl othcrs arc drdstically reduccd by day 2 after 

inoculation into fresh meùiuHl in both the plus and minus cultures (Fi'g. 

42). By day 6 considerahle activity of mast isci/:'nzymcs was r:cstorcd 
,f 

and by dcl.y 8 the pattern and cl.cLivity of pl\l~~ cu1 tures wâ-'s esscntially 

idcntica1 to th,lt of the inoculum. Hinus cultures dif[crcd from plus , 

cultures in the t:rc'at1y incrcac;ed ,1ct.lvrlty o~ It>oenzyrnes DI-D2 ,mù G by 

c.by 12 (Fig. !~3-n). 

; " 

No uniqu(' 1\ P isoc.~n%yllle~) Wl're dctcctcù in mlnu s culture 

" 
\ 

"Il but l1ü.appl';1rt>ù in. hotll plu~ ,llld 1I1inu~ cullures, but in the C,lSC of 

Lhe lllinw. culL\ln'~ Lb\' lSOl'!1LY1l1L' p,ltL0rIl<' \>J(Tl' no! rc~;t(}red by day 20 . 
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A compar-atively s,rlliül ~1l)!ount cû.AP aClivlity in the 
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Al-A2 wu'> dclected at tbç end of the secom} passage , , 
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Fig. 41. 
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Change in 
1 

the pH of the me_m for cu1ture~ grown ·~ith 

and without grO\vth regubtors' (plus and minus) during 

t~o consecutive culture cycles. Day ~welve 

the point of inoculation into fresh medium. 

represcnts 
j """ \. 

The pH of . 
, 

the medium Was titratcd ta 5.~-hefore autoc~aving. Each 

~mDll dot represents the average of five repllcate 
• 

cultures. 
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Fig. 42. 

/ 

. ' 

(' 

Di agramrrw , r. c representation of the patterns of acti vit y 

of AP isoenzyrnes frOm cultures gro\oJn with and Hithout 

growth ~cgulators (~lus and minus) [or tHO consecutive .. 
cul ture cycles. Numbers at the to B of the gels denotc . 

the day of sampling. Day 12 répresents the point of 

~reinoculation inta [resh medium. The amaunt of 
" 

activity is represented by band intensity ca1culated _ 

as the average of at least threc separate ex~riments . 

-- ~- ~--- ---- --~ 
i 
\ 

0, 

• 



• 

cl 

• 

.. 
::t -

- 0,; 

ut, 

::t 
C --

"_ IlL _ .. "_ -, . 1 . fit CIOII-

OMo. AG '" • C ÏJ C C,C • 

~: 1;; li'i 1, )1 1; L...----- " =. l 
. ~: 1: j. 1 il Il.j r--,v--Tp 

~i 1;; i:1 1 [1 II] L--I ___ ---r.~IJ 

'~i :i!i liil .11 i] 111111 L--I __ --'-'-I:_~::I~!) 
) !. \ j( 

! L [ i:l !! 1 ____ 1 _______ 1 ~! l_--,-,-: 1~1 1 

"_ .. ..... fit CIOII.-
OMo. GG " • C cc " • ccc 

~I ln )11 1 il 11 ~ ~ ,) o • .!----

, 

'g! 1;;'::1 1 iill~ 1 II ,II :~,;::~ 

co 1 1:: i: 1 1 : i 1 ~ 1 .j !. : il -;-1 L:=IJ 
• 

,.., L-___ _ 
,~ 

, ! 

"'" , 

,.------.---~" --------r-, __ ,,....,.., ~ , , - ---r----'-r-l
l 

N " ' l , ,: J , -~---- ~. ~~st-~ . = I~~ ~~---~..:._----'-'--. ,< 

o 1"-- I-;.---;-'--'--~ , l ", ' .. ' 
• l __ 1 J __ L_,~~ 

o • 

1 ./ 

\ .. 

. .. 
, 1 



113 
, Of ," 

\. . \ 

Fig. 43. 

" 

" 
; 

-'. 

J 

o 

\ 
\ 

.. 

,1 

\ 

Tracings of AP gel scans. Scans fori plus cultures" 

are drawn with a solid line and minus cultllre' scans 

with a dashed 1ine. ~-

A. inoculum 12 day eyële 125 

B. 12 day cyclb 126 

D 

" 

" / .. .. 
~,.I-' 

/ 

, 
<' 

"0 

-' f 

\ 
.:. 

~ 

• 

.1 

1 f" 
t 

" 
• 

• 



• 
r 

2.0 

>.15 1- . 
-
U'J 
Z 
W 
C 

~ 
1.0 

ct 
-'" (J -1-

Q. 
0 

0.5 

• 

1 
Acid 
Phosphatase 

.-

Dl 

A 

TO 
,'> 

". 

A 

Al 

G 
r, 
" ,', , , , , , , , , , 

1 , , , ( 

1 
, 
1 , 

1 , , 
1 , 
1 rJ , , , 
1 

, , , , , , " , t-, , 
1 , 

• J , , 
1 
1 , , , , 

1 

ANODE 

Dl 

r~ 
: 1 , , 
" , , , , , , 

D~ 
1 , ,.., , , , , , 
1 1 

1 
• 1 
1 
1 . 
1 1 , 

1 
1 

1 1 
1 1 , 
1 
1 

1 
1 , 

B 

Al 

• 1 
1 
1 
1 , 
1 
1 
1 
1 
1 
1 
1 
1 
1 , , . 

1 , , , 
A2: 

, , , , , 1 , , 
1 , 
1 , 
1 

r , , 
1 , , 

• 1 
1 
1 
1 
1 

~ , 
1 1 1 1 " 

A3: . l' 
C • " , , , . ;'tJ , , 

1 jI • • 1 
" 

1 , 
: ': 1 , , • , 
: , , 1 , l' li " 1 

:' " l' r , ( , , , ., , , 
'\.J , , , 

',' 



• 

• 
( 

• < 

6) Leucine Amjnorcplidn~e 

The chctngC' in the. activiLy uf LAI' exprl'sscd per mg 1 soluble 

prol~in ur per grelin [rc",h \vcit;ht is shown [or cells grmvo with and \vith-

out grolJth rcgulalors in Fig. t~4. The LAi' aclivity of plus cells on a 

[rcsh Ivei~ht bo./iS incrcclsed to t\oJ~ce tklt of the inoL,llum by clay 5 ano 

thcn dC'creascd to rCJch inoculll1l'l levels hy cLlY 8, \Vhere<]'" Li\P activity 

L'xprcsscd pcr mg soluhle prolein shOlJeù only <l sli[;ht peo.k on dlly 6-8. 

The LAI' actl vit y of mili~s cultures cxpres scd per mg soluble 

protein or per gm fresh Hcight ùecreQscd \vith inocula ti/on into fr.esh 

j 
mediwlI anù then incL'cnseù sh:uply [rom dGY 4 ta a lTIdximum on. ùay 8. LAP 

1 

activiLy then decreilc,cd bul by ùay 12 \JQS nw.int~incd at higher levels 

th.::m in plus cultures. 

lAI" isoell%yme pGtterns drç' shOl!l1 dia::.;raJ1un-ltically in Fig. 45. 

The ÜO(\llzymc pdttcrns did not clltlnge grc,llly ùuring the culture cycle 

anJ tll1ls arc' not ill\1~,traJ.-eù extensively. The incre.3.scd, inten"iLy of 
~ ' .... 

sorne bande; and tlw occurrence of i"oenzyme E not present in inoculurn , 

cells rcpr0scntcd the only changes. Th0 appe<lrance of isoc'nzyme E may 
1 

l ' 

. account [or LIl(' incrco.sccl LAP activity. Tlie isoeÏll'J)'me p,ltterns o[ plus 

'and lmnw; culture" \vL'rc esc,cnLi <Illy "im; 1[11'). llO\Yevcr an clevated lcvel 

of isoel1%y'lllL' E Iva~ ~ecn to pcrsist in Jflinl1~, cultures. 

o 
During Lh(' '-;('C(md p.:t<"S<1f,L' the.' .:lctiv i.ty ,1I1d P,lt Lel~n of LAP 

\ 
~s()cn%yl1lCc, \vab idC'IlLic.tl ta tllat of the [ir"t pa~~"lgc. ,Tite lll},nu5 

cuILun~~. hOlvL'Vl·t-, sllOlv('d pL'n,ic;tL'ntly much higllc1' levels of LA!' ,lcti~ity 
" ' 

Lhdll plll" culLun's) but' c.,1t()\i~d' litLll' flucLu,lLion in dct i vit Y • The 
< 

V 
1 

J 
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change from day 12 ta 24:'0 !.J\P activity was not dcLcct.l111c in the 

m1ùium of plus or minus culLurcs a.t any tirne. 

7) Glutam:ltc-oY.lloacPtDtc Tran~,arnin;]sc 

but 

-t ;-- HeasurC'ments of the tlO)tal activity of GOT wcre not made 

cs~im~iOr of the activity from band intensity on staincd gels 

11-5 

inclicatcd that acti vit y in boLh plus and minus cul turcs was lowcst in 

inoculum cclls and highcs t in clay 4-8 and 16-20 cells. T!~c GOT isocnzynHY--

patterns a.re f->!lOwn in Fig. 45([ -f). The pdtt~rns of GOT isocnzyrncs 

changed li ttlé ùuring the culture cyr'le, the grcatest differcnccs werc 

eviùcnt betwccn clay 6 and day 12 cultures). 'Plus and minus cul ture -
- * ~ \!iJ 

ïsoenzynrc patterns cliffcrcd only slight,ly i~-'~' q'lantitative manncr. The 

actiVity'and i,ocnzyrnc pattern' of bt plus and minus cultures cluring 

the second passdge werc cSbcntL1l1y /thc < sa.me aS the first passage. 

\ 

r 
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Fig. 44. 
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Chaqges in activity of LAP pcr mg soluble protein and 

per gram fresh weight-.,of cultures grown with and wi th-

out growth regulators (plus and m~l,1us) during culture 
/" ç -
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o 
Fig. -tf.-"":~;:;.-' Jjiag~ammatic rcprcscntation of the patterns of activity 

. . 

of lAP and-' GOT isoen7:ymes fram cul tures grm.Jn wi th' ai-ld 
. . 

without growth regulators (plus and minus). The amount 

of activity is rcprescntcd by band intcnsity. 

a - LAP isoenzymes 12 day 147 plus culture 
(inoculum) . 

b LAP isocn7:ymes 6 day 148 plus culture 

c - LAr isoenzymcs 10 day 148 plus culture 

d - LAP isocnzymcs 6 day 148 minus culture 

e -. LAP isoenzymes 10 clay 148 minus culture 

f GOT isgenzymes 6 day 148 plus .culture 

g - GOT isocm;ymcs 12 day 148 plus culture 

h GOT isoenzymcs 6 day 148 minus culture 

i - GOT isoenzymc 9 12 day 148 minus cuiture 

*, 
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HcasurC'ments o[ lOL\.i L'c,tcr.1.::Jç',.lctivily \vcre not conducted 
l"~"'~ ~"o'~~ ~,,- _ 
. ~ .f . 

bcc.:1uSC aV;JiLlble technique!, arc ,>omc\vlut st'nsiH.ve .:lnd time consuming 

(sec J,lInes ,1I1c1 Smith 197/f). EblC'L1SC ncUvity .:l~ jtlcl~cd by staining 

intensity of gels wa::, lowc!,t in inoculuIll cells and highcst in c!.ly' 2-8 

and 14-20 cultur'èt.-- -_. 
.. 

EsterJsc isoclIzyme pJtterns .:lnd H'prcscntatlve gel scans 

-' 
arc shown in Fig. 46 anù 47. It Ü, obviolls that the cslcraS0 pat~?t-·ns 

arc q~ite complicnlcd. 
~ " 

The isocllzymes have bcen laoellccl in thrCC!!,ffi<\in 
ql'" 

groups based arbitrarily on mobility charactcristics and tcrmcc!~, B, 

and C. 

Following inoculation into fresh mcdium the plus clllturœs 

showcd a p.:lttern. The predOIllin.:lnt isocn~yme 

of inocllium cclls, C2 a1ll1or,t v.ui.ü,hed cOll1plctcly and the previou~ly \Jeak 
" 

,1 i socnzymc , and B2 incrcasctl grcatly. From clay 2 lo day 6, <luring, 

the pha!'>e of cclI division, the numher of lsoenzyll1cs of the ;, and 13 group 

continucd to increasc (sec Fig. 46, day 2-6, Fig. 47, D and E). As the 

cultures a1;cd the prmnincl1ce of isoeÇlzyme!'> of the A and B gro,up diminühcù 

with the COIlGOmitd,Ht incrcJ.sc of ü.oen.-:yme C2 (Fjg. 46). 

Cul turcs th,lt \oJcrc trnllS [errcd into minlls medium very saon 

shO\Jl'd thc' incrC',l',(' !.JI the ~ ,md 13 group ir,Ol'llzymcs but in contras t to 

-/ 

plus cu] t-ure:; lIlaint.llned con~oidl'y,IJ:] e C? activity. A.., \oJJS thc'c.l!'>e [or 
... "'~-~--

the plus cullurC',> d<1d it iOII:d A .lIld B Group Lsocnzymes apPci1r('ù dur lng 

~(' rc [rl' 'Ill clll <1ll,111 t L ta t 1 Vl' cl if [en'llCC", hl' l \Il'(~ll plus al~rl minu!, cu Il ure s 
~ 

,lInOIl!'. 1IH' i hOt'n .. yllll'h of LItt' A ,lIld 1\ group lHlt tilt, rn,tjor di: f f en'Ilcc' IH'l \oJcen 

1 

\ 
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t, 
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pluf, and JIlinu~. '''as 

1 
Dur i ng lhe f,ecol1d petS s.lge miiiup cul tll~'f" as W,lg the case 

f 

for :rlu~ cultures, dlO\vcd lhe il1crl' l:.e qncl thl'11 decrc,lsc j Il Il\lmocr ml'cl 
\ 

"..---- a..ctivity of A ~lnr,J B group i',OC'l}~)rnC'~>. The patlern~ of, chang(' \vcre 

.... 

-" 

• 0 

1 
" .. 

. ' . 
) 

... , 

r-.--

... .;e-'" y-.c ~- ._--~-:..-~ ..." .",. 

siIfLilar tn the 'fil"!->t p,lf,~;.lgl\' C'xcC'pt fol' the sud den dC!crca<;e in nlinus 
'-

cultures' of isoel1%ymc C2 al1tT"its subsequent disappearaI1cc'-âftclo, clay 20 
J-

(Fig. 46). 
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Fig. 46. DlagrLlllun.atic repH'sen~dtiol1 of the patterns of acU '{ity 

" of estcrasc isocllzy!]leS from cultU1;es grovn with and 

i , I"l\ 
withQut. grü\vth rcgukttors (plus and minuts) [or tvlO 

\ 
~onSl utivc culture cycles.' Numbors ,at the top oB 

~ . 
th -gels ùC'note the; day of ~a:l1lp1ing. Day t\ el ve 

r 

rcprcsC'nts the point of rcinoculat ion into, frcsh 

tncdium. ,. The affiount of activity i5 rcprcscrltc.d by 

, bcl.nd, intel1sity calculdtcd from'thc average of at least 
. " 

1 . 

\ 

Il 
" , 

.. 

" 
" 

'" • 
. , 



• 
....... t t-, -

/ 

" 

. ( 

\ 

• 

\ «'1- " '" .., 

... ~~. 0 ,[ ..... "._ • ~ :.-J 1 

.-
l'Ir< 
111111 r--- -. III 

J- -- - -- --- L 
1 

~ ~ ~ -1'-- ----rnr -'-'--' --Jo [-- ~--- -~-_. ,], Il 
.. _~_"- __ 1. _____ ~ __ ~~..L_ _ ___ ~ _~ _...... l 

l. 
"'~ ... 
4;CC 

~ ·.,~I 
l 

;. 

III 
1 L ___ ~~'~ ___ JJllI~ __ 111[, : 

"'~., ... _ ... "'."'«'1 ",~"'«'I 
~4;4;4;4; Co) 111111111111 '4;4;4;~ 

l::Ir!:: =l 1= 1 _~DJf- -__ -'rJ~~ - ~ 

-~ [~~-- , . ------..-,11 ~_ ]][ [-~--r- -~~]J],- --I~I·,. --.. ~ 

[--t=~ __ ~-_n-~-___ Il 
~ L ~_~I=._~_~~' _' 1 1:;" 1: ____ ~~_~~ -1 .. 
~ r -".~ --~' 11-~2" 1 [-j ~--ar-: --111T~- .- 1 .-

L" ._l.. __ __ ~ _~ .4.-' a_,... - 111. ..... '-1.1 

, 

~ :_~-~ Œ~ ~II 111~h~ [~~]~_~. _ J~[, 
.. .. .( . 

-0 
\ v--

0 

~ , 
~ l, 

... .,.,fIe • ..,."",..._ ...... 1 .. ,.... ...... .... C"'-

U, -. '-~ _ ~ii ~ __ -~ j]Û~_ ~ _-] r- ~B:!· ~~llil~ 

- 1 

... «) , . \ 

_I ~-'--IlI[~-~J \ ~ l,. :,n~ 

.- J -II 
.... 

III 

, , 

., .., 
~ 4; 

[J l T 
L 

,1.:,: 
>0 ., ~.., 

4; ccc 

',11:' 
\ 

01[, 

1 

J 

-, 
, 

"J 

'1 

.;. 

" 



121 
--~--~ -, ' 

l' 

,. 

------ Fig. 47. 
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tj!1i 

tracings of esterase gel SCJns. Scans for plus ïtur0s 

minus culture scans \Vilh ar'c' dra\rn Vlith a solic1 1ine and 

a dashcd 1ine. 
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Sp('clropllOl ('''It'lr 1 C I1Il',I','llrl'llIl'l1l', nf' rn,t1 aIl' ,\1](1 glul.lill.tl(" 

d('hjdr()g('n~I:,C condllcl ('d hy COilVl'llt 1011.11 lIiCLlIO<!" ,(i. e •. tIlt' incn'.l',c ln 

.lhSOl"1>dIIC<' of NAD ,Il 340 !lm) \,1('1'<..' Uil',llccc",!,ful Ui;-iil~; lhl' ',oluble pl'otcln 

::,xtract prcp;uc(} for clcctrpp]](\n:'>j c,., EV;llu":ltlon of the in tl'll' l.ly o[ 

sLllning On gel:; ho,/C'veT, ÎlldjC,lLL'd t1wt HDII acLill'Ïty vl,l', highl:c,l in 

1 ~ 

cultures frol1l Jayo-. 2-6 .::tné! 1/4-18. 

A.., Wei!, thl' C,tHC [ur cs tL'ra~,e, tmII p,ltU'ril'> sho\/('d s l r j king 
Il 

In the 

Case of plus cult\lres isot'n,yme: G \vaS seell ta '3pUt into t\.,ro peaks [01'111-

" q 

ing isoen7.ymes G am't.;>F, ,~th(""...,...elall v~' lllohi lU)' of isocr1%yme D ch~lJlged 

consistently in lhe dirl\ctinn of the a'nüc1C' ,::l.lld fo'r purpose!; of idcnt - . 

ifiCcltion is nal'Ic<:! i."OCl1z:'llle B. AddItio!1iÜ~Y on dety 2 the' appeaLlIlcC 

of isocnzYI,Il'S A, H, l, and J \'cn' dC'Lc'cted (s('(' Fig. 48, 49). lc,oc'nzymc 

> \ 
A \vas most proPlincnt on c1.ly L~ elftCL\'hich tille it dl'crc<1scd quickly and 

by ùay 8 lhL' toLll r-mn pattern \VilS SCC'll to change h<.lCk thnt of lhe 

inoculum. 

The P,tttcl"n o[ changc of l'WH in minus cul turc>; <11.[ Iered 
.... 

from plue; cultul"es in man)' \V.ly~. InitLllly. a[ler f,ubcllllurC', mInus 
, , 

,,' ,- r 
celis c,hO\JC'ù l1l\lch 'gl"l'.:ltl'; }fUll acLivily th,lIl cCluivdlC'11L pll1~, clilLllr~'" 

'),) 

but â\e p,lllelïl cll,ll1gcd ll'sS strikingly. ISOC'IVylilC G \I,\S nol so st~.·mgly 
V-' , 

/ 

otO\vdnh. lh(~ ,lJlode ,md j!, ',D dL'si i~n,lt('d C [or id'c'llli [Le,ILiol1 d,Hl Ü,ncn'.yl:lC 
• , 

A [allL'd Lü OCCllr ;tL ail. A'. \Jd'; Llw C,l!,t' \Jith 1'111'" c\lllLln~', ,lfter ti.ty 

, 1 

{ 

t 

. 
o 



• D\lrlll); tJj(' ~:('C()l1d /,.1',< ,1;;C il! lIlillll', cullul'(' nilil dcli.vily ·~".l·, 

i~Ol'I1/.VTill' p:llt('lïl 11uIl l'qui v.llvlll pli\'. cu-llur(':,. By d:ry :~() thé' mi 1111 ,; 

cul LlIrl"; ',hm'cd nlllOl('j'()\IS hdlld ... of l11inor activLty ',Ull1l' (l[ \'11 li ch 'illcl'l'.I·,GÜ 

'in. [,lr('ngll! ~l1Ilil hy d,l:;' 2/j Llll' llllml', culture p.lltel'n, dUl' to Lhl' pn",l'IlCC 

o[ if,ocn?:yrnc', J), C, F nlHl H, Iv;tS cow,idcrdhly diffcrclll th,ul lhat of lhe 

10) 

Th(' ch:lJl{~ ('s in p.llll'rn a [ GDII i S\lClli.)'IIICS dl' C pl" Cf, en ll·d in 

J{eprescnLltive gel SCdllS arc shown in 

Fi~. 50. The G])lI aclivity of inoculuill cullures con..,i..,led of [ive. l)r 

six c1o"dy m i ;~rdt Ln;~ b,mJ, l)[ 10\: [leU vit y (Fig. 50-A). Arter inocub:tion 

inlo [n~,h J1lldillLl hc>Lh "lu(, ilnd minll'> cul turc'; sh()\ cd ,\ Ùr,11,l.ltic ,,1)] [0; 

in isocn,:Yllll' profil(' [rOI.1 L1w r:hll'(' :,1 ovly migraU Ll;~ D, E, F i socnz,)'ll'l.'e; 

to thc mort' ,quickly migr:1ting A, TI, C i ,,0<.(117)1'1('5 (eùnsult Tables 3 anù 
q \ 

4, Fig v 50). ily d,ly 6-8 i soc'!lzymcc; D ,:md E incrc.lc:er1 Ül activity ta 

rc~eh lllr,hcst levcls on, or lù',lr, J,lY 8. As GDlI act-ivilY dir.lini"hcù 

\vilh culture age lhe .lctl.vlt) of isocn'-:Yl1le:, A :md B ,1Sé,l1mCÙ very 10\'; 

lcvl'l S. ~lillllS cu] turcs diJfl'1'l'd [rom plue; culLt,Il'C'S in a <;ollll.'lvlwl ~lO\Jcr" 

trall',itll))l [roll! thl' :,lo\<'<':L" lo LI<,tlT migr,ltLJl;', i:,o('n:';Y"ll [or!ll~, ,U1"J a , 

, 

'l'li:' i~,~/:rlI1l' p.lt Ll'nl ",)f Iilillll<, Cll1lllJ'l'~, 
, ~_. ;:.~~ 
uf plu"~ ·cl!lllll C'! •• lftf r d.l)' 2() (',Cl' 'l'dhll' 

bl·C.lll1é 

• , , 

. .,,' " '" 
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Fig. 48. Diagran@dlic representation 

isocn,zyl'1Cs from cultures grO\oJn \!ith and withmft g,rowth 

rcguLt'tJrs (pius an~1 min~-~.)- -[or t,vo consecutive 

'culture cyclC'f;. 
,.. 

Numbers dt elle top of the gels denote 
- ~- t 

the ddy o[ ~.;1mpl Ln~;. Day 12 rcprcsents the p01nt of 

. , 

1 . • 

.. r('~inocul~tlon into frc511' medium. The nmount of acti~iLY . - . . 
is rcpreScl1tcJ by kmJ· intensity .c,llculated" as the 

" . 

avera~e Gf ~t least th~ce s0parntc expcrimcnts. --
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D. The Growth of New Cu1tt!res of Root, 1lyr~cAty1 .1.ncl Cotyledon, 

Comp,trison \Jil h Esta!>] ishecl Cullurc:,) Sccdl intiS and t-ilttlre PI,lI1t P.lrts. 

1) Introùuctjon 
v 

The resl.l1t,s thus far have shawn that persistent biochemica1 , 

differences do cxist in stock cultures der:i:ved by Dr. Liau (1971) from 
, 

root, hypocotyl and cotyledon of a single secdling. This present 

section reports' re~ults f~orn new cclI cultures ebtablished from a 1.lumber 

of different seedlingsw • Th€ observations were made in order ta test: 

l - whether diffcrences b~t\Veen root, hypocotyl and cotyledon cultures 

is a gencral phenomenon, 2 - the degree of variation in the isocnzyme 
, 

patterns of èultures der~ved from the same plant parts, and 3- - the , 

possibility that the differenc~s detected bet~een cclI ~ultures are· 
> 

related to the tissue of origin. In aIl ""a total of sixty-eight sets 

of root, hypocotyl and cotyledon cultures were started from five-day 

old seedlings on Li~l:medium. 
;' 

AlI attempts ta sta~t vigorous cultures 

directly on synthettè medium were unsuccessfllL 
~ 

Cultures which showcù good and a~proximately equal growth 

from the three parts of the particular seedling.were chosen for analysis. 
, 

This Was donc for prac~ical reasons and therefore to a certain extent, 

means that the cultures were not a random sample of the bean sceds. 

Callus cultures were analysed at the end of two Or three 

- 1 . 
passages. Suspension culture~ were started in both Linu and synthctic 

medium 

medium 

uSlng first passage callus cell~ <1.S inocululll. Growlh in synthetic 

W.1S g;nCl-,dlY succC'bsful only lor coty.ledon cultures. 

" 
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2) New Callus Cultures 

,t! ,a) Morr~ho16gy , 
4 

Selected exarnples of represcntat i'\Te cells of ne\Vly 

developing callus cultures, mcchanically disp(!rsed, .are shown in 

Fig~ 5~ and 52. Ccils in gencral Mere large and highly va~uolated 

\ with highly dcveloped and intricatc networks of tytoplasmic strands. 

As is, cornrnonly thc ca:,iC with such caUu~ cui tures many' diffcren t shapes 

of celis werc pbserved. 

Initially, aU calhi's ceUs that developed were white or 

yellowish in color and the callus was somewhat soft and friable in 

texture. With culture age and after transfer to fresh s?lid medium, 

the cal lus often becarnc brown and more rubbery in texture. Selected 

celis from brown and white parts of th~ callus are shown in Fig~ 51 

(A-D) and 52 (A-F). There were no obvious differénces ir the variety, 

size and shape of celis. Great variation was evident within both white -, 
and brown callus. An obvious .difference between white and brown calius 

. 
was the large arnounts of opaque materia~ (..pos,Sibly polysaccharide) 

~ 
present on the "valls of brown callus celis. 

" 
The newIy developing and actively grmv:i{lg callu~ cells . , 

were always whIte or yellowish in color. ' NC'wIy deri ved ca11us cultures 
, . 

at first grew much more slO\vIy than the estabIishcd stock cultures. 

After the thil,d passacc, howcver, 'the rate of growth of callus cultures 

. 
incrcased with tltc concomit,:mt elimination of the brown ccUs. The ~ 

wide varicty of cclI sh.lpes' and sizes prescnt in aIl t)1C new cllI~ures 

• , 
made it impossible ta di:;tin~llü;h on(' [rOIn anotl}cr O~1 a morphological 

hasis .~ 
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In addition to thd presence of large amounts of ~aterial 
'-. 

~xternal to the c:;~11 ~:Üs, -and a yaric~y ~f un~'~,~,l1Y 
newly dcrivcd cultures showcd patterns of diViSi~d 

colIs previously now observed in the establ'ished stock 

shapcd cells, 

multinucIea.tc 

callus and 

suspension cultures. 
" il, 

Many of the new cultures showed an apparent 

chaining or budding'form of cclI division (Fig. 51-E). Multinucleatc 

cells were observed in a yariety of the newly established~callus and 

" 
~uspension cultures (Fig. 52 C-G, Fig. 57-F). However, the proportion 

o~~tinucleate cell.s in any one culture was very low. ' \ 

.. 
f / 

, . ._----. , 

.. 

-,- ... 
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. Fig. 51. 

. 
Selected ce~ls from newly established callus cultures. 

A - Cotyledon callus culture No. 2, second passage ~+ 

medium, b~~wn cells - note deeo~s of material external 

"to the ceUs. .. 
J ' 

B - Hypocotyl cal lus culture No. 2, second pa~sage L+ medium, 
\\ 

1: brown cells. 
tJ 

C - ijypocotyl callus culture No. 2, third passage L+ medium, 
! 

whitc'cells - note no external wall deposits on t~pical 

highly vacuolated flask shàped cel~. 

D - Hypocotyl callus culture No. 2; th:!.rd passag'e L+ medium, 

white cells~ typic~l group of large clongate cells • 
\ 

free of wall de'Posit~. ' 
~ 

E - Roet càllus culture No. 20, second passag~ white cells -
, 
r 

chain-like or budding type of growth • 

• 

( 

, .... 

", 

, . 

, 
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52. f 
Selected cc~ls from newly;established cultures. AU pictures 

f 
h 1 ~ 

taken with phase contrast. 
.. 

'" A - Root callus cultu~e ~o. 4, second passage L+ medium, 
o t 

highly vacuolate.d ccU with cytoplasmic strands. 
; 

B - Cotyl~don callus culture No. 4, second passage L+ 

C -

D -

medium, typical round cell. 
1 .. 

'Hypocotyl o:Altus ~o. 27, first pas1;age synthe~ic 
.. 

medium, binucleate cell. 

Cotyledob ~~lIUS cult~re No. 27, first passage ~y~hetic 
ç ". 

medium) binuclc~e cel~. 
), 

E - Cotyledon callus' culture No. 4, second passage L+ 

medium, binucleate cell from bro~ section of callus. 

F - Root callus culture No. 4, second passage L+ medium, 

j'trinucleate cell. 

{, F - Root suspension culture No. 17, firs~ passa~~ synthetic 

medium, multinucleute cell. 
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., 
b), Peroxidase Isoenzy1les and Activitv 

Because a d~fference in color of parts of the newly 

derived ca:Üus cultures may have rneant a difference in certain 

enzymatic activi tie::., especially peroxidase and P,P , prptions of 

white and brown cal lus I-Jere analysed separately. 
, 

.. • Spectl;"ophotometric mea~urements of peroxida::.e activity 

showed a variatiü~ of activity in units per mg soluble protein 

(1 unit ~ 1 ~ a.D. rer,min.). These ranged from 190-L490 for hypocotyl, . 
740-ZP90 for cotyledon and 880-214~ for root cu~tures. There wa::. no 

significant difference in activity between white and brown cells. 

The peroxidase isoenzyme patterns of new cu~res are. 

~hown 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 

o'n,e ti~sue origin showed essentially identical isoen~yme patterns. The 

only difference between wh~te and brown cells was the generally increased 

act~vity of isoenzYmes H, Land K in the brown cells. The perox~dase 

" isoenz)"TIe patterns of the r~ot, hypocotyl and cotyledon cU'ltures are 

very sü,ülar. However, root cultures could be distinguished by the 

pre<>ence of isoenzyme F, C and the separation of isoE'nzyme l into t~vo 

F 

distinct'h~nds \-1 and I-2. A comparison of the patterns of root 
• 

cultures f~om diffprent seedlings (Fig. 53 g-l) shows the considerable 
, 

variation in the occurrence of F and G. \Jhich llmits the value of 
. \ 

isoenzyme F as a useful marker of root cultures eveq though it was .... 
never detected in any other new culture type. 

' . 

.. 
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Fig. 53. 
i 

Peroxfdase isoenzyrnes of newly derived ca11us cultures. 

A. Benzidine peroxidase, composite diagrams of cultures 

a - root, w* b - root, b* 

c - hypocotyl, w d hyp6coty1, b 
0 -, 

e - cotyledon..,) w f - cotyledon, b 

B. Guaiacol peroxidase 

g to l '- root culture No: 10-w*, 9-w., ,8-w, 4-w, 2-w, 2-b* 

m - hypocotyl, composite of cultures 1-10. 

n - cotyledon, composite of cultures 1-10. 
-' 

1 • 

Perçxidase activity is represented by degree of band intensity. 

*w - white cells, b - brown cells 1 
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c) Peroxidase (polyphenolic) lsoenzymes and Activity 

The results of spectropho~ometri~ measurements of pp 

activity in newly derived x:.allus cultures gave the same general picture 

as for per'oxidase. There was no significant difference in the amoun,t 

of pp activity in extracts of ~"hite and brown caHus; the~e was 
• 

consiùerable variability in the amount of activity in the individual. 

cultures and, as a whole, root cultures showed the most and hypocotyl 
----• 

~~ltures the least activity. pp ~ctivity ranged from 220-~60 units 

( ~ O.D./min./mg soluble protein) in hypocotyl cultures, 470-~30 units 
\ 

in cotyledon cultures ,and 620-1,780 units in root cu~tures. 

The pp isoenzyme patterns.representative of new cultures 

are shown diagrammatically in Fig. 54 (a-f). There was essentially 

no dif ference in pattern bet\"een root, hypocotyl and cotyledon cultures 

and no difference between white and brown cells. < The presence of 

iSDenzymes l, J~- K and L i9~ patterns a" b' and f is consider~d to ref1ect 

peroxiJase ac~ivity (~ee Fig. 53 a-f). 

d) Ma1ate Dehydrogenase 
.... 

The NDH isoenzyme patterns .of ne\vly derived cultures are 

shawn in Fig. 54-B. The patterns of root and hypocoty1 were similar 

but those of cotyledon were quite distinctive due to the presence of 

isoenzymes D and E vlhich were not present in root or hypocotyl.< t-lhite 

ce11s a1so differed from brown cells in the irtcreased activity of 
,; 

isoenzyme H in brown cells. 
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e) Glutamate Dehydrogcnase 

The GDH pattern of a-U the new cultures consistcd of five 
. ,;" 

01." six closely migrating bands of low actiV'ity essentially id~ntical 

to the pattern prévioûsly describc3 for established cailus cultures 
c 

(Le. Fig. 4). 
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D - 0 .. 
Fig~ 54" 

... 
.. 

, 
" -, ç, 

,- A. pp - isoenzyme::;" composite ..drawing" of' cultures Noi' '1-10. 

Af~ gèls stained with DOPA. ~ 

~ 
: " , 

~ 

a - rpot, w* b rOQ,t, b* ,. 
: . , 

c - hYROé<;>tyl, w d - hYP?cÔtyl, b 

e - cotyledon, w f - cotyledon, b 

" 
,0 

", lL MOR isoenzymes, composite drawing of cultures No: 1-10 • . 
a - root, w*,' 

, . , -
b - root, b* -, 

l 
c - hypocotyl, w . d -:; hypocotyl, b " 

e - cotyledôn, w f c;otyledon, b 

-
The degree of enzy~tic activity is denoted by. hand intensity. 

Q 
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*vi - "\Y'hite cells, ~':b r brow'n ceUs 
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a) Morphology 
1" 

As was the case with new cùllus, the new'suspension cultures 

grew slowly in comparison with oider stock suspension cultures. First , 

passage suspension cultures contained many large, highly vacllolatcd 

cells. Many oi these cells may h<!yc been present j.n the inoculum u'sed 
• 1 

to start the suspension culture. Examp~s of the cell types observed 
, " 

-, 
are shown in Fig. 55 to.57. After the first few passages in suspension 

culture the cell population became more homogeneous and increasingly 

smaller in cell size. This was reported and discussed by Liau (1971). 

The more irregular cell forms were no longer common~y observed and the 

cell populations tended to be made up of groups of actively dividing 

small ceLls (co~pare Fig. 55 A-E with F). 

b) Cytochemistry 

The morphological characteristics of fir~t passage sus'pension 
t 

cells, nameIy: large size and the ease of observation of the intricate 

i~ternal construction, make the~e celis useful cytochemicai material. 

Cells were stained for a variety of the enzyme activit'ies used in the 
J 

isoenzyme studies. Typical results arc shown i,n Fig. 57 r 

Peroxidase activity was localized as a granular stain spread 

evenly ~hioughout the cytoplasm and cclI wall. Wall associat~d activity 

was much lower than that prcviously observed for stock cotyledon cultures 

and no crystals wcre observed on the surface of the cells. Staining 

for MDH, GDH and G6PDH activity gcncrally produced a delicate mottied 

-staining of the cytoplasm (Fig. 57 C-F). Magnification of the stained 

arcas rcvealC'd the activity to h<' a highly htirbd network (Fig. 57-E) • 

; \ 
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The cytop1asm djaccnt to the nucleus'often stained more intensely 

than othcr ~cas. Ce11s staincd ,for esterase activity showed a granular 
, • / J' 

d~posit sprcad evenly throughout- the' ,:Ytoplasm. Additionally, sorne 

i 

cells sh~we~ considerable esterase activity associated witlè t~"fe~l _, 

wall o!located in material oovering the outside surface, of "the ceUs. 
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Fig. 55. 
" 

culture del'ts-. 
l ' , 

SelecCed suspension • 
: ' 

A '='\Aoot. §uspe~sion culture No. 'j~ first pq.s,sage L+ medium 
• (... a'" • 1..-' ". .. 1 

• 
- typica1 population of.rou~~_ce~l~.· 

B ~ Cotyledon suspension ~ulture No. 59, first passage L+ 

medifim - round celisowith h~ghly reticulate cytoplasmic 

network. , ...-. 
• - ..... 

C - Root suspension cult~re No. 17, first,passage synth!tic 

medium - possibly a polyploid celi undergoing cell 

division. 

D - Root suspension culture No. 18, first passage L+ medium 

- typic~l young free cell. 

E - Hypocotyl suspension culture ~ 14, first passage L+ 

medium - flask shaped cell. 
, 

F - Hypocotyl suspension culture~ Stock culture 6 day passage 

97 - small group,of actively' di~id{ng cells f.or size 

comparison. 
CI 

\ 

,. 

• 
J' 
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Fig. 56. 
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d"" . ~ 
,r.F • ~, 

\? t·' ,. 
,. 

" ~ 

" 

1 

. 
Cotyledon "s~~pe~~4.on cultur~ No. 14, first' passage( 

synthetic me:~um, largè~ highly vaCuolat~~ f~aSk-~aped 

cel!.. Scale marking represents 100 microrts~ 
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Fig. i7. 
S \ ,/, 

Cytochemistry of selected first pa~sag~l1io. 59;' root, hypocotyl 

and cotyledon suspension culture cells grown in L+ medium. 

A - Root cclI stained for benzidine peroxidase - note 

. r~ticulatc staining of cytoplasm and cclI wall. 

B - Root cell stained for guai'acol peroxidase staining 

identical to A. 

C - Root cell stained for GDR activity - general reticul~e 

staining of the cytoplasm. 

p - Root 'cell stained for G6PDR activity - general -s.taining 

~f cytoplasm}~round the nucleus. 
" 

E - Cotyledon ceU stained for MDH activity - enlargèrnent of 

cytoplasmic staining. 

F - Root cclI stained for GDH activity - staining cytoplasmic , , 
, 

in nat~re but especially hcavy between the nuclei. 

G - Hypocotyl cell stained for Est a~tivity 

,spread eve~ly throughout the cytoplasm. 

granular stain 

R - Cotyle~on cells stained for Est - staining of cytoplasm 

r 
J 
1 
i 

wi tll sorne ceUs shoWling considerable staining orl,f,the ceU 
., 1 r" !' 

". 

wall s'urface. 
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c) Peroxidase Isoenzymes 

The guaiacol isoenzymé patterns of selected root, hypocotyl 

and cotyledon cultures are ShO<Vll in Fig. 58. As can be seen there i3 

a considerable ,amount of variation aIlJ0ng the cultures deri ved from the 
... -fI" !il 

same part of diff~ênt parent seedlings. Nevertheless there are 

consistent diffetences between the three cultures. "The most prominent 

d~fference is the consistent presence of isoenzyme A ~nd Band Gand F 

in cotyledon cultures, the presence of strong isoenzyme M, L, K activity 

in root and cotyledon cultures and the presence Qf isoenzyme H in 

hyp.ocbtyl c~1.!=ures. 

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. First,~assa~e callus cells inoculated 

/ . c: l . 

lnto synthetic medi:-un usually showed little growth. Hhen sufficient 

.growth occurred for isoenzyme analysi~ to "be carried out, the patterns 

of isoenzymes of HDH and pp , as we~ 1 as peroxidase, were found to be 

essentially identical in celis [ro~ ~tJ;:,e two media.' 

Analysis of the spent medi'um in. which~new suspenston cultures 

were grow9-- ~howed that cell cultures secreted or lost peroxidase activity 

into the medium. This is shown clL;lgrannnatically in Fig. 58 r-t. The 

pattern of medüÎm peroxidase from cotyledon, root and hypocotyl cultures 

are distinctive • 

, , . 
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Fig. 58. ~ --

Guaiacol peroxidase isoenzymes of newly derived suspension 
~ 

cultures. 

a - e Root cultures~( No. 64, 67, 68, 59 and 63. 

f - j Hypocotyl cultures* N(!)", 64, , ~ 7, 68, 59 and 63. 

k - 0 Cotyledon cultures* NO. 64, 67, 68, 59 and '63. 

p - Cotyledo~ cultu~~ No. 38 L+ medium. 

q - Cotyledon culture No. 38 syntheticîmedium. 

r - Root, medium peroxidase, composite diagrarn. 

5 - Hypocotyl, medium peroxidase, composite diagram. 

t - Cotyledon, medium 
~, 

peroxidasé, composIte diagrarn. 

6 

The degree of enzyme activity i8 represented by band inten~.ity. 

*grown~iQ L+ medium. 
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'd) Peroxidase (polyphenolic) Isoenzymes 

o 
The isoenzymes oE pp for newly derived suspension cultures 

are shawn diagrannnatically in Fig. 59 a ta i. The patterns of hypocotyl 

cultures Can ~ distinguished from those of root'and cotyledon by the 

presence of isoenzyme J and the absence of isoenzyme Il. Isoenzyme G, 

present in ail of the cultures f i s- equivalent ta perokidasè i~oenzyme 

l (Fig. 58). 

e) Malate Dehydrogenase and Other Iso enzymes 

Many of the isoenzyme patterns of ~IDH, 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 ~IDH ) 

and esterase did show reproducible culture specific,isoenzyme patterns 

when' the levei of activity was reasonably strong. Typical patterns of 

MDH are shawn in Fig. 59 j-l ~oot cell cultures characteristically 
, 

showed the presence of isoenz~e B not pr4 esent in !lYPocotyl or cotyledon. 

The eRterase activity of most 28 ,lay new cu~tures was usually 

so low as to make comparisons betHeen cultures difficult. It was eVid:nt, 
~ ~ 

however, that isoenzyme R was only present in cotyledon cell ~ultures 
~ . , 

(see Fig. 64). 

." 
The patterns of AP, lAP and GOT isoenzymes showed little 

variation in the'newly est4blished cultur~s. AIL newly established 

" suspension cultures exhibited a rclatively simple pattern shown in Fig. 

: 

~ 
64~5. 
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pp aad MD! isoenzymes of n'èwly derived suspension cultures 

gli'0wn in L+ medium. 

a - c pp isoenzymes from root cul tures .No. 59, 64 and 67. 
If 

, - ~ " 
cl - f pp isoenzymes fronl hYPoç,~tyl cultures No. 59, 64 

l' and 67. ~. 

, 
i pp . from- cotyledon cultures No. 59, 64 g - isoenzymes 
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4) Comparison of :çsocnzymc Patterns From Cultured Cclls With Those' 

of,Scedling and Mature Plant Parts 

a) Introduction 

A difficult aspect of a comparison of isoenzyme 

patterns from many different sources is the'problem of nomenclature. 

Isoenzyrne bands reported here have been designated in accord with 

the general principles outlined in the section on materials and 

r' 
~ methods namely that isoenzymes are labelled with caPital~etters in 

, 
order of decrcasing migration towards the front. Isoenzymes that 

occurrcd in close proximity and may possibly be related are given 
, 

subscripts of the ~ame letter, e.g. Al, A2, A3, ete. During the 
~ 

course of this study sorne isoenzymes detected in various different 

experimental conditions, although identical in electrophoretic mobility, , 

have been given different letter designations. 

In arder to make casier the comparisons between the 
\ 

many iso~zyme patterns reported in this, section, composite figures 

were first drawn for each enzyme based on aIl analyses for that enzyme 

including analyses reported in previous sections. The isoenzymes were 

then rciabelled whcn required according to elactrophoretic mobility. 

FlIrtherrnore, numerical suhscripts werc only uscd in cases where a large 

b~nd of activity, e.g. D of Fig. 60-c was also fou~ as subbands (DI,D2). 

Additionally, when the ele-ctJ;:ophorctic rnobilities of 

certain isoenzymcs_wcrc csscntially idcntical but the banding pattern 

charactt'ristics of the isochzymes were not the same, smaii case letter 

sllbscripts wcrc a[[ixed for p\lrp~scs of identification. Fot example, 

-. 

D 



• 

• 

theba~Jrg ,of guaiacol peroxidns~ isoenz~~g Gand F are differ~nt 

" • but véry characteristic in callus and suspension cultures. It is 
'. ~ --

not known whethcr thcse bands rGp~~scnt identical enzymatic activity 

and thus are labelled with subscript c for callus cultures~and subscript 

s for suspension cultures (see Fig. 60 e and f). in the same ma7her, 

it is not always certain, when comparing certain isoenzymes of stock 

cultu~es with newly derived cultures that the isoenzymatic activities 

are identical. In this case established culture bands are given, 

subscript 0 (old) and newJL:r establishcd culture bands are given subscript 

n (new). Any isoenzyrne band that differed slightly in mobility or . . 
other characteristics from the average band was given a subscript to 

• identify the point of origin of the band. The subscripts used were: 

r - root, h - hypocotyl, x - cotyledon, rn-medium, q - stem, p - petiole, 

l - leaf and y - pod. Certain of the isoenzymes of the medium could 
.> 

not be clearly equated with any of the cytoplasmic isoenzymes; therefore, 

their designation with completely different symbols as used p~~viously 
1 

was retained. 

b) Guaiacol Peroxidase 

The isoenzyme patterns of guaiac?l peroxidase for whole 

plant and seedling parts and new and establish,d cultures are presented 

diagrammatically in Fig. 60. The pattprns of peroxidase are very 
1 

complicatcd and up to 18 isoenzymes werc observed. 

" The pcroxidase acti vit y of one day imbibed seeds was. 

very low. Only one isoenzyme (K) with very low activity was detected 

in bath the cmbryo and cotyledonS' (Fig. 60 a and u). It ls noteworthy 

thnt catalase activity (oot depictcd) WdS extrcmcly high in cotyledons 

at' this time. By d,l.Y 5 pcroxidabc activity had increascd very markcclly 
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Fig. 60. 

Comparison of Guaiacol Peroxidase Isoenzymes 

a - 1 day embryo (24 hr. ~mbibed seed). 
b - 5 day root. 
c - mature root (6 wceks). 
d - root callus, stock culture, 21 day passage 53. 
e - root callus, new cultur~ No. 9, (28 days). 
f - rOQt suspension, new culture No. 67, (28 days). 
g - root suspension, stock culture, 12 clay passage 121. 
h - i day hypocotyl. 
i - hypocotyl callus, stock culture, 21 day passage 53. 
j - hypocotyl callu~, new cutture No. 9, (28 days). 
k - hypocotyl suspension, stock culture, 1_2 day passage 121. 
1 - hypocoty1 suspension, new culture No. 63, (28 days). P 

m - mature stem, second int~rnQde, (6 weeks). 
n - petiole (fVlly e~panded .leaf). 
o - leaf (fully expanded). 
p - cotyledon callus, stock culture, 21 day passage 53. 
q'- cotyledon callus, new culture No. 9, (28 day~). 
r - cotyledon svspension, stock culture, 12 d~assage 121. 
s - cotyledon suspension, new culture No. 67~28 days). 
t - cotyledon suspension, stock culture, 2 day passage 146. 
u - 1 day cotyledon (24 hr. imbibed seed). 
v - 5 day cotyledon. 
w - immature beau pod (without seeds). 
x - cotyledon medium peroxidase 12 clay passage 121. 

Peroxidase activity ls representecl by the degree of band 

intensi ty. 

Subscripts: c - 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 cotylcdoll showed distinctive isocnzyme 

patterns (Fig. 60 b, h and v). 

The scerlling, root displayed the strongest peroxidasc 
, 1, 

activity and the greatcst number of isoenzyme bands. Isncnzymes A, B, 
"-

Dl and D2 were not present in either hypocotyl or cotyledon. The 

hypocotyl and cotyledon patterns were comparatively simple with bands 

of low intensity. Isoenzyme li seems ta occur only in 5 day cotyledons 
x 

"-
~ although i,t may be cqu'ivalent ta isoenzymc w detectcd in spent culture 

medium (Fig. 60 v and x). Comparison of 5 day root with mature root 
• f 

(Fig. 60 band c) shows that the predominant changes \ith time were 

quantitative and the characteristic isoenzymes of root, A and B, were 

intensified. 
j 

Comparison of the various parts of the matu~e plant~ 

(Fig. 60 c, m, n,'o and w) shows, not surprisingly, that each plant 

part gives a distinctive peroxidase isoenzyme pattern. Although the 

patterns are uniquc, parts of the plant that are related share many 

isoenzymes in common (e.g. Fig. 60 m, n and 0). 

Comparison ?f the isoenzyme patterns of different 

'cultured cells with each other and various parts of the mature plant 

show sorne inter.esting points. Thc patterns of callus cultures are 
'" 

similar to those of suspension cultures but differ in the banding 

patterns of isoenzyme F and G (gi';'en subscripts c and s for purposes 
.. 

of identification) and the presence of isocnzY$e D in cal lus cultures 

(compa~e Fig. 60 p, q> r, s). In the case of root cultures (Fig. 60 

1 • 
d - g) older stock cultures, both callus and suspension, differed from 

\' 

, 

n('wly establi ... hed cultures. aider cultures showC'd much more pronounced 
" . 
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a-ctivity of isoenzymes A and Band much 1ess pronounced activity o( 

isoenzymes M, Land K. The isoenzyme patterns' or'the root cultures 

show c10'se similar:(qes with the patterns from m~turc and sced1ing 

r -
roots (compare d - 1': ·.tQ band c). '_ ... 

Isopefoxidase patterns in hypocotyl cultures are 

depicted in Fig. 60<i - 1. As waS the case with root cultures ca11us 

and su~pension ~ulture patterns show similarities but again, differed' 

in Gand F banding patterns. Hypocoty1 suspension cultures differ from .. 
those of root and cotyledon in the ch~racteristic 1ack of'isoenzymes 

~ 

A and B. The patterns from hypocqty1 stock callus (i)- are very similar 

to those of root (d) and cotyledon cal11f (p). In.this respect they 
r • _ ,'''' 
4.,) ...... 

a'I'e much more like the p<;J.tterns of mature ro@)t' "(ç) thaq 5 day' hypocoty1 

(h) or mature stem (m). 
,.'. " ) 

The newly deri~e~ ca!lus, and suspension cultures 

(j and 1) 1acked isoenzymes A and Band thus are more like 5 day hypo-. . 
cotyl. 

~ . 
Patterns of isoperoxidase from cotyledon cultures 

aIe shown in Fig. 60 p - t. The isoperoxidase patterns of cotyledon 

cal lus and suspension cultures are the most uniform of the three groups. 

~) 
( Ca1lus and suspension cultures again differed in the banding pattern 

of isoenzymes Gand F but cont~in~d considera~Le activity of isoenzyrnes 

A and B. In this respect, and because of the presence of isoenzymes 

K, L, M and N, cotyledon isoperoxidase isoenzyrne patterns are most 

like those of the root. The peroxidase patterns of passage one and 

passage 121 cotyledon suspension were remarkably alikc (Fig. 60 r d s) 

whereas those of root suspensions (Fig. 60 f and g) werc not, altho gh 
J 

s. with tiIue they showed a pattern similar to that of cotyledon 
1 
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~ 
Peroxidase is~~zymes were founel to change somewhat 

","': ... ~ "":. 
èluring the culture cycle;, isocnzyrne J (sec Fig. 60-t) Was present 

, 
on day 2-4 of the culture cycle. Isoenzyme J wus not detecteà at 

any other timc or in any ot~r ~art of the plant. 
\ 

, , ' 
Tge resu1ts for peroxidase agreed with many Qtper repor~s 

of plan,t isoperoxidases in that pat terns of ~eedling and mature plan. 
, 

parts are distinctive and that the patterns of activity change with 

development. The isoperoxidase patterns of cullus and suspension cells 

from any one plant part showed differences, differences were detected 

among ca1luses derived from root, hypocotyl qnd cotylédon and the 

isoenzyme pâtterns of all cultured cells most closely resembled those 

of root. 

/ 
/ 
/ 
1 

f 
/ 

• 

" 

r 

l, ' 
~, 

t 
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ë) Bcnzidine Pcroxidase 

The isoenzyme patterns of benzidinc peroxidase for 

whole plant and seedlipg parts and cultures ar~ presentcd diagrammatically 

in Fig. 61. In genera1 the isoenzyme patterns of benzidine'pcroxidase 

are very ~imilar to thosc of guaiaaol peroxidase but there, were many 

~itative differcnces in isoenzymes and a few minor qualitative 

, .. differences. Isocnzyme la was only observed whcn benzidine was used 

as a stain. 
' .. 

The benzidine peroxidase isoenzyme patterns lof the' callus • 

and suspension ,cultures were identica1 to those obtained with guaiacol 

and hence showed the same results. Ca11us culture patterns were similar 

(Fig. 61 d, g, n) whereas suspension culture pattern~ were different 

(Fig. 61 e, h, 0). It is important to remember that differences detected 
-') 

between root, hypocotyI and cotyledon ca1lus cultures were rnost evident 

on day 7-10 of the 28 day culture period and not on day 28 (see Fig. 3) . 
• 

The isoenzyme profiles of aIl three cal1uses and cotyledon suspension 

• 
rnost closely resemble the patterns of mature root. Finally the isoenzyme 

patterns of stem, petiole, leaf and pod showed more intense bands and 

a more complicatcd isoenzymc pattern when benzidine was used as a-stain 

(compare Fig. 60 m, n, 0, w and Fig. 61,i, j, k and p). 

" -
' . 
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Fig. 61. 

Comparison of Bcnzidinc Peroxidase Isoenzymes 

a - 1 day embryo (24 hr. imbibed seed). 
• b - 5 Clay t:oot. 

c - mature root (6 weéks). 
d - root callus, new culture, co~posite ,of No. 1-10, 

(28 days). 
e - root suspension, new culture, composite of 59, 63, 

64, 67, and 68, (28 days). 
f - 5 day hypocotyl. , , , 
g _ hypocotyl callus,·new culture, composi~e of No. 1-10, 

(28 days). ~ 
h - hypocotyl suspension, new cul~ure, cQmposite of 59, 

63, 64, 67 and 68, (28 days). 
i - mature stem, second internode (6 weeks). 
j - petiole (fully expanded leaf). 
k - leaf (fullyexpanded). 
1 - 1 day cotyledon. 
m - 5 day cotyledon. 
n - cotyledon callus, new culture, compo~ite of No. 1-10, ~ 

(28 days). 
o - cotyledon suspension, new culture, composite of 59, 617 

64, 67 and 68, (28 days). 
p - immature bean pod (without seeds). 

f 

Peroxidase activity fs represen~ed by the degree of bqhd 

intensity. 

Subscripts: a - i.e. la, subband of l detected with benzidine 
r , 

only, r - root, s - suspension, c - callus, h -
~ 

hypocotyl, q - stem, p - petiole, 1 - leaf, 

x - cotyledon, y - pod. 

• 

• 
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d) Pertxidase (polyphenolic) 

c') 

The pp isoenzyme patterns of cultures and of the parts 

~~ture plants 
~ 

of seedlings anù are shown diagrammatièally in Fig. 62. 

The patterns are considerably less cornplicated than those for peroxidase. 

A total of eleven-isoenzymes was observed. L--
The pp activity of cotyledon of '~:>ne day imbibed ~ 

) 

and of two day ernbryo, was very strong but only One band, isoenzyme l 

in the embryo and isoenzyme G in the cotyledon, was detected in each 

case (Fig. 62 a and t). This activity decreased ~.,ith t.ime espécially 

, '" 
in cotyledon (Fig. 62 t and u). The pp patter~s of S day root and 

hypocotyl (Fig. 62 b, h) are si.milar but: that of 5 day cotyledon is 

j. different (Fig. 62-u). 

The isoenzyme patterns of established callus were quite 

similar~ They differed mainly in the activity of isoenzyme C and 

showed the most complex pp isoenzyrne profiles detected (Fig. 62 d, i, 

p). The isoenzyme patterns of stock :;usp~nsion cultures were r<?adily . 
distinguished on the basis of isoenzyme A and B activity' (Fig. 62 f, k, 

r) • 

The mast striking clifferences in pp isoenzyrne profiles 

arc seen beth'een ne\.;ly cstablished and stock suspension and callus 

cultures (e.g. root callus, cl and e),. The isoenzyme patterns of newly 
il" 

derived cultures are much less complicated. Especially noticeable is 

the absence of isoenz;mes C and l (see Fig. 62 e, g, j, l, q~ s). In 

general the isoenzyme patterns of established cultures are unique 
, 

whereas the patterns of ne''; .. 
like thase of many parts of 

cultures are na~~tinctive 
the p~ent Plan~ 
~ \ 

and are much 

.; - ' . 
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Comparison of pp Isoenzymes 

- a ,- - 2 clay embryo. 
,b- - 5 clay ro~t. 
c - mature root (6 weeks) . 
d - root callus, stock culture, 21 day passage 53. 
e - root callus, new culture, composite of No. ), 4, 8, 

9, -'and 10', (28 days). 
f - root suspension, stock cul~ure, 12 day pas§age 121. 
g - root suspension, new culture. composit~ of No. 59, 

63, 64, 67 ana 68, (28 days).: ~ • 
h 5 clay hypocotyl. -- --~--

i - hypocotyl ca11us, stock callus, 21 day passage 53. 
j - hypocotyl cal1us, new culture, composite of No._ -'2~ 4, 

8, 9 and 10, (28 days). 
k hypocotyl suspension, stock culture, 12 day-passage 121: 
1 - hypocotyl suspension, new cu1ture~ compo~i4e of No. 59, 

63, 64, 67 and 68, (28 days). ; a 

fi - mature stem,v second ~nterno~e (6 weeks). 
n - petiole (fully expanded 1eaf). 
o - le~~ (fully expanded). 
p - cotyledon callus, stock culture, 21 day passage 121. 
q - cg~edon callus, new culture, composite of No. 2, 4, 

8, 9 'and 10, (28 days). 
r - cotyledon sus~ension, stock culture, 12 day passage 

121. 
s - cotyledon suspension, new culture, composite 

p 
of N'"o. 59, 

63, 64, 67 and 68, (28 days). 
t - 1 day cotyledon (24 h~. imbibed seed). 
li ~ 5 day cotyledon. 
v -,immature pad (without seeds). 

L 

Activity is represented by the degree of band intensity. 
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e) Malate D~hydrogenasc 

'ù 
The isoenzyme patterns of MDII for eultures and seedling 

-and whole pla~'t pa~ts are bhOyffi diagrq,rmnati"cally in Fig. 63. 

1.1' 
The MDlI isoenzyme p'al:tcrns of 1 da:/, empryo and cotyledon 

" were very strong and quite distinctive (Fig. 63 a and u). Isoenzyme 

B was only found in embryo and, in root or root cclI cultures. The 

patterns of 5' day old root and mature rodt arc distinct from those 
l ' 

/ 

of 5 day hypocotyl, 5 day cotyledon, steln, petiole, leaf and pod which 

are very' similar (Fig. 63 compare b, c with h, m, n, 0 and x). 

The patterns of c<tllus cultures are distinct from each 

other and quite uqltke any other MDH patterns detected (Fig. 63 d, i, 

p). The slo\<1 migrating isoenzymes J and K were only found in cal1us 

cultures. In stock ca11us cultures isoenzyme D was detected only 
-, 

. in callus cultures of root (Fig. 62-d). Howcver, isoenzyme D was 

--

\ 
~ - , 

·f '. -. 
detected in new1y established cotyledon ca1lus cultures (Fig. 62-q). 

ït ;ls quite remarkablc that the patterns of MDH in 
, . 

cultures arc so diversè. The patterns for suspension cultures are 

1ess unique than those for ca1lus. The patterns of stock suspension ~ 

~ 
cultures resemble one anQ-ther and in this respect are aIl similar to 

the pattern for 5 clay hypocotyl or cotyledon (compare Fig. 63 f, k 

and r \.,ith h and \v). The p.lttcrns of newly derived suspension cultures 

. 
differed from c<lch other and differcd from the patterns of established 

< 

suspension cullures in the case of root and cotyledon. The newly 

cstab1ishC'd root suspcn1>ion pattern' 't"esembled that of mature root or 

embryo (Pig. 63 g, a, c). The newly? e'itablished hypocotyl pattern 
l J • res('mblcd' 5 d.t)1 hypocotyl and st-cm (Pig. 63 1, h, m). The ncwly 



.-
. , 

" 1 _ • '. .. 
established cotyledon s~spensioR gave a pattern similar to tbe' 

< ' 
, !al. , Cl ) 

isoenzyme'patter~s of stock susp~nsion ~ultures during the division 
"" .' . 

sta'ge of the growth cycle (Fig. '63 u, sand t). 

> J 
00) 

It appears ~rom a con~i~on of these results 

initi~l1y that the suspension cultures showcè a pattern similar to 
.. : l' 

," that of the tissue of origin but with increasing ~uratiori of sub-culture 

~he patterns of ncw root and cotyledon suspension changed until aIl· 

thr~e cutturc~ wer~ similar in pattern to that of 5 d,~ hypocotyl 

1 
W i'I' 

{or cotyledon)., 
" 

'. 

" 

o • 

. ' 
/ 

/ 

" ."", 

" 
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( 
Fig. 63. 

Comparison of'N41atc, Dchydrogenase Isocnzymes 

a - 2 day ~bryo. 

l b 5 clay root. 
c - mature root (6 weeks). 
d roof: ca11us, stock culture, 21 ùay passage 52. 

e - root callus, new culture, composite of No. 2,4,8,9, 

f 
g 

1'0, (28 days). 
_ root (9Uspension, st6ck culture, 12 day p~ssage 141. 
_ root suspension, new culture, composite of No. 59, 

h 
i 
j 

k 
1 

63, 64, 67, 68, (28 days). 
- 5 day hypocotyl. 
_ hypocotyl caflus, stock culture, 21 day passage 52. 

hypocoty1 ca1lus, new culture, composite of No-. 2, 4~ 
8, 9, and 10, .'(28 days). 

_ hypocotyl suspension, stock culture, 21 day passage 52. 
_ hypocotyl suspension, new culture, composite of No. 

59, 63, 64, 67"and 68, (28 days) . 
m - mature stem, second intcrnode (6.weeks). 
n - petiole (fully expanded leaf). 

'0 - leaf (fully expanded). 
p _ cotyledon cal1us, stock culture, 21 ~ay passage 52. 
q ~ cotyledon ca11us, new culture, compotite of No. 2, 4, 

8, 9 and 10, (28 days). ~ 
r - cotyledon suspension, stock culture, 12 day passage, 141. 
s - cotyledon suspension, stock culture, 2 day passage 147. 
t~- cotyledon suspension, stock culture,.4 day passage 147: 
u - cbtyl~don suspension, neW culture, composite of No. 59, 

63,64, 67 and 68, (28 days). 
v - 1 day cotyledon (24 hr. imbibed seed). 

o • 

w - 5 day cotyledon . 
x - immature .pad (without sccds) . 

... 
Malate <dehydrogenase activity is represented by the degree of 

.band intensity. 

• 
/ 

-

• 
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f) Estcrase 

The estcrase isoenzyme patterns of cultures and parts 

of mature plants and seedlings are shown diagrammatically in Fig. 64-A. 

Up to nin~teen isoenzymes were detected. 

As Was the case with other enzyme systems discussed 

so far, the different seedling and mature plant parts gave different 

isoenzyme profiles (compare Fig. 64: a - embryo, g - 5 day cotyledon, 

b - 5 day root, e' - 5 day hypocotyl, k - leaf, 1 - pod, m - stem 

and n petiole). 

As can be seen from a comparison of c, f and h the 

patterns of stock suspension cultures are distinctive 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. Isoenzyrne R is found in 5 day cotyledons (g) and 

in the immature pod (1). In this respect the presence of isoenzyrne 

R may have potential value as .a marker enzyme for {otYledon suspension 

provided it is recognized that isoenzyrne R was ver\ low in activity 

during the division phase of cotyledon suspension gro\th cycle (compare 

Fig. 63 h and i, Sec Fig. 46) . 

g) Acid Phosphatase 

The acid phosphatase isoenzyrne patterns of cultures 

and parts of the mature plant and secdling arc~. shown in Fig. 64-B. 

A total of ninclcen isoenzymcs was detccted. 

The strongcst activity and the most distinctive pattern 

were fouud in 5 day old raots (0). Isoenzymes D, E, Il and, l 'W~re not 

\ 
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, .... 

detected iwany other plant part or cultured c~lls. Comparison 

of, the,pa~tern from mature root (p) with that of 5 day roots (0) 

shows sorne very striking changes with development. Isoenzymes 

C, D, E, H, 1, M and Q disappeared and isoenzymcs Sand R were 

formed. The latter were found in considerable amounts only in mature 

roots. 

The isocnzyme patterns of 5 clay hypocotyl (q) and 

cotyledon (v) are very diffcrent from that for 5 day root. The 

pattern of 5 clay cotjlcdon (u) is very simple in t~at only one major 

" t 
band (isoen~yme A) was detected. 

The AP isoenzyme patterns of mature leaf, stem and 

petiole are complex but neverthe1es~ ver~ simi1ar (compare r, s, t). 

". 
As previous1y described (Section IV, B....a)..",,,the AP isoenzyme patterns 

\ 

of root, hypocoty1 and cotyledon suspension cultures were found ta be 
> 

essentially identical. A typical pattern 'is shown in Fig. 64-v. 

Comparison of this pattern with those for clifferent parts of the plant 

or seedling shows that the 12 day culture pattern ls most like that 

of stem (r) or petiole (s). It must be remembered that the AP pattern 
r 

, 
is known "ta change considerably during the growth cycle and ta show 

very low 1evels at sorne points (see Fig. 42). All of the newly derived 

cultures shO\vcd low lcvels of AP and the simple "pattern as shawn in 

Fig. 64-w which 18 rcprcsentativc. 

.. 

,-.-~-- • " ' 
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1 l" Fig. 64. 

"Cornparison of Esterase and Àcid Phosphatase Isocnzyn'lcs 

A. Esterase 

a - 1 day ernbryo (24 hr. imqi~cd seed). 
b - 5 clay root. 
c. -. root suspension, stock culture, 12 day passage l2l. 
d - root suspension, new culture No. 67, (28 days). 
e - 5 clay hypocotyl. 
f - hypocoty1 suspension, stock culture, 12 clay passage 121. 
g - 5 day cotyledon. 0 

h cotyledon suspension, stock culture, 12 day passage 145. 
i - cotyledon sus'pension, stock culture, 2 clay passage 146. 
j ,- cotyledon suspension, new culture No. 67, (28 days). 
k - 1eaf (fully expanded). 
1 - immature pod (without seeds). 
rn - mature stern, second internode (6 weeks). 
n - petiole (fully expandcd leaf). 

B. Acid Phosphatase 

o - 5 day root. 
"­, , 

p - mature root (6 weeks). 
q - 5 day hypocoty1. 
r - mature stern, second internode (6 weeks). 
~ - petiole (fu11y expanded leaf)., 
t - leaf (fu1ly expanded). 
u - 5 day cotyledon. 
v - cotyledon suspension, stock culture 12 /day passage 126. 

~" w - new suspension, typfca1·pattern. 

Acid phosphatase acti vit y is rcpresentcd by the degree of 

bbnd intensity. 

, 1 
1 

.. 

• 

( 

1 

• 
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h) Glutamate-OxaloaceLate Transaminase 

The isoenzyme patterns of GOT [rom cultures and parts 

of seedlings and nlature plants arc presented in Fig. 65-A. Compared 
1 

with the many other enzyme activities studied GOT patterns were 

relatively simple and remarkably unifonn throughout aIl the tissues 

and cultures studied. 

Isoenzymes C and A occurred in aIl samples analysed, 

isoenzymQ D appeared in root hypocotyl and stem and isoenzymes E and 

F in intact cotyledon only. The iS0enzyme patterns detected in cclI 

cultures, both old and new, were essentialfy identical and equivalen<t 

to enzyme patterns of the parts of the mature plant. Isoenzyme ,D was 
po 

Jlot present in the 12 day cultures 111ustrated (h) ~ut was detccted 

in 6 clay cultures (Fig. 45). 

i) Leucine Amino Peptidase 

The LAP'isoenzyme patterns of cultures and mature 

plant parts are presentcd diagrammatically in Fig. 65-B. As ~as the 
/ 

case for GOT the isoenz)~e patterns of LAP were relatively simple with 

aIl tissues and cultures examined. 

Isocn2ymes Al and A2 were present in aIl but 5 day 

cotyledon (t) and 5 clay hypocotyl (n) and boenzyme D was present in 

-
aIl but mnture root (k), petiole (r) and'new suspension cultures (x) . 

• 
The ,ost complex isoenzyrne pattern was observcd in 6 day sus pension 

~ cultures (v). A total of six isoenzymes were dctected, one of which 

(G) was only obscrvcd in '6 clay suspension cul turcs • 

.. 
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,.- . 

The patterns fram' the cstablished culturcd cells arc 
. 

similar but aIl resemble the pattern fram 5 day root rathcr than from, 

hypocotyl or cotyledon. This is bccausc of the absence of Al and A2 

in 5 day hypocotyl and cotyledon. Thus only the cèll cultures from 

root gave a pattern .,similar to that of the tissue of origin (compare 

u, v, w, j, n, a-nd t). 

cases simply 

most ClO~~Y 

" 

-, 

The isoenzyme pattern of newly derived cultures in aIl 

consisted of isoenzymes Al and A2 and thereforethey too -
resemble the pattern of root. 

• 

, . 

-q , 1 
/ 
1 , 

! 1 
i " 
1 
\ 

, , 

L1 



166 

.. 

.. 

! 

, , 
of G1utamate-oxaloacetate Transaminase and Leucine 

Aminopeptidase ~soenzymes 

A. GOT 

a - 5 day root. 
b - mature root (6 weeks). 
c - 5 day hypocotyl. 

'1 .1 

d mature stern, second internode (6 weeks). ' 
e - petiole (fully expanded leaf). 
f - 5 day cotylc;qon. . 

" 

g f 1eaf (fully expanded). ~ 
h - cotyledon ~uspensiort, stock culture, 12 day passage 148. 
i - new suspension culture, typical pa~tern. 

B. LAP 

j - 5 clay root. 
k - mature root (6 weeks). 
1 root callus, stock culture, 21 day passage 53. ~ 
rn - root suspension, stock culture, 12 day passage 91. 
n - 5 day hypocotyl. _ . 
o - hypocotyl callus, stock culture, 21 day ~~ssage 53. 
p - hypocotyl sus perv> ion , stock culture, 12 day pass,age 91. 
q - mature stern (6 weeks). 
r - petiole (fully expanâed leaf). 
s - 1eaf (fully expanded). 
t - 5 day cotyledon. 
u - cotyledon caHus, stock culture, H day Passage 53. 
v - cotyledon suspension, stock culture, 6 day passage 147. 
w - cotyledon suspension, 'stock cult'ure, 12 day passage 147. 
x - new suspension culture, typical pattern. 

; 

The degree of enzyme acti vi ty...is represented by banil intcnsitY • 

• 

\ 

• 
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V DISCUSS ION 

A) Introduction 

In arder ta diSCU$S the fundameÇltal question of whether 

celi cultures, 'der'ived from diffcrcnt parts of the parent plant or , 

se~dling, show persistent differences in propetties in vitro, and how 

such diffcrcnces, once detected, can be relatcd to the plant as a whole 
, 

J 

dernands~that many diffprcnt aspects of the problem be co~sidered 
, 

simultaneously. In o~der to make this possible the discussion will be 

presented in the chronological order in w~ich the experimentation was 

conductèd. During the course of the work a great deal of care was 

exercised in arder ta establish what are hopcfully the correct bases for 

compari son. 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 prohl~ms' of growth and difterentiation but 
\ , 

additionally provide& information fis" to the nature of the enzymes them-

selves . 
1 

. 
B) Stock Callus Cultures 

In order to establish isoenzyme patterns as l:-a5~ for 
,'. 

comparison it was necessary ta detcct the patterns during the various 

stages of the.' callus cul turc cycle sa that any variation dUG to the gro~ 
~ ,..,.ft ""',""141'<).-

of the cultures could.be accounted for. After this was donc' comp,.1ritlons .),........ . 
-.~" ' 

bctween the cultures cou.ld be made on a strong footing. 

1) Cl!élngcs During The Culture Cycle 

... AU cnzym('s studicé1 in callus cultures, with th!; possible 

cxcçpl ion of c-<l~alàse ,r undcrwcllt changes during the growth cycle. Enzyme 
, ._ a.. __ r .. 

levl'ls arc knmvl1 to ch~tnr,c during tü,sue cullur(' cycles (De ... J.ong 1961; .. 
" 

\, 
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J) 

. OIson et' dl 1969; Simola and Sopanen 1970, 197,1; Gopping and Street 1972, 
, 

Thorpe and He~er 1973, Harland ct al 1973), but relat?ively little 

attention- has been paid ta isoenzyme changes. , 
~~. t 

~, 

0 <" . , 
The present study shows differences irt nurnber and development, - " , 

during the s~andarod cuolture cycle, fo"&' isoenzymes of Per, LAf., and':GDH. 

The isoen'zyme patterns \"ere' seen ta d'bange the must as, aalluS entered a 

phase of vigorous growth (day 6-14) afte~ subculture,! The pp 
') , 

isoenzyrnes underwent only slight changes-during the culture cycle while 
, . 

"- l'''~~ ...... 
the patterns of esterase were often ~oo weak and tao variable ta he classified. . , 

• 'l, , 

GDH isoenzyrnes changes after ~uhculture from a five ta a one banded pattern 

andDthen in time returned ta t~e five handed pattern iu aIl three'cultures~ 

2) Differences Arnong Stock Callus Cultures 
:-., 

In addition ta the occurrence of chan&es in particular 

" 

isoenzymes ~uring the culture cycle, differences bet~e~n the three cultures . , 

" 

were established for complements of Per, MDH, and LAP. Isoenzyme patterns 
.:. 

of pp were cssentially identical in aIl three cultures but clear diffcrences 

in the levels of certain , isoenzymes were dete~tcd. The isoenzyme patterns 

.' inJll1 apd of GDH .::md Gat were the sarne three cultures in the case of Est 
, 

no culture 'spec~fic patterns were deteèted"simply as'a consequence of the 
-

low actlvity of esterase. 

C) Stock Suspension Cultures 
~'- ' . , 

1) Comparu.on \.,rith G,llius Cultures ,and C@mparis<;?n of ,12 day Root.' HypoCQtyl 

and Cotyledon Cultures .. 

Cornparison of the isoenzyme" ~atterns of suspeh&ion cultures. 

with their counterrart callu~ cultures show.s that patterns' of certain 

enzymes, Le. GDH and L\.P, uere very bimilar in: both types of, cultures. 

., 

.' 
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The isoenzymcs of MDII, in contras t', were completcly differcnt in callus 

and sus penc;iCltl cul turcs. On the other hand certain of the' fas ter migrating , 

pcroxidasc_isoC'nzymes 

and -callu~-.c.ultures, 
arc readily identifiable as present in hoth suspension 

but certain of the more slowly migrating isoenzyrnes 

are quité distinct. 
j 

As was the case [or caHus many (up to 7) GDll isoenz~? 

wete detected. Seven banùs of GDH aClivity have been shawn with carrot 

suspension cultures (Lee and Dougall, 1973) and various plapt tissues 

(Le a and Thurman, 1972; Pahlich, 1972). The lack of extractablq GDH 

activity" from bean cclI cultures using NADP as cofactor is in contrast 
, 

to results with carrot suspcnsio~ cultures rcportcd by Lee and Dougall 

(1973). An unusual phenomenon wi th the GDH from be311 cell cultures was 

that the gels incubaLeù \Vith NADP after electrophoresis showed no banùs 

but subsequC'nt incubation'in a reactlon mixture containing NAD gave normal 
, t. 

staini~g. It is difficult to givc an explanJtion for this, howcver, 

relâtively little is known about higher plant GDH. Glutamate dehydljogenase 

has been reviewèd recently by Goldin and Frieclen (1971). 

PerDxidasc as weIl as other enzymes, (at-amylase, I.A.A. 

oxidase, acid phospliatase, pectin methyl es terase, ribonucleabe, ascorbate 

oxidase, and p-galactosiùase) have been detectcd itt' medium in which pLmt 

cclI cultures have been grown (Straus 

, / 

and CampJ~ell; 1963; Jaspar::. a!~cl Vcldstra~ 

1965; O1,on ,.t"~ Y""Joka et al 1969, 

1972; SriwlsLlva and V.lI1 lluy,;tee 1973). Of 

---__ .1 

OIson 1971, Hisawa & Hartin, 

the many enzymes studicù 

peroxidasc \vas the only one which showcd a large amount of activity in 

the medium of su<;,\)e~ls'ion cl\ILHre~. One of the 1110C;t intercsting af>pccts 
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of the peroxidase isoenzyme patterns studied here is that the intra and 
~ 
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extrace"11u1ar isoenzymes have different mohilities and th&!: the isoenzyme 
/ 

, 

patterns for media of cotyledon suspension differ Erom the c,Orresponding 
1 

~rn, [or root and hypocotyl cultures. , 
The Peroxidase (polypheno1ic) activity detected in the bean 

medium wa~ identica1 in pattern to that of ~eroxidase. Po1yphenol oxidase , 

activity Was reported to be compar~t~lized in Phaseolus mitochond~ia 

by Anderson (1968), while peroxidase activity has heen found in many plant 

ce11 walls (Ridge and Osborne 1970; Gordon and Alldridge 1971). Therefore, 

it seems 1ike1y that the pp ,activity in the medium may be attributed ta the 

pèroxidases present here. • 

It is evident from the results with suspe~sion cultures 

that considerable differences exist, b~tween the ~u1tures, in content and 

activity of isoenzyme bands Qf different enzymes. The most pranounced 

differences were detected in the case of peroxidase, polyphenol oxidase 

and esterase. It is important ta note that the isoenzyme p~tterns remained 

relative1y unchange~ in the case of suspension cultures for a period of 

a1most three years. 

2) Cotyledon Suspension Cultures And 'The Effcct of Omission of 2,4-D 

and Kinetin. 

a) Growth, Horphology and Cytochemistry of Pcroxidase Activities 

Most plant cell cultures studied to date, nt least ta sorne 

d~gree, require auxin and possibly cytokinin for growth (Street, 1966a, b, 

./ 
/ 
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Yeoman and Aitchison 197:p. Auxin rcquirements of tissue cultures can 

usually be met by the synthetic regu1ator 2,4-D. Tumorous and so cal1ed 

habituated cultures grow without an cxogenous supply of growth regulators 

but thcsc cultures arc known to synthesizc their own (Butcher 1972). 

Cotyledon suspension cultures used in the ,present studies grew without 

- addcd 2,4-D and kinetin and hf'ncc prcs~mably received from the basal medium, 

or synthesized, sufficient auxin and sorne form of cytokinin (Liau and BoIl, 

1971, Liau, 1971). 

and kinet~ Inoculation of cotyledon cells, grown with 2,4-D 

into medium without regulators re.sulted in many marked changes. CeUs in 

minus cultures divided faste:, but stopped dividing sooner, rcsulting in 

a smaller number and fresh weight of cells than in plus culturc>s. A 

similar result w~ reported by Street ct al (1968) for suspension cultures 

of Accr p!:>eudoplatanus L. ceUs cultured without 2,4-D. 

Concomitant with the very early increased rate of growth in 

minus cultures, that is without 2,4-D, ivas màrked browning of thcsc cells. 

A similar change in color of Nicotiana cclls cultured without 2,4-D was 

reportcd by Vernon and Straus (1972). CeUs cultured here withç>ut growth 

regulaLors showcd many changes in form, most noticeable of \vhich were the 

elongated, twi6tcd cells with thickcned céll \lalls. TheBC ceUs could be 

rcgardcd as bCing more highly diffcrentiatcd than the ceUs in the plus 

medium. Very similar cells h.lvC bccn rcported rcccntly in cotyledon 

'\ cultures of almond, Prunus amygdaills (Ml'ltra -and Hehra 1974) grown on 
/ 

Murashige and Skoog (1962) medium with N.A."t. aS',thc grQ.Wth rcgulator 

source • 
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It has been shown that, gcnerally, the presence· of 2, 4-D 

as the auxin source lends 1;0 a state of reprcssed differentiation which 
J 

in sorne cases can be overcomc by the removal of 2,4-D or its replacement 

by sorne other regulator such as I.A.A. (Streetl966a & b; Steward ct al 

1970; Steward and Israel 1972; Vasil and ·Vasil 1972; Steward and Bleichert 

1972; Yeoman and Aitchson 1972; Lee and Dougalf 1973; Havranck and Novak 

1973). The tissue culturcs_.of almond (Mehra and Mehra 1974) that cOntaineçl _. ~ \ 

the elongate coi1écl-cells a1so produced traeheids and und er- appropriate 

conditions could be made ta regenerate p1ant1ets. Many tissue cultures, 

predominantly cal1us, that do not regenerate whole plants still maintain 

the capacity to form differentiated cells such as vessel clements (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 cclI walls of the cells that are found 

as a consequence of removal of 2,4-D may represent a rudimentary different-

iation. Ihis possibility is further supported by the fact that secondarily 

differentiating tissues arc knm.,rn to have high peroxidase aeti vit y 

associated \Vith'tw~l (Van Fleet 1947; Jensen 1955; De Jong 1967; Ramaiah 

ct al 1971) such as was the case in the eoLled and elongate cells formed 

in minus cultures. 

Cel1s in minus medium culturcd for a second p<u,sage without 

regulatorb, bhowed cxaggcrntcd and more d~sorganized forms of the coiled 

ce1ls pTesent i:f the first pabsage but by day 18 a consid1rable number of 
1 

very small but active1y ùividing cells \Vere present. Thes9 cells were 

prcSUIn.lb1y thuse aùapteù to growth in the abs('nce of t1re !jrowth rcgulators 

whcrcas tlH' apparent dif fcrcnlL.ltioIl of cells was C~lll~,('Ù by the bwi teh 
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from one medium to another. The view that the small ce11s produced after 

two P1ssages in minus culture rcpresent adaptation rather than selection 

is supported by the fact that when an inocuhun, cOnsisting mainly of such 

cells, was put back into plus medium the cells ig the resulting culture 

were the same in form and color as those in the original inoculum trans-

ferred to minu5 medium. 

Studies of the cytochemicaf localization of peroxidase and 
;... 

pp act~vity showed no obvious differences between cells in plus and minus 

medium. It \.Jas found that activity \.;ras low in young cells and was mostly 

cytopla.smic in nature. Activity ,vas much higher in older cells. The 

increased activity \.Jas most apparent in the wall. These findings are in 

general agreement \vit~ the findings of De Jong (1967) and Makinen (1968) 

in that onion root tips showed litt1e or no activity in young dividin~ 

cells and increased wall associatcd activity with older cells. The 

findings are also in agreement in !the ob!->ervations on gradients of perox~dase 

activity, !increaSing \7ith age of t~ssue, in excised tohacco pith (Gals ton 

et al 1968~. Lipetz (19~5) reportcd that peroxidase is associated with 
-- \ 
lignifying but not lignlfied plant cel1 walls. It can be suggested from 

the findings with bean cclI cul turcs here that, in vic\, of the increased 

activity w~th age and th~ correlation with the phase of cclI expansion, 

peroxidase may be involvJd in 

structui\es. 

cell \vall expansion, and in the formation 

of differentiated 

The Pcroxidase (polyphenolic) dctivity, detected cytochemically, Was 

distributcd in the cC'll ,valls in a manner idcntical to that of peroxidas~ -
// 

and probably repres~nts «cti vit Y due! ta the same enzymes. 
.. 

The onlv .-
noticc<.lblc difference ln the localization of pp &tain as compared ,vith 
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' .. 

peroxidase was the sta~ning of the nucleus or, as may be the case, the 

the nucleus. cytoplasm adjacent 0p 
Results [rom t(e cell culture studies in gener~l showed th~t there 

1 

~ 

were only one or two pp isoenzymes that dia not show strong peroxidase 

activ~ty. 

b) Peroxidase ActLvitLes and Changes in Isoenzyme Patt~rns 

~ ~ 

Exper~mentatLori on the levels and isoenzyme changes of~ 

peroxidase and ~p during the culture cycle showed stri~ing correlations 

with cultufe 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 re1ationship of this data to fundamental problems of hormone 

action and growth is discussed. 

i) Changes In Total Activity During the Culture Cycle 

1 

Total activity of bath peraxid e and.PP activity was 

found to be lü\oJest during the divis Lon phase a highes~ during the 

elangatian phase \"hen measured ei ther per uni fresh weight, per mill1.on 

cells or per mg extract protein. This \Jas rue in both plus and minus 

cultures. The increase in peroxidase correlated with cell 

expansion, together ,vith the observed increase in acti vit y in the celi 

wall during cell growth, supports the general view that peroxidase may be 

involved in cell "vall expansion and development. A study conducted by Verma 

and Van Huystee (1970) '.Jith peanut suspen::,ion cultures revealed an increase in 

, 

" 

• 
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1 J 

peroxidase activity and isocnzyme co~llc'rncnt wïth increasing cclI clump 
\ 

size and heterogc\lCity. 
\ 

" 

Peroxidase acti vit Y ls known to increase with tho 

age of plant tissu~s and the dcgrce of diffcrentiation (see Literatul"e 

Review). 

, 
\ 
\ 

\ 
\ 

\ ' 
Furthe'rmore, peroxidase activity was dctcctcd in the medium 

in considerable amounts only whe~i" the cells were active1y growing. 

1 

Peroxidase activity has been detected in the medium in which various plant 

cells have been grown (Straus and Campbell 1963, De Jong et al 1967; 

OIson et al 1969; Yamaoka et al 1969; 'OIson 19-71; Misawa and Martin 1972; 

Srivastava and Van Huystee 1973). As was the case with the tobacco cultures 

of De Jong S!. al (1967), the electrophoretic propcrties of peroxidase 

activity detected in the medium here were not the sarne as those of the 

cytoplasmic isoenzymei and the amount of activity increascd in the medium 

in proportion to the increasc in culture fresh weight. 

The studies conducted without 2,4-D and kinetin lalso support 

the view that peroxidase is involved in cclI growth. In the first passage' 

in sucIl medium the characteristic grmvth produced highly clongated cells 

accompanied by large increases in peroxidase activity both in the cells 

and in the mediu/. During the second passage, without growth regulators, 

there was very little growth from days 12-18. The cells contained very 

high levclb of peroxidase o.t this time but produced almost no activiLy 

in the mediullI. Activily thon bcg;.ln to incrcase with the increase lin fresh 

weight ,,,hich bogLll1 on dLly 18 whcn the proliferation of slIlclll nonùiffc'rentiateù 
1 

.' , 
c('lls bq~LU1. Titus the prC1>('llCC of peroxic1clse in the medium was correlateù 

with cclI exp,lI1sion and \".:lt> not ,1 con~;eql1cnce of level1> of inlernal or wall 

aS1>oci~toc1 peroxldasc. 
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.. 
ii) €han es in Patterns and Activit The Culture C cIe 

As \vas 

of bath peroxidase and 

for ca1.lus cultures the isoenzyme ,patterns 

sus'pension cultures changed during the culture 
( 

cycle. Certain isoenz , es- of peroxidase \-Iere only present or prominent 

during specifie phases of the culture cycle. For example, reg'ardless:'of 

treatment) isoenzyme D2 lias on,ly present \vhen cells 't-Jere entering the 

division phase. Iso'enzyme D2 was most prominent during the time of lowest 

cell peroxidase activity and hénce indicates a specialized role perhaps 

unrelated to isoenzymes which may be associated with the wall and involved 
, , 

in cell expansion. This is also the case with isoenzyme B wh{ch 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 wlth carrot tis'sue culture (Lee and Dougall 

1973) . However, there viere sorne qualitative {hangeS in the' isoenzyme 

pattern. Host striking of these \vas the smeating, with rcsulting 10ss of 
) 

rcsolution, of i!:>oenzyme bands in the minus cultures. Evans (1968) rcportecl 

a smearing of peroxiùase activity \-Ihich had been rccovered from the cell 

wall of pea. Peroxiùase isoenzymes,' are known ~o be glycoproteins (Sh<lnnon 

, 
et al 1966; \velinder and Smillic 197,2; Darhyshitc 1973). Tt i3 therefore" 

1 \ '-
, , 

possible that culture in minus medium may result, in a peroxidase glycoprotein 
i 

Vlhich is more heterogeneous as a. co~sequence of 4 more limited addition 
\ \ 

of polysaccharide. In support of th~s view is th· f.:lct that ",ith incrcasing 

time in minus culture there was an i,~rease in smedring and in the 

predomlnancc of the bmaller molecular ~eigh~ isoenz mes in bath the cytoplasm 

\ 

\. 
\ 
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and the medium. Rre1iminary experiments with ~-galactosidase treated media 

indicate the enzyme affected the peroxidase banding pattern. 

pp './ 

isoenzymes present in the medium displayed isoenzyme 

1 
patterns identLcal with those of peroxidase and therefore probàbly reflect 

activity of the srune enzymes. 

Role of Peroxidase in Cell G~owth ~ 
the present section is to relate sorne of the 

iii) Speculation on the 

The purpose of 

findings from bean 'cell cultures, together,with the data o~ other workers, 

ta the ~uestion of hormone action and cell growth. Thé ideas that have 

been generated extend considerably beyond the scope of the present study; 

therefor, they will not 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 celi waiis elongate or grow, and how 

this process is stimulat\d by auxin, and possibly other hormo1fs, rcmains 
, ' 

a mystery. Inspection of the properties of peroxidase may shed new light 

on this problem. 

\ 
As \vas true wi th the bean cell cultures described here it 

has been shown, with elongating Avena coleoptiles, that illcreases in 

-
activity of various pe!9~~4ase 1soenzymes are correlat cd with cell elongation 

(Chappet and Dubouchet 1972; Gordon and Henderson 1973). The bean ceU 

cultures showed a release of large quantities of polysaccharide correlated 

with growth (Mante 1974). Recently Labavitch and Ray (1974) have shown 

a reTafionship between aukin promoted liberation of ~loglucan polymers 

from cell walls and elongation in pea, It is known that large amounts of 

peroxidase activity are associated ,vith, cel! walls and that peroxidase i8 

/ 
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related in sorne way to the hydroxyproline-rich found in 

plant cell walls (Ridge and Osborne 1971). cell wall 

matrix to be somewhat like the Keegstra ct al (1973) 

it is possible that peroxidase may b to the release oE xyloglucans 

from elo~gating cell walls by t peroxidative breakage of ~he serine-
1 

hydroxyl the (cell wall protein and the polysaccharide 
1 

network. 1 
This idea becomes more plausible in consideration of sorne 

additional properties of peroxidase. Fo~ sorne 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 action 

of auxin is thought of separately and remains obscure. Peroxidase is thus 

envisioned to control growth by controlling the levels of LAA. Much of 

the confusion in relation to the function of perQxidase stems from the 

properties of __ the enzyme itself. It must be remembered thaÏ:' peroxidase 

is a redox enzyme, and the methods used ta detect peroxidase activity are 

very non-specifie. The specificity of the different isoenzymes of peroxida,se 

are actually qui te varied (Chmielnicka et al 1971), and it 1s therefor 

likely that peroxidase is Hidely involved in many cellular activities. 

Çertainly, one of these is Ln relation to cellular redox levels. It i5 

known that ccll redox levels may be important in the control of celi \ 

aetivitie5, clnd furtherinore, it has beerJ, reported that the redueed state_ 
~ r 

favors cclI division and a more oxidized state favors differentiation 
( 

(Van Fleet 1954; Szent-Gyorgyi 1968, Stonier 1971). It has also been shown 

that peroxidase, with Mg++ and IAA or monophenolJ.c cofactors, ean oxidize 

reduced pyridine nucleotides (Akazawa and Conn 1958). It is suggested 
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thàt IAA and similarly ~haped small molecular \<lei;jht mono phenols function 

, 
as e1ectron transport cofacfors ln a s~~tem that channels the reducing 

f 

power of cellular NA8H or sorne comparable age~t, into the reduction of 
1 

bonds 'Which \vil1 allow ce11 'vall expansiçm. Iii this \oJay th.e mode of actlon 

of auxin is seen as direct1y relatcd to cellular activity. When the btore 

of cellular reducing power is dePleted or channelled in som~ other direction 

the indoleacetic'acid will aIl become oxidlzed. lt is readily apparent that 

smal1 molecular weight monophenolic 'auxln protectors' (Stonier 1971) 

could function as redox buffers. 

" 
With this idea in mind that IAA may, in ef-fect, have some 

direct action as a cofactor in an enzyme system leading to a loosening of 

cell wall structure, rather than as an agent affecting production of an 

enzyme protcin, lt is tempting to specuiate on the mode of action of other 

plant hormones. le is known that pldnt growth subbtances possess meta1 

chelatlng properties and that sorne cheldting agents can mimic the actlon 

of plant growth regulator~ (Heath and Clark 1956 Cohen et al 1958; ~~he~hwari 

a.nd Seth 1'966, Choprn and Rashid 1969, Oota and Tsuozuki 1971; Kochlar et 

al 1971) although lt is cvident that chelation cannot explain a11 the known 

actl0ns of regulators. However, kinetin, a compound that specifically 
(Oota and Tsuozuki 1971), 

cau~ cell dLvision cheldtes iron ,Aand in this respect èould, under some 

circum~'t:dTIce::., ~ftect peroxidase activity. It was found by Lee (1974) that 
". 

the additiùn of high kinetin level~ ta the medium of'tobacco callus resulted' 

in a 90% drop in peroxiddse actlvity. It is therefor sug~ested that one 

of the action::. of kinetin may be directed towards the control of cellular 

rcdox levels by the modulation of peroxidase activity. If kinetin did 

work ici this manner its prc~ence would enco~rage a generally reduced state, 
~ 

exactly that which is known to occur during cel1 division (Szent-Gyorgyi 1968). 
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The point of the digression has now been macle. It ts -
conceivable that the mocle of action of auxin in growth is associatcd 

with cellular redox levels through interaction with pcroxidase and that 
( , 

peroxidase (probably diffcrent isoenzymes) itself located in the cel1 
, 

walls results in the 'brca~1.ge of specific bonùs by a redox mechan,ism. 
, 

• It i8 concedeù, of course, that in a highly structured.. and interconnected 
r~ ~ 

cell wall matrix other cel! wall mé'(:abolizing enzymes cou1d play additional 

,(l' important roles. 

,} 

, ., , , 

,~ .-, 

) 

" 
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.. 
c) Aclivily é1nù Isoenzyme Patterns of Other Enzymes 

Other stuùics on lhe lçvels of enzymatic aClivity during 

cel1 culture cycles have shown, as might 1;>c expeclcù, that the activitics 

of en~ymc& during the phase of cclI divisiàn wcre very different from 

those of stationdry ph,::lse eells (De Jong ct al 1968; ~imo1a and Sopaqen 

. 1970; Fm.Jlcr 1971; Copping and Street 1972; Thorpe and Hcier 1973; 

AitchisQn and Yeoman 1973; Harland ct al 19n) . 

. In the present ,study changes in LAP, MDH, GDH and GOT 

showed gencrn11y increased 1eve1s in young dividing and,expanding cells 

as compared to stationary phase ce11s. This is in agreemen~ with resu1ts . 

• of De Jong (1968) and Simo1d and ~opanen (19}0) for tobaeeo and Acer 

suspension cultures respective1y. 
/' 

Acid phosphatase showed a different pattern of change in 

that activity was .highest ~in stationary phas.e cellD and lowest during 

ecll division. Th1.s tao, i5 in agreement with the findings of others 

(Simo1a and Sopanen 1970; Suzuki and Sato 1973). Aeid phosphatase activity 

has been loe~lized in ce11 wa11s (De Jpng et al 1968; Johnson et al 1973) 

r 
and has been found in the medium in whieh plant ccUs have beeh grown 

(Straus and Cnmpbèll 1963; Yamaoka et al 1969, Ueki ,llld Sato 1971). AP 

activity is increabed in cclI walis and the medium as a consequence of 

Iow inorganic phosphate and has becn suggcsted aS part of a transport 

. , 
system (~!cLcan and Gnhdl1 1970; Ueki und Sato 1971, Suzuki and S,lto 1973) . 

.... ""'·C 

Acid Phosphata<;C' Ul the l' esent study increas·cd" tn the 

medium wilh time and rcachetl maximtlln/] cvcis on and after clay 6. Medium 

1 
1 • 

vr' 
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from cultures grown two passalj('~ without growtli regu1ators showed no 

'rhu& as was the case for pe.t"oxida~e there is 
• l, 

a cOrr~latlon-\ween medium AP acti vit Y 

the stoppage.Dr ~harp' slowclm.JI1 in, CnCl"gy 

and ce11 growth and may indicate 

depcndent transport process~s in 

these ceUs. 

> 

~s was the c~sc with ca1lus cultures, aIl the isoenzymes 

stu.dicd in suspension cultures showcd changes in pattern <;turing the culture 

cycle. ,'These c1hanges in pattern can be scparated) generally, into three 

ty pes depending on when, .during the cul turc cycle, the çhangcs \vere mos t 

striking. The types are as f0110ws: 

. 
i) The pattern and aeU vit Y of AP isoenzymes \verc strong-e-st 

• 
, , 

and most èè)mplex during the stationary phase. , . The ,activity and isoen<;yme 

pattern alm9s t completely disappeared during ceU di vis ion and rel1 Ppc.a'red 

. during the ceU expansion phase. 

'H) The isocnzyme patterns of MDH, GDH and E~t changcd ver~ 

strikingly when the cclls were inoculated into fresh medium.' The6e changed 

patterns were m,:J.intainc~ c1uring the periocl of eeH di visi~.Jl1 but then re­

turne,cl to the original stationary phase pattern clurine the log grmvth and' 
_ _ _, _ N ~ 

expansïon' phase. The most dramatie shift in pattern was shown by the 
" 

estera~cs. " 

Hi) The third type of isocrizymc Pdttân change was exhibi tèd 

in the' c'-lse of UP a;ld GOT. The aeti vi Ly and isoenzymc p:1ttl'rns changed 
,1 

less quick1y anù beeLllllc most {2ronoullced during the midt1le porLion of the 

.--- ~ - - ... 
cu~ture ~yc1!c anJ thcn ~ifccrcclsetl ,ag,lin during the slalioIl{lry pllils,c, 

.:, 
1 -

\ 
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Thus in total the isoenzyme patte~anges clo~ely reflect 

changi9g ~rowth phases during the culture cycle. 

The changes that occurred in }IDH and GDH banding pattern 

may be due to changes in subunit conformations: Conformers of both ~IDH , 

and GDH are believe~ to ~x~st (~itto et al 1966; Roberts 19Q~~ ~ahlich 

1972; feigler 1974). The evidence is most substantial in the case of GDH. 

The six subunits of bov~ne l~ver GDH have been sequenced and found to be 

identical in amino acid content (~bon and Smith 1973). Similarly the ami40 

acid sequence \f chicken liver GDH subunits 

(Moon et al 197~). The two immunologically 

were found to be identical 

distinct Neurospora GDH subunits 

were found to be products of the s'arne gengas a single mutation removed 

both forms of the enzyme (Roberts 1969). The change ~n pattern and activity 

of the individual GDH isoenzymes of bath callus and su~pension ~~ltures 

is con~istent w~th the idea that there is a conformational change from an 

inactive, or a less dctive, to an acti've [orm of subunit. Isoenzyme A is 

envisionBd as contdining 6 active subunits, isoenzyme B, five, etc. The 

change in confo.rmatiod occurred ",hen the cell~ntered 

or a period of Increa0ed rnetabolic activity. 

the division phase 

The efEects of omission~ of growth -r;...cgulators on the expressi.on 

of isoenzyme pattern were, as in the ca::.e of peroxidase and pp , predominantly 

quantitative in nature. Hith the exception of MOH isoenzyme A, and perhaps 

a minor band of b'oth LAP and Est, aIl the isoenzymes were detected in 
"­

cultures grown both Hit"b~and without growth regulators. 

" 

Without exception, 

however, there \Vere quantitative differences in iSQenzyme bands and many 

differences in the time of detect~on during the culture cycls. These 

, . 
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ùif.çei."ences were ,greatest during th~ ser;:onù p<}ssage witTlOut growth 

ragu1~tors. It is apparent thal lhe isoenzyme p.lttern and isoellzylllC' 

pattern changes can most clC'arly" be rel;1teù to the phase of the cul turc 

cycle regardless of whcthC'r the cultures ,were grO\Vl1 wi th or wi thout growth 

regulators. The onlyo known comparable stucly was conducted with \"ild 

carrat sUbpensions (Lq~ an~ ooygall 1973) and gave essentially analogous 

results. The carrot cells were grown in medium \vith and without 2,4-0. 

The cultures without 2,4-0 differenti?ted and many embryoid-like structures 

were formed. It was found, howcvet, -that, there were no differences in the 

patterns of HDH, AP, GOT, ~ -glutamyl transferase. Quantitat;i ve differences 
, 

in peroxidase and a minor qualitative differencé in esterase wl!re detecte,d. 

The largost differences were detected in the pattern of GDH isoenzymec;, 

but these differences could be duc to the differcnt conformational forms 

associated with different levels or ,--­
It would appear that 

type ~f activity. 

there is a good basis for the conclusion 

that the isoenzyme profile d~splayed by the cells is very diagnostic of 

the cellular activitics. In the cabe of the bean cells the pattern of 

isoenzymeb can be useù La identify the diffcrent phdses of the culture 

cycle. Cells that arc undergoing a stage of rapiù cclI division display 
" ,. 

phase typical i~oenzymcs regJrdlcbs of the factors that resulted in thé 

·ccll.. division • 

. \ 
CI 

,1 , 

.-
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D) Growth of New Cultures ~nd Comparison of Isoenzyme Patterns With Those 

~of Seed1Lng and ~~ture Plant Parts 

1) Introduction 

In the present section of the discus~ion the isoenzyme 

patterns of newly estab1ished cultures are compared and evaluated. In 

arder to establish relationshLps, if they exist; with the plant a~ a whole, 

the c,ulture patterns are then compared with those of'both seedling ar/d 

mature plant parts. The key issues in this section are: can cultur~ specifie 

isoenzyme patt~ns be identified and is there any evidence that dif~erences 

between cultures are related to the tissue of origin? 

2) Isoenzyme Patterns of Newly Established Gallus Cultures 

The resufts from callus cultures showed that generally the 

isoenzyme patterns were quite similar in aIL cultures -examined,_~ow~ver, 

sorne potential ~tker enzymes in the case of peroxidase isoenzyme C2 and F 
• -1 . , 

(Fig. 60) and HDH. Lsoenzymes D and E (Fig. 63') were detected. The variation 

Ln enzyme patterns made it d1.fficult to establish clear marker isoenzymes. 

The patterns of sorne enzymes, e.g. PP and GDH, \Vere 

in aIL cultures studied and hence provided no origin 

essent1.al1y identical 

specifIe isoenzyme 

markers. However, the ubservations wer~ made on four-week-old callus aud 
f" 

it must be noted that ;TJost of the differences detected between stock callus 

cultures \vere much more apparent during the stage of active growth of callus 

(Fig. J -7) . 

3) Isoenzyme Patterns of New Suspension Culthres , 
Culture specifie isoenzyme patt-crns \lere detectdd :Ln suspension­

\ 
1 

,cultures fùr peroxidase) PP , HDH, and Est. The patterns of LA~), GOT and AP 
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\vere essenticl.lly idepti.cal in all cultures examined. Sorne variation in the 

isoenzyme patterns of perox~dase accollnted for SOrne overlap of potential 

fi1arker isoenzyrnes. For cxaI:lple, slrong isoenzyme A and TI dctivtty l'Jas 

1 -
detecteù in all cotyleùon cultures eX::lmined, l"'eak activJ..ty for the::.e bands 

sometimes occurred in root cultures and in one llccasion in a hypocotyl 

culture. Nevertheless, the isoenzyme patterns Vere clearly culture ~peèific. 

The ,i::,oenzyme patterns of MDH \vere also very different in 
" 

1 

the three cultures. TIle interpretation of these differences is ::.omewhat 

complicatcd by the fact that MDH patterns cnanged corysiderably durin):!; the 

culture cycle (FJ..g. 48, 49). The esterase, medium peroxidase and pp 

patterns of new suspension cultures were quite ~imilar but certain consistent J 

differences were detected. 

Thus, undoubtedly the differences detected between the cultures 

\vprê not artifacts or chance variation~ and thus' differentJ..ation in ta 

speciafized tissues ma)' invol"e changes,irrcversible under the condition::, 
4 1 

of these cxperirnents, thdt were lransmitted in ccll lineages. Tllere are, 

however, borne other considerations because diffûrcnce::, IR enzymes betwpen 

cultures have bepn attributed ta other factors. It is possible thdt sorne 

ùifference,c, het,veen culture3 may be a consequence of ~election during' the 

" 
initiation and carly subculturc of cells and hence Gou1d represent a type 

of frozen .lccident. l t Ü 10,1ell known that the groVJth of cell clones and 

even further subclones has resultcd in the isolation of stable culture l~nes 

differin~~ in many rc,c,pects. Diffcre.pces in clones have been detected in 

growth, color, friab üity, adaptabllity ta diffcren't media, ploidy and 

nitrogen requirements (Htlir ~~ al 1958; Arya ct al 1962; Cooper ct al 1964; 
\ 



187 

• Sievert anù Hilùehrandt 1%5; Davl'Y et al 1971; Lutz 1971; Wright and 

No~thentc 1973; Harvey ct al 1973). It 11\uc;t he noteù) however) that ::.il1[';lc 

isolateù celis of tobdCCO whcn induccd to rcgel1crate plantletR proùuceù 

~arge numbcrs of apparcntly identical plants (Vasil and Hilùebrandt 1967). 

It' scems unlikely that the procc::,::,es that account for the diffcrcnccs 

Tcportcd bC'tHC('n cloncù cultures could account [or lhe différences obscrvcù 

here bctwccn the bean cullure::. in as short a peribd as One or two pas::.ages. 

Ob&ervations on the mor~lology and growth propertie~ of 
, 

culture::, stuùiec! i1Cre, at least with suspension cultures) sho\.,ed a 
,"' ',. 

siMplification of [orm anù a dccTeasc in the size of the cells With time 

(Liau 1971). In this respect it could be argueù that the dif[ercnccs betwecn 

the cultures whelher short-term or 10nG-term cultures, wcrc duc to selection 

and wcrc possibly reldted to chan,~cs in chrom,osome number anJ type \",hie11 

arc knm..,rn to occur in many plant cc] 1 cultures (Partanen 11963) 1965; 

-) 

Hurashigc and Nakano 1967, l'orrcy 1967; Shimada ct. al 1969; Heinz ct al 1969; ,-- --

~tewarç ~~"~ 1970; Shimada 1971). Such inereases and duplications of 

..) 

chromosÇ)ffics might therC'fore. account for variat ions in enzyme level s bctwecn 

cul t'tires of the 'saine or dlIfercnt origins. Experimentation wi lh the trisomie 

lines o[ Datura ~t!'.g.~<::!..12~ 11<1" ShO\Vl1 that a simple dosage rcLltionship is 

o[ten fOll~1Cl betvéC'n the l1umbcr o[ structural eenc copies and tlH.' cl1zymatic 

activity expressed by the cullurc'd cel1s (Carhon 1972). Tlnu, alLlioll~h 
:1..' 

chanp,e~, in chroI1\o!,olll~ 'comp!c'llIcnt rrdght a[ffel the love'l of activity tlH'y 

would not J1CCCS!h1rily~ ,l[fect the isocn~~Jlc pattern. Furthermore) il is, 

clC'.n- [rom the work r('porll'd hl'l~l' that i,;o('!l"ynll' p.lllerns of the stock 

cultures rl'mailH'd stahle [or a pl'rLqd 4,.lf \.1101'0 th<].11 thrce yc,lrs regarcll("'s • 
. . 
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of any changes on ploidy which might have occurred. Quantitative estimation 

of changes in p~oidy in thes-e cultures is diffl.cul t, for various reasons, 
-:< 

but somè changes have been recorded <iein 1974). 

The result~ with bean cells ,therefor suggest that specifi~ 
t' 

and characteristic differences are detectable in the isoenzyme patterns of 

root, hypocotyl, and cotyledon cell cultures. 
".. 

4) Comparison of Isoenzyme Patterns of Cultures and Seedling and ~mture 
b 

Plant Parts 
, 

Comparison of the is·oenzyme patterns of -the seadling parts 

. 
from day one through five, and of the various mature plant parts, confirmed 

many,established characteristics of'isoenzyme patterns (see Literature 
1 

Review). Thus, during development, there were changes in the activity and 

isoenzyme patterns of all enzymes studied and the patterns of isoenzymes 

were generally specifie for the various parts of the seedling and mature 

plant. 

Comparison of the isoenzyme patterns of suspension eulture~ 

with those of callus cultures revealed that characteristic diEEerences in 

isoenzyme pattern exist bet\veen suspension and call11s cultures in the case 

of Per, pp and NOR. These c1::..fference::. are most f, triking i'1 the case of 

~lDR. Thus, callus cultures all showed \-,ide MDH bands of slow mohillty 

which ,vere no t detected Ln any other cultures or part oE the màture plaa~. 

Apparent ollgomers oE high molecular \-leight NOR have been detected in bean, 

.. 
(Phaseùllls lJulg3.ris cv. Peneil Pod Black Hax), (IIabig aad RdCllsen 1968, 

1974), and cotton (O'Sullivan and Wedding 1972a, b). 

The i':>oenzyme patterns of ne,.;rly derived cultures \Vere in 

many cases different from those .of established stock cultures. Agai'n this 
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was most apparent in the c<J.se of HDH pat tern's. The MDH patterns were 

striking1y different in aIL three new cultures but with time the cotyledon 

;:md root patterns changed to be more 1ike hut, not iùentical ta, the pattern 

_of hypocotyl suspen.:>Lon \vhich reraained relatively unchdnged. 

The peroxidase isoenZY7 pattern of newly deri ved cotyledon 

suspension cu1ture&, after the first ~ssage, ~a& essentially identica1 ta 

that of six-year -olJ è>tock suspen::'Lon cultures. The pattern of root cultures, 

however, was different ln newly derived and, e~tablished suspension cultures. 

With time the pattern of root cultures became ijlore like that of cotyledon 

cultures. 

The isoenzyme pat~erns of pp , LAP and AP were very similar 

? 
- in the newly established cultures and in c9mparison with establislled cultures' 

were re1ative1y simple. With duration of subculture the pp patt~i~~ 

became more camplèx ,mcl the isoenzyme patterns' Df the three cultures appeat"ecl 
, 

to dLverge. 

COTIJ,parison of the i.soenzyme patterns of ce11 cultures \oJith 

parts of the seed1ing and the mature [!lIant show::. a variety of difEerent 

correlations. In, the ca~e of peroxidase it is quite fJurprising ta find 

that the characteristic i::.oenzymes A and TI, \"hich ran most easLly hè used 

ta identify the newly derived cotylpdon ~uspension cultures, were on1y 

founc1 in cout (Fig. 59b, c). 'TIl(' isoenzyme patterns of ) day hypocotyl or 

cut~ledon '}Jelle very s i.mple and bure no r~semb lance ta any cell culture 
,-,' 

pattern. Tite pattern::. of stock ruot and hypocoty1 callus, and 50mewhat ~~.ss 

sa those of nC\olly derL'Jcd root cultures, also shO\'I'ed c-lose <;imi1a.cities 

the pattern 'ln root::.. The hypocotyl suspensi.ons, howèver, lacked the 

( 

..~ ...... 
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characteristic iS,oenzymes A and B of root. In this and other respects the 

newly established hypocotyl cultures show sorne simi1arities to the pattern 

of 5 day old hypocotyl but overal'l, the patterns of aIl cultured cell~ 

most closely resemble the pattern of intact roots. 

The patterns of pp of ~tock cul tures ,vere similar to those 

of peroxidas'e and showed no close correlation \Vith the pp patterns of 

seedHngs or mature plants. In contrast, the patterns of new cultures 

because of their relative simplicity showed. patterns not unlike many parts 
l' 

of the seedling and mature plant. 

The patterns of tIDH isoenzymes in newly deri ved suspension 

ëüïf~res were strikingly like tho~e of the tissue of origine This is most 

clear in the case of root cultures due ta the pre~ence of isoenzymes B, C 

and D (Fig. 62). It is equally striking that the patterns of ra Dt and 

,cotyledoR with time became more like that of hypocotyl cultures. The pattern 

of the hypocot\l suspension cultures chang'ed little and maintained the 

resemblance to ~ day hypocotyl wh~ch was like the pattern from various parts 

of the. mature plant. 

Comparison of the patterns of esterase are difficult due to 

the lqrge number- aud variability of the i~~enzYr.1e bands, however, one 

1 
marker isoenzyme wa~ identified. Isoenzyme R, althongh sometimes low in 

activity during the division phas~ of the cotyled,on culture cycle, \I1as not 

present in cither root or hypocotyl cultures. In the intact plant isoenzyme 

R was detcct'ed only in 5 day cotyledon and perhaps in mature leaf (Fig. 63)., 
. ., 

, . 
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,'"' 

The UP isoenzymc pattcrnR o[ 5 day' hypocotyl and cotyledon 
r 

.~ • 
were distJ-nctivc duc to the absC'nce o[ isoel1zymcs Al ,1\2 whi.ch \"('1"(' presl'nt 

in aIl ot»h.fr tissues and n.I! Or the cultures examjncù (Fig. 65). Recause 

of this and [110 presence of otller isoenzyme correLltions the patLerns of 

cultures \"ore most 11ke those 0[ the rqot. In conLrast the isoen,?:yme 

patterns of A P, \lhich, \.Jcre idcntical in aIl stock cultures sho\"ed the 

closest re':>emblance ta the patterns [rom mature leaf or petiole (Pig. (4). 

The isoenzymc pattC'rns of CDn and COT were round ta be 

similar in aIl tissues and cultures examlned and therefore were of no obvious . ' 

value ai; marker enzymes ln this study. 
J 

A p~rtiçular1y interesting observation from the comparisons 

of isoenzyme patterns if., that the isoenzynlc patterns of root, hypocotyl 

and cotyledon, whether identical or not, aIl tended to resembl<:. the' patter'n 

of one part of the 1113tU'l.'e plant. The pattern of the cul tured cells, in ... 
most casés, [or examplc peroxi?ase, resembled those of root. The culture 

patterns of HDH and AP, however, more close1y r0semble the patterns of 

hypocotyl, stem or petïole. It is possible that culturc conditions (e.g. 

oxygcr'i tension) and the Lack of chloropla~;t<, élnd thus the lack of chloroplast 

as&ociated .:lcU vities and othcr factor'> re~ult in the predominance of 
',' 

patterns that most clo~ely re~('lIlble rool. The implicdtion ls, hO\JeVlT, that 

the culture COllditiollS cause' the devl'lopmcnt of l<,ocr17y-ffie pattcrns, \,,111ch 

t 
in thl' intacl plant, r(,pl-e~'('llt at leé!c,t p..lrt of the procC',ss o{ dif[cl"cnt LaU on 

of Olle particuLlr p.:lrt. ,11'rcc,1lIIlably, Lhorl'[ore, the clillurcs cou'ld PFovlè!('. 
, . 

the opportunlLy Lo .:111<11y:-,c the conLrol of Lh,tL I~Jr<t. of Lhd Pl()Cl'~i> of 

dlffcl"l'nLLlt ion. 

'JI 
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In summary the [ollowinr, gcneral prlnciples are rccognizcd 

as a rCRult of comparisons of tlll' i:.oenzym('~: 

1) Isocnzymc pat terns of cclI cultures arc, in gC!1eral, ( ) 

characleriqtlc and persi&tcnt di[[ercncc~ bctwccn cclI lincs arc maintaincd 

in culture. 1 

\..~è In SOme cases, (Pcr, NDH, Est), the 

i \ 
~~crcncc; rlctectcd 

in cclI cultures wcre related ta the tissue of origin; the stability of 

these differenccs varied dcpcnding upon the enzyme studicd. 

'3) The isoenzyme patterns of cultureù ccl1s often tendcd ta 

be very similar \ parlicularly GDH, 1(\P, GOT, and regardless of tis~C of 
p ~ 

1 
origin m00t isocnzymc patterns were more like the pattern of one part of 

) 

the plant, this was mas t oflen root. 

~ 

j The issue of whether ùiffC'rentiation inta sp~eialized 

tissues and organs may involvc.i rrcversible chan2;cs and differpl1ces that 

are transmitted in ccll lll1eages, that thesc diffi.ôrences may be related ta 

the tissue of origi'h and t:IC vmy that plant cells miglit provide evidcncc is 

discuc;sed tnO&t exp;l:icitly by HeslorJ-Harrison (1967). 
"', 

J 

llcslop-llarrison slates that "there is abundant cvidence of 
the transmi~~ion of diffcrentiatcd states or tcnclcl1cics through tissues 
culturecl in viLro \vherC'·the expIant h<l~ bccn rclativcly ma<,sivc." 

The' cxtent 'br the value of the' \York cilcd in ~llpport of thi~ 'sL.ltC'ment i5 

somel!hat doubtful allhousb thcre IS oUler supportivc evickncc (f,ec U lcrature 

J~~vic\V). The rc<,tllls rcporlcd herc wi th bC<l.1l cclI cultur<.!5 whi ch wcrc 

d('rivl'd from rl'l;llivcly lar~;l' explant~ b2Causc of the use of dcctrophor(·tic 
r 

t C'chnl qU('~. i,lIId the rL".u 1 Lant dC'L('cl (on of r~o<';llzyme llklrk('r~), rcpr('~ent' the 

u • 

., .. 
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bcst posllive evidence to date. Ill'slop-Harrison cOll,Gidered that prouf 

of thc lran"mission of dif[ercntLaled "tates in cell cultl1v.c~ wauld be> 

1 

obtained if "clone[> dcrivctl from single cell cxplantG of difft>rcl1t tiSSllCG 
of the one parent indcfinitely bctr.J.y sir;l1s of their or igin) )ret cclIs 
from \<Ihich can be shoHn in other condiLiOllG to be tolipotent." 

TIle establishment of cclI cultures from single colIs would 

ensure that the dir'[erentia1;.ive behdVlor in ittùividual cells was not 

gove-r:ned by eell-ccll ~\ltcr<1ctjons or mcLLbolitC's C'manating from other 

# 

parts bf the foundi~g expIant. In this respcct it is elear that the 

logical extension of the present work with bean cultures is to continue 

with studies of single cclI clones prcfC'rably dC'rived dirC'ctly from parent 

plan't tissues. Preliminary experimentation with established stock cultures 
1 

has sho\oJn t,hat the cstablislu;cnt o[ single cell clones is possible. 
, 

To climin,lte lhe po<;sibility that clonallY transmillcd 

diffcrentiated s[atcs \.;ere. cauGed by mutational changes chal had occurred, 

and we.re not thC' reGult of intC'rcellular controis that were not ~\vitehed 
1 

\ 
to a ground condition, Heslop.~rrison 'maintained that the cells 1,n qucst,!-on 

, 1 

must he shawn to be totipotenl. The demonstrJ.tion of totipoteney must 

be consHll'l"ed .111 important Llctor, howl'ver, it ùoes not nec'essdrily preclude 

the [acL lhat iil'netic change h,lS occurrcù. For example ancuploid plants 
> 

have oCl'n re~l'ncratecl [rom tobaceo tJ <,suc cu] turC's, Lite nUl11her"',~f chromo',omes 

diJ not a[[('cL the pLmts ahiliLy ta ~)hO\.; tot ipOLC'llCy al the\ugh t!tcy may be 

.' 
Ill> a !,imllar lighl tlll' fact [!telt cert.ün p1.lI1l culllll:l'S 

do Ilot 8hO\.; ll)l1 polelle)' dOL'" noL neCl",'"U' Lly 1I1Cdl1 thJl thts ih a rCf,ult of 

gel1elie Ch,lllgl'. < n,llpc'l'LIl (1973) !,U!',gl'~,l " "thaL 111l' Lli lu}'c of m[l\1Y li ',bU('" 

to [onn tlq;,lll',"'in culture i" 'L 1ll,lllif\",L.ltloll o[ jncolllplet" dc'diffl'l'l'IlLialiol1, 
ih the Gl'I1C,l' 1Ilat tilt' cl'll:, rl'Lün ('!lJ);ellelie lll,lChllll'ry ch,lracLcri',Llc of 
tlwil' diffl'n'ntLLll'd fl111CLjOIl 111 tlll' lic,',Ul~ of orLgLll." 
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'l'he bean cclI cultures lIGecl in the pl·.~senl cxperiments 

have, as yet, shawn little tcndency toward p1anL1ct rogencration. Thore 

arc favorable indicatioRs of asymmetric and poLlr patlô6!t'-fis of gro~th of 

suspension cultures (Liau 197-1) -\"hièl1--wgge~ts tlldt the g<>lleration of 

p1ant1C'ts may be possible unùer the appropr iate conditions. It has bE'en 

H'portC'd (Wu and Li 1970) that the cstera5e patterns of riee callus cultures 

derivcù from ùiffcrent part,> of the parent planL \vere ideptical. It is 
1 

knovm that Tice cultures may readi1y rcgenerate plant] ets of man y ploidy 

levels (Nisl'and Mitsuoka 1969). This i5 seant cvidence as yct, but 

the possibility exists that there may be an inverse re1ationship between 

ability ta express totipotency and the mnintcnance of dilferericcs in culture. 

It is thercforeclear that the bean cclI culture work must be co~tinued ta 

iIllude the establishment of single ccH clones and tü explore thp possibilities 

of plantlet rcgcncration from thcsc cultures. 

It is evident from this ùiscussion thal the data availab1e 

at present arc tao limitcd to formulate gcnera1ities as to the persistencc 

of replicati vc diffcrcntialed states in plant' cclI cultures. The rcsults 
, 

from hean' ce11 cuILures dlOvl Lhat persu,'t'ent thfferenccs, \-:hich may reprcscnt 
, , 

such st.1Le~, can be dctectcd bcLwecn ce11 cu1turC's ,lTIel that ~ome of thc'se 

dif[crellces bear a rcLltionshil' to the Lis~>t1c of ori~in. The results a1so 

s1101" tlIc obvio\1~ vdlu0 nf 1S0l'llzymtt"paLtl'rn analysis in 'studic~ of Lhl,:> type. 
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VI ClAIMS OF OJUCIN'i"L CONTRIUUTWN TO KNOWLEDCE 

,Ta the bCbt of my knowlédge the work )-eporlcù in tItis thcbis i" 
/ 

the most comrrch~'n~,ivc study of j SO(~I1/ymLllic chaT,lcteri7,llion of planû cclI 

cultures conductecl La date. The following f.loinLb arc', in the <1uthor·t 

opinion) the most important items: 

. / 
1) The cll'tecLion of IH'rsi<;Lcnt üoenzymatic diffcrence'l ~;n ,stock 

callus and suspC>ll'üon cultures c1cTlvecl [rom diffcrent p,lrts of a 
~ . sJnglC bean 

seedling is rcportec1. 

2) The comp~lr~b<1n of ~socn7yme pat( èrns of ne\Vly derivcc1 cullu~es 

with thosc of sçedling and mature plant parts showed that isoe]l7.ymatie 

differenceb relatcd to the tissue of lHlgin coulel be de}ected. The stab~lity' 

of these diffcrences varied \Vith the enzyme studicd; nC'vcrthe1c,ss, evielcnce 

for-the persistencc of d rcplieativc diffcrentiatcd stute in plant cclI 

cultures WRb ob~ained. 

3) The iSOelliZ)'~nC patterns of cu] turcd cells from root, hypocotyl 

and cotyledon, wltether different or not, tended ta rescmblc most closcly o~c, 

part of thc pdrent plant, in most cases this \"U1, l'oot. 

4) Ch.lI1ges in i8oem:ymc pr.tterns c1uring the culture cycle wcrc 

detectcd and Lhe patterns of chang'" corrclated wlth the dif ferent phases of 

growth of the culture cycle. 

5) Omi.,,,ion Ll[ the growlh regl1~ator<, from the medium of cotyledon 
w 

suspenbion clllltlrc~, affecté'cl thl' t;TO\vth, cclI [orm, the level., of enzyme 

activl~C" the' tlmln~; of i."O('Il~~ylll(' Ch,lIJ~L'S and the rcLlt!Ve ,1I110unts of the 

diffcTl'nt L!->OCILéYll1C<;, but ,q>,lrL frullI LIlL' "11I<.'aring o[ peroxid",,(' .1ctivily, 
, 1 

(l) A corn,lat ion \Vi1-; ob',vrvl'd ~w('('n culture L;rO\vlh and tho 

Thi:: sugg<.":ts a pOl,sible raIe 

, - ~. 

\ 

/, 

h ; - '" 
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• of peroxid.lhl· 1t U. mlgg(':~L('d that thi<; could invol,vc 

• a r(·dox me chan i o.m \.Ji lh nuxin. 

-7) The valuc of i ~,()l'n%yml' patll'rn~ for the ch.Jr.l~lct<lt ion of 

" ~ 

c - ti'ssuc cùlt,l1rcs i~ deffionstratcù by .tlH' \.Jork • 
. a 

., planl f'J 
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APPENDIX 1. 

The composition of M3 and NL~~\- medium. (referreù to as Liau medium 

L + or L -) • 

Major Element~ 
( J 

- 'y, 
Compound mg/l 

3 

CaC1 2 ' 2H
2
0 

MnSO 4' 7H20 

KH2P04 

~650 

~ 19QO 

332 

370 

170 

1 

A. Inorganic- saI ts 

Min1'>r Elements 

.' 

• .f 

Compound 

MnS0
4

',4'U
2
0 

ZnS0
4

'4H
2
0 

1 
Na

2
Mo0

4
'2H20 

CuS0
4

'5H
2
0 

COC1
2

'6H
2
0 

, .. 

B. Organic Constitucn~s 

Substance' mgll' 

, .. \ 
Coconut milk 150 mIs 

2 

Kinetin*''(> 0,64 

Scquestrene Na Fe-EDTA 50 

Meso-inositol 200 
r 

Glycine 6 

.. L;Glutamic acid 50 (J 

L-As p.lrtic acid 50 

. Agar~': • 8400 

Sucrose 1 200QO 

Substance 

Riboflavin 

Thiami1'le HCl 

Nicotinic acid 

Pyridoxal HCl 
, 

Cholino chloride 

Calcium pantothenat~ 

Niêotirlnmide 

Biotin 

L-Clutamine 

Urca • L-i\spnragine 

Adenine' S04 

Vitamin ~12 

FoU c aciJ 

mg/l 

22.3 

8.6 

6.2 

OSJ83 

0.25 

0.1>25 
:« 

q. 02!"" 

.., 

'mg/l 

0.1 

1 J 
0.4 ' 

1 

1 

1 

1 

1 

100 

50 

25 ' 

0.0015 -

1 
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*M4. The liquid media Mlf is the same as H3 solid except that the inorga~ic 

salts arc used at 1/4 strength and the agar is omit~~~. 
), 
( 

** The gr(lwth regulators are' omitted from L + to form L - medium. \ 
The pH of the medium was àdjusted 5.6 with O.2WNaOll, anù medium was 

distributed in flasks and then autocfaved. ' 
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APPENUIX 2 • 

• Synthetic Medium 
o ' 

The composition of Ké.1<I. medium. (Nodi fieù Géllllborg LW by M..'lnte.) 

,) ~ !.!..A. Inorganic, Salt!l 
~-

.-
Major Elements Mtnor Elements 

Compound mg/1 C0Jg[?oun d. me/1 

KN0
3 

2500 NnSO • 4H
2

0 "f' 

'" 4 /, 
la 

(NH4)zS04 400 ZnSO 4' 7H
2

O Z 

MgS04' 7H
2

O 370 H
3

B03 3 
\. .' 

CaC1 2 ' ~H20 150 KI 0.75 

NaH2PO 4 'H
2

O 150 Na2~oS04' ZM
2

0 0.25 

/ 
CoG1 2 '6H:z0 0.025 

. Na Fe EDTA 40 

'" 

B. Organic Constituents 
~~~ 

C°f!1Eound .' -,mg/1 
f" 

... ComQound mg/1 

2,4-D 2 m-Inosi tal.. " 100 

, , Kinfrtin 0 .. 64 Glycine ( 1.2 
~ 

.' t' 
Aden:irl1é S04 1.0 L-Glûtamic acid 10 

, " 

Riboflavin à' .1 L-Asp~rtic acid 10 

Thiamine 1.0 L-G1uUl.1ninc 20 

.. 
Nicotinic add 1.0 Urca ~ 

ZO 

Py.ridoxyl Hel 1.0 \.. ., Asparagine 5 

J 
1) 4 

Sucrose , 30,000 

.. • !" " 
,~ 

" 

~ 
,~ 

> , J, 
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APPENDIX 3 • 

Stock Solutions for IUcctrophoresis')'( 

. ' 
Solution A. il Solution B. 

IN Hel ~! ••• 0 • 0 •• 24 ml lN liél ml~ 
. ' , 

" 18.1 tris ......... 
TEMED ••••• I<IO .... ~ .. 0.12 

wat;er . . . . . to 100 

(, 

(pH 8.9) 
, , 4tJ ., 

• Q 

,... 
~ 

Solution C. 
~ 

acrylamide .•••. 28.0 

o 

gm 

ml 

ml 

gm 

bis acrylamide .• 0.735 gm 

wate:r: to 100 ml 

Solution E. 1· 
ribof1:avin 4mg/l,6<\ ml 

SolMtion G. 

ca.talyst: ammonium persulfate 
• • • • • . •• 0.14 gm/lOO ml • 
o. 

,.' 

Solution 1. 
, o' 
Extr3c~ion buffer 

0.059H tris Ilel '1)1I .6.9 

tris 5'.98 gm 
• c 

TEMED • ••••••• 0 •• " 0.46 ml 

water ........ to 10,0 mi 

(pH 6.7)** 

Solution D. 

acryl~ide ..••..• 20.0 gm ., 

bj.s acrylamide 5.0 gm 

wqter ., •.••••• ta 100 ' ml 
~ 

~ 

Soluti,on F. 

sucrase 40% VI/V'· 

" Solution H. 

tank buffer 

tris ............ , . 6·.0 gm 

glycine 28.8 gm 

watcr .~ ••• ~. ta 1000 ml 

. 
(dilutcd x 5 for usage) 

. coritaining 0.·005H cystcinc hyc1rochloridc 

O.OOOSM EDTA 

.:1 

,. 
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lA 

,Small Porc gel: 1. pt A, 1 pt C, 2 pts G \ , 

Large Porc (s'pacer) gel: 1 pt B, 1 pt D, 1 pt E, 2.5 pts F 

• Rinse solution: l pt B, 1 pt'E, 6 pts H20. 

* Esscntial1i as dcscribcd by Davis (195~). r 
*'le pH adjusted \oI'.i.th IN Hcl. 

L 
1), 

.. , 
Acrylamidc uscd for electrophorcsis was obtaincd from BDH"Chémical Company. ?... . 
Recrystalized acrylamides Wcrc pU~fhased from Eastman Kodak Ltd. and . . 

, " 
TENED (N,N,N,N - tetramcthylethylencdiamine-) from Canalco (CANAL lndustrial 

Corp., Kockville, Md). AlI other chemicals were obtained loc:9.11y. 

\ 

\ 

Q 
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APPENDIX 4 • f 

~'tandard curve uscd for the detcrmination of acid phosphatase ~ / 
. 

activity was described in Sigma Technical Bulletin N01. o 104. One-Sigma 

Unit of phosphatase will liberatc on~ micromole of p-Nitrophenol per hour. 

(l~ = 0.1391 mg). AlI assay conditions were tcmpcrnture regu1ated ta 

25C. 

APPENDIX 5. 
1 

Standard curve used for the determination of leucine aminopeptidase 

activity as described by Sigma Technical Bulletln No. 251. One Aminopeptidâse 

Unit will rclcase one micromble of ~-Naphthylamide from L-Leucyl-~-Naphthylamide! 
() 

per hour at pH 7.1. AlI assay conditions wcre tempcrature- regulated to 

25c: 

", 
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