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PREFACE· 

Thisthesis is organized in the fol lciwing way:aftera 
uGENERAL INTRODUCTIDN"- and a uREVIEW OF LITERATURE", the "EXPERIMENTS' 
AND RESULTSu section conslsts of three papers incorporated directly;::<,,:< 
in the form in which .they were written for publication. The first and 
second pap~rs (86, 87) have been publ ished and the thi.rd paper (88) is 
in press. In order to simpl,ify organization .in thls thesis, changes 
were made in Ta~le, Figure and Reference numbers sa that these now 
appear here consecutively. Ail references are included in the section 
"LlTERATURE CITEDU. Supplementary data are given in the "APPENDIX" and 

.... : .. ';: 

new references to these data have been inserted at appropriate points 
in uEXPERIMENTS AND RESULTS". Sorne of the data In.the "APPENDIX" Is due 
ta be published in· a fourth paper (186). 

, ..... : 
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" GENERAL" 1 NfRODUCTI ON ' 

',.' ' ,", 

The rate of ~xpanston ~f p'~n{'c."~canbeaffected by many 

, substances and cond i tians ili 'the ce Il e,nvJrorime'lt. Sorne of these 
.'.- ,"' , .. ,',' 

substances, (e.g., osm~ti~al Iy-actlve agents) aff~ctturgor pressure 
~ . . . ' . ., .. . 

, in the cell whlch must, of course." be positive before ~ater uptake can 

Dccur (S,130, 234). Other substances or conditions (e~g.<, oxygen tension) 

affect respiration rate and their influence on cell'expansion undoubtedly 
, ' : .... '., . 

ref 1 ects a requ i rement for an energy sourc~d~ring "growth'(32,33). A 

variety of substances (e.g., antibiotics) whichinhibit synthesis of 
.'".' " .. 

protein or ribonucleic acid (RNA) usual Iy a)so Inhibit cell expa~sion, 
, ' 

, ' 

suggesting that newly-formed enzymes are needed,to càtàlyzereactions 

essential for growth (63, 162, 202, 224, 226,245),. ,Plant growth hormones 

of the aux in type have na effecton osmoti~pressure(8)' a~d litt 1 e ef~ 
, .' . .. \ 

fect on respiration rate (33,5S)butrec'ent r'esearch has established 

that such hormones often stimulate the synthesis ofboth protein and .RNA 

(6, 162,' 224,226, 239). ,Itiswidely agreed,thèrefare,' that at least 

part of the mechanism wherebyauxins regulat~ ~rowth in~olves enhancement 

of the synthesisof essenttal. enzymes. The problem is to identify these 

enzymes and explain the mechanism(s) whereby auxin induces them. 

The, pre~ent study dealsmainly with effects of the auxin 

indoleacetic acld (IAA) on synthesis ofcellulase {13-I, 4-glucan 4-



-2-

· glucanohydrolase EC 3·2·1 ·4) in young plant tissues. Most of the research 

· Was carried out ~ith.tissue growing at the apex of etiolated pea epicotyls. 

At the tlme w~e~ ~hls studyw~s tieg~n It was known that both cellulase 

(164) al"!dnatural auxin· (265) are partlcularly ë:onc·Qntrated in thls rQgion 
. .. . . . . 

. of theepi coty 1. Whent issue sect i ons are removed and grown wi thout added 
. .. '. " .' .,.' . " 

substrates, part o~ the cel 1 wall glucan disappears during incubation 

( 183, 185 ).Whênthe tissue i s 1 eft attachedto the decap 1 tated seed 1 i ng 

and· 1 AA i s app 1 ied at. ~he. apex, the. hormone causes· swè IIi ng· and. fra'g-

· mentat i on of parenchyma cel J. wa Ils. (188, 284) •. There were grounds, 

therefore,for suspectlng the existence ofarelationshlp between auxln 

and the ~mount. of active cel ~ulase in .this tlssue~ 

There. were also g~ounds for supportingthe vLew that action 

of cellulase on cellulose microfibri Is l.!1.YlY.Q. could enhance the rate 

of cel 1 expansion •. Primary wal Is in young plant cellscontaina frame

work of cellulose microfibri Is which have a complex ori~ntation that 

changes during cel 1 expansion (253, 254, 255, 279,288, 325, 338). The 

fi br Il s cl ear 1 y s 1 Ide apart when the wa II. i ncreases in area. Neverthe 1 ess, 

they are so iriterwoven that it is difficultto visual Ize how this could 

occur to the extent it does during growth without sorne fibri 1 breakage. 

Hydrolysisoffibri Is by cellulase action is weil known.to be very ef-

fective at reduclng the tensi le strength of cel lulose-containing materials 

[e.gq cotton thread (248,249,286) and dead oat coleopti le cell walls 

(232)]. 

About 30years ago it was suggested (130) that growth requires 

an.auxin-induced "Ioosenlng" or "plasticization" of the primary cel 1 wall. 
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The fact that the rigldity and strength of the wallis Indeed a major 

factor in restricting the rate andextent of cell expansion is emphasized 

bymany subsequent studieswhich demonstrate a relaxlng effect of auxin 

on wall plasticity. Auxin treatmentof,living tissue rapidlybrings 

about'an'increase in its' extens'ibiii1:y as measured under artificial stress 

and this reaction occurs:before any effects on growth can be detected ' 

(62, 210, 260). Although many theories havebeen advanced since to ex-

plain ,such effects, none hasgainedwide acceptance. 

This thesis presents data which demonstrate that IAA treatment 

enhançes theamount and"specifie qçtivlty ofç;ellulasedyring growth,' 

Effects of' Inhiblters leads te ihe conclusIon thatlAA regula{es 
. '"','. , 

synthesis of this enzyme, theactivlty of which may, in turn,inerease· 

wall plasticity and facilitate eell expansion. 
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····REVI EW OF LlTERATURE, .; . 

1. Metabol ism of WaJ 1 Materials During Growth. 

A. 'changés in Composi.tion 

The m~in categories Qf substanceS present ln ~al 15 of young 

plant tissues are cel 1~lose, hemlcel lulose, pe,tic substances, proteln 

and 1 ipid. Many analyses ha~e been made of the re~atlve amounts of 

these components, e.g., in tissues from pea epicotyl (185,204), oat 

coleopti le (14, 28, 53, 264, 304~ malze coleoptl le (167), maize mesocotyl 

(278), anion roo~ (147), maple cambium (306, 307). Except for cellulose, 

there Is 1 ittle agreement an methods sultable for separating these cate-

gories of wall materials from one another or from slmi lar substances in .' 

other parts of the cell. It is not surprising, therefore, that wall 

composition appears to vary widely in differènt tissues, ., The most common 

constituentsreported as subfractions of· hemicel.lu/ose and pecti~· sub-
, , ' ' ,,', 

stances are xylans, ;gIUcans,galacta~s~ ~rabàns,paJyglucuronates~ 

polygalacturanates. The relative amountsofthese materials alsoappear. 

io vary from one young tissue ta another. 

~-cellulose is usually isolated as the )3-1, 4-glucan insoluble 

in alkal i (approx. 17% NaOH). On analysis this fraction is always con-

taminated by traces of other polysaccharides and it may contain sugar 
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, un i ts other thang 1 Ucose CbVa'lentljbonded w.ith in 'the mol ecu 1 ar chai ns 

(229, 254). Neverthe 1 ess ,thi s has' been,t,h,e' most, ~/ide 1 y ,reproduced and 
":', .... , .,; 

homogeneous wall fract i onexamined i n}he ,above, stud i es on wa Ilcompos 1-
.. ' , 

t i on in' groWi ng tissues. 1 t,wasgenera Ilyfoundto, maké>up from20 ta 

40% of the total dry we 1 ght ofthewal L' ,Fromstud ie~ onwa Ilul tra;..' 
...... 

, , 

structure us i ng techniques of el ectron microscopy ,X-rayd iff'7act i on, ,etc., 

cellulose is clearly present in the wall in the form ,of a partlally 

crystal 1 ine framework, of microfibri Is (94, 229, 238,324,325}~,' These 

fibri Is are interwoven in young cel Is with the predomin~nt orientation 

generally in a transverse direction (253,255, 278, 279, 288). Hemi-

cell~lose appears to be deposited on these fibrils with protein a~d '" 

pectic materials local ized mainly in the middle lamel la (85). 

Enzyme systems have been described which synthesize cellulose 

(16, 17,44,81, ,125, 237), 13-1, 3-glucan (89, 125), xylan (13, /25), 

po/ygalacturonic acid (125, 178,319,320) and ga/actan (206). AI/of 

·these enzymes require a sugar nucleotide as precursor. In most instances 

synthesis ln vitro is also dependent on the presence of a primermolecule, 

to which sugar units are transferred. Thus, the aver~ge molecular chain 

1 ength of these components wou 1 d be exp ected to i ncrease dur i ng synthes i s. , 

Accurate measurements of molecular weight of wallcom~onents of young 

tissues have ~nly been reported for cel lulpse. During elong~tion of cot~ 

ton seed hairs, cellulose synthesis takes place and the average degree 

of polymerization incre,a,ses from values of 2,000 to 3,000 to about 14,000 

in the mature hair (198, 199). The site of cellulose synthesis is not 

known; it may be in the wall or possibly at or near the protoplasm surface in 
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, , 

cytoplasmic microtubules (213, 218,230,329) •. There isclear eVidence, 
• • J' ". • 

e.g~, from radioautographic electron microscopy,that èynthesis of pectic 

materi~ls and hemicel lui ose takes placewlthin the cytoplasm in the 

go 1 9 iapparatus and t~ese produc,tsëlre then·,·,transported tothe wa Il 

within the vesicles(173, 213, 219). 

, Normal plant 'growth i s.a Iways accompan ied by 'an i ncrease in 
.~~... .:\,'." 

total amount of cell wall material and thi s i ncrease, i s stimulated by 
' . 

added auxin (14,21, 31, 53,262, 263, 296, 334, 336, . 337) • Manyattempts 

have been made to specify whichof thevariouswall components"arè' 

synthesized at rates 1~at correlate,with the, growth rate. However, there 
, . . 

is no agreement between. results ofsuchstudies on different tissues. 

Correlation to sorne degree has been noted be~ween growth and the synthesi~ 

of cellulose [e.g., in oat coleopti le (265) and pea epicotyl (185, 334)J, 

"., . 
'". : 

pentosans [e.g.,.in potato tuber tissue (46). and tobacco pith tissue (337)J, ..... . 

pectic substances [e~g., in tobacco pith tissue (337) and oat coleoptile 

(~65)J and pectic methyl ester groups (e.g., in oat coleoptiie (2, 61, 

233,235)]. The most extensive study of changes in levels of wall materials 

dur i ng normal growth has been carr i ed out wi th oni on root t i ps (147). 

The general concl.usion of the studywas thatall niajorcategories of wall 

'materials were synthesized duringradial cel " enlargement and cell 

elongation and maturation. Thus, no specifie effect of auxin on synthesis 

of a particular wall component during growth has yet been established. 

ln view of this apparent variabi 1 ity between tissues, it ~an 

be questioned whether there exists any on~ component of the wal l, the 

synthesis of which is obI igatory for growth. Indeed, conditions, admit-
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. . 

tedly abnormal, have .been described where'somR growth takes place without .. . .. .. 

wallsynthesis. Pea epicotyl and'oat coleopti le sections floated on 

buffer withoutsubstrates (21, 183, 185,204). or Intubated at low' temp-
:- " . ,", ., '. ~ ." . :',. . . .', 

• erature, (31,204, 262{ma/' expand, Inso~~ Instancesconslderably, wlthout 

detectable Increase ln total wall materlal. 'Several of the s1:lJ'd'ies"of, . 
" ", ...... 

wall synthesl's i'n;growlngti~su.er.eve~led the factthatthe amountof 

sorne wall components actually decrease dur/ng growth.Thus, there is 

a fall in galactanlevel in 'growing pea' epicotyl sect/ons (185,204)," 

oat coleopti le sections (264)~ angiosperm xylem (306) and pear parenchyma 

( 149) • There is al so a decrease in 9 1 ucan fract / on i nthe fi rst three ,,' 

of the above tissues. The identity of this glucanisunknown. It appears 

to be alkal i-soluble (264, 306) and readi Iy hydrolysable by hot d/ lute 

acid (185) •. It could represent a hemicellulose or possibly amorphous , 
'" 

(accessible) regLons of cellulose. There have been occasional reports: 

of a fall in level of total hemicelluloseand pectin fractions (204) 

during growthbut there IS no report, of a decreasei'n total cellulose. 

1 evel .' 

The mere existence of polysaccharidases in growing tissue. 

whlch can hydrolyse wal Imaterials prov/des ~dded ev/dence that these 
:' . . ".' 

materials are at least potential Iy unstable., Thus, cel lulases ha~e been 

found widely dlstrlbuted /n higher plants, includ/ng many growing tissUkS 

(see Section III). ]3-1,. 3-glucanase (55), pect/nase (22; 23) and pect-

inesterase (105, 106, 107,217) have also been described in young plant 

tissues. There are few reports of the exi~tence of .' xylanase or 

galactanase in plants and no indication that these enzymes occur in growing 
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regions. With respect to the intracel lular distribution of these enzymes, 

studies have only been reported on pectinesterase which is found firmly 

bound to wall materials (105,106,107). There is no doubt that other 
:",.:", "-" -: '"(." 

enzymes, e.g." invertase (12,78,217), are locallied ln the wall or outer 

cytoplasmic membrane. 

A few studies have been made of turnover in wall materials 
. 

uSing the technique of pulse~label 1 ing or by measuring dlscrepancies 
- . , ". 

between incorporation of a label led pr~cursor andcha~ge in totalc~n- , ' 

centration of the produ~t. Evidenc~ has ,b~en obtaine~fri~ concu~~erit, 
", 

synthes i sand breakdowri of 9 1 ucan i nthe youngestand most act ive 'growi ng 

parts of pea epicotylsections (183, ,185, '204) a~d wheat coleoptil~s' 

(197). Soluble fractions ,of pecticmaterlal may also turn over inthe 

pea epicotyl (204) and oat coleoptï'le (2, 61L Ther,e is'considerable,' 

evidence for tur~over of methyl groups in esterified pectic acid ~61; 

235). Auxin has been reP9rted to stimulate turnover of total walJ 

material in thepeaepicotyl (204) and oat coleopti l,e(236)." 

It may be concluded that growth' is normal Iyaccompanied by 

synthesis of ail wall components and, at the same tlme, sorne components 

are subject to partial degradation. It has nct yet been 'clearly 

established whether synthesis or breakdown of any one componentis ,es-

sential for growth or specifically affected by auxine 

B. Theories of Wall Loosening 

ln order 'for the area of the pri~~ry wall to increase as it 

must do during cell expansion and elongation, It Is general Iy agreed 
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"'; , 

that reactions variously referred to as loosening (261), relaxing (99), 
".; . 

softening (26), plasticizing (130~ or' lea~in~ to i,~~reasedflextbi,1 i.t~ . 
,.,.' .. 

. ::"" 

, (1) must take place. Many observations us ing, a var i et y of phys i calmethods·.: 
- .:..:. ,': 

conf i rm that aux in treatment very.rapl dl y,: (I.~.e. ,:befcirè 'gr,owttl:eff~cts:,: 
••• • ' .,' _, ':, " • ." .", .. ,"", •• ,." • " .. ,;-,- .:. ':' •••••• 0 •• : ••• '." ••• ,. 

. . .... 
. ..... 

~ ", . 
';"" 

65, 130, 210, 260). The problemis'toi~e~trfy.thê.e'/entcswhkh:erihance 
,:",' .. :: .... :.:.{ . ''': .. ~<,.:~ : .. ,:. ':-:",:>:. ":.:": ~'- . \~.: ... 

'.'>'. .. '" .. -' .. ", 

'or restrict wall extensibi lity. 
" , 

':. ~. ~ , '. : '. : 

About 10 years ago, a', t erati on's i ri ,~he'''ge r ·,·:rn~·~'rap ert les':' ~f . 

, pect in appeared ta be themost' prom.' ;i~9<:~~~~~rÜ··~~~;~ç';,,~~Ù·I.atirig~~J>L. 
'".0'; . .',".:. 

," . ~ ", .. 

extens ib i 1 i ty. 1 t was sugge~ted' that';the,w~ II~k~C)~n i~~ibl1:Ôrf.effed: 
," ":. l·· ,.',.,.;:." ", '::.:<.<";'.: ::. ~:. ".', " " .. " ': : ..... "." 

. of ca 1 ci um i ons on growth was due,t'oth~f9im~tlon::~f'rlgid'( g~lied') 
';":;."' ,'" ... 

ca' c i um p~c.tate and that th i s sub~t~nc~ wâs the mai·n.· componentof .the 
.,..... . ." ... ;;. 

wall which contributedto wall.rigrdity (7()> :)n.1:his'.event, auxln 
' .. ;, .... , .";',' ..... ,,' 

...... : .. 
,would 'have to remQve endogenous calciuirifto~::tri~"'~J:,··before, ifcould 

" :'.: ' :. '; .'.. , " , ~ '. " .. .) :.'\'.:'.' '.: . . -.. .. .' ,: .. ~." .:' . '. ,; ':: '. ;;" :-.. :::"., .. '. 

. increase the plastic propertiesofthe wal·I("2·Sj::46f.srncethe de.gree 
, . . ... ', ","',.: .'. . ":.! .>. ' •. :',::.' ~',<' ... - ,-

of methylation of pectic carboxylg~:o'uPs .c()uld,c:·ontrol:,:~~·e;p·egree of 
. '. " . >~'. :.' .... ': '.: . ''-~''''.'':~\',,:, ,:. :.:' .... :J. • '. ;'; :.:: 

calcification, i t was proposedthat aux in mightst imul ate. growthby .:. . " , .... ::. ..:. ' ...... ." ... ' ....... ,; .. : ...... : .. :. ,',',' .'. ' 

inc.reas i ng the extent of pect i cmethy 1 at i rin t233,.235}~. 

1 n i nterveni ng years these possi b((iti,e~'~ere s~b'ject:ed)o, 
. ~ . .. . '. . .. .',:. .' ". . ' 

" 

several experimenta' tests with 'generallyn~gafive.results!;ojhat,.at. " 

present, there are few proponents ofpecti n me'thyl'aÙon orea le ifi cat i on . 

as major growth-regulating reactions. Thus, Jo~calcium 'eve'I~(10-3M--

10-5 M) often stimuJate growth, e.g., in wheat roots (45). Auxin treat-

ment does not alter the amount of distribution of bound wall calcium 

(45 Ca) in oat and maj ze col eopt il es (59) in experiments where the hormone 
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promotes growth. Auxin may actual Iy stimulate calcium uptake during growth 

in pea epicotyl (204) and oat coleopti le sections (68). In oat coleopti les 

careful measurements showed no relationshlp between rates of pectic methyl

ation and growth (60, 61). Moreover, pectinase solutions contalning. 

pectinesterase would be expected to inhibit growth in calcium but, in 

fact, such solutions cause swelling and deformity (e.g., root ~airs ~69)]. 

Finally, it has been objected that the amounts of pectic materials ln 

many young wal Is are too small for this substance to control wall rigidlty 

(2, 28, 144, 147). 

Various theories analogous to the pectih hypothesis have been 

advanced in which it is suggest~d that wall rigidity may be regulated 

by salt-I inkages, co-valent bonds Dr the degree of branching of wall proteins 

(104, 221) Dr hemicel luloses (40, 185,200,267, 288). Proteins rich 

in hydroxypro 1 i ne ,have been found 1 Dca 1 i zed in plant ce Il wa Il sand i t 

.has been proposed that cross-I inkages between these proteins and poly

saccharides may control wall extensibi 1 ity (171, 218). At the present 

time there is insufficient evidenc~ to support Dr oppose these possibi 1 ities. 

The above theories are ail based on the assumption that cel

lulose microfibri Is si ide or si ip'apart .during cel 1 expansion and that 

matrix wall materlaJs regulate the ease with which thls happensi There 

is an abundance of evidence that micro~lbri J Jar orientation does Indeed 

alter during growth and sorne movement apart undoubtedly Dccurs (94, 252, 

253, 255, 279, 288, 325). However, it is not establ ished that matrix 

materials control this movement Dr that a simple sliding mechanism is 

sufficient to explain the observed degree of fibrll re-orientation. 
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Accordingly, the possibility niustbe entertainedihat fibriJ' 

re-orientation requires breakage or partial degradation of~~1 lui~s~~ ~ 

Nickerson and Bartnicki-Garcia (221) in a recent (l964)reView'·otcel, . 
. ,," ... 

expansion remarked.that "while it is reasonable to accept the rriechani c'à 1> 
" ':." .. 1, "'. ' ..... ""'.:'. 

vlew that osmotlc pressure Is the drlvlng force for dlsPlacementcif'~~1 

" ;';:'. 

wall mo 1 ecu 1 es dur i ng growth, the' neg 1 ectedro 1 e of b i ochemi ca 1 c leavage·.·· .. 

of cel 1 wall complexes should be ·emphasized. It is known that a cell 
", ........ 

may possess enzymes capable of spi itting its own wal l, ••• action ••• of . 

these enzymes may wei 1 play a de~isive role ingrowth processes.'f 

:.": .. 

....... ,.; ..... 

Direct loosening of the' integrity of the cellulose framework by the action .:::: .. 

of cel lulase was first·proposed at least 15 years ago (83,310). 

Moreover, in the first issue (1950) of the Annual ReviewofPlant 

Physiology, Frey-Wyss 1 ing (95) speculated that n ••• if plasticizing of 

the primary wall js due to an enzymatic digestion ofmicrofibrils, 

••• then one of the secondary effects of auxin may be an activation of 

the enzymes in this system. fI Frey-Wyssllng has since favored a variety 
"',' .' 

" r·' 

of other explanations for growth and auxin action and, up tothe time '.;.: ....... : . 
...• . 

when the present research was begun, 1 ittle attention had been giiJen t() 

this proposai. It is sti 1 1 not widely real ized that celluiase occurs ,. ,',1 

~. ' 

in many higher plant tissues and its existence in higher plantsisoc- i."'''' . 
.... . ' 

casional Iy denied even by reviewers today (103). Nevertheless, there 

is no question that action of this enzyme can rapidly reducethet~nsile:' ,'.'. 

strength of cellulose (232, 286) and cause the cleavage of microfibrl Is 

(248,249). If such reactions occurred ln growing tissues,',there could 

be little doubt thé\t they would contribute to wa".loosening. 
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Il. Ri b'ànuc lei c Ac id ànd Prote ir Metabo 1 j sm: Du~ lng Growth 
.",0, 

". '-.' 
. .,' -

. '. '""',"' .. . ,', ," ..... 
.' -. - '. 

A.Ribonuclêic Aci.d andPrdtein'" . ·'.·,f 

.' If has;beenrepeatèdly.demonstrated .that a dose 

;~~:~~~~~~.\~ :. 
···.of young cells j's ri b~s,o~al.RNA,~·JtjS ~e~er~).lx~a~s~med··tHâ,'t,~~·~r.~f:i~·';<'~ 
'. r'ate 'isdep'endent'~~'theçapacitYof' tjs~J·e~·'fof.·sY~~i'-~si·:~d~g·pr~~~J;·n:~.·;: ':-::'. 

However,: theni ·"'s·gener~ {,y'nct 1 ô·~·(t relaÙonsh i Pb~t'we~:n·.~V~:th;·'f~të.··· 
. . '.' ' .' .'. . . ',. i; . . ... .. ".. . ... ~ . 

. ," " ',: . 1;', '::,':, ;',_ .. ~':. ' ": \." . ",:. ~ ," :', .; ... ...;;::: .. :: : ...• 

. :.: ~ " .' .:' 

. . . and. total prote i n lever (35 ,.54/159, ·224,303h·Therefo~~'Tt:ap:eear~.:.:·, .: . 

that growth must .:~;piend'OnsyntheS·;S of. partf~~lar ;prot:·èins· •. >:;~:.:: .... 
, :. ;,"','::.: . .,'." '. ':.,' .,' A':':"':' ". '",,·:f.:·' 

( .... , .. "' ... 
". "'.~ '. ··..It hàf'a', so 'been~hown thatt'hère arech~'n~e~\f h;1:l1é··ki,nds: 

.... ': 

,; ", ~ : : ' .. ; . ,.' ." 

of RNA·. formed du ... log growt.Ii.·Jngrowi ngpea roots .. CF2âj"and·'·péanut·'. . ...• 
: , " '. " • . • . . . ;" ",,;. , • .. .' ." • " .. ::' .' c. ~ .• ' . \." , ; . '''::.' \ ':" ; j~,".:. ". '~ . :'. \ .!" '. ~, '. , 

cotyl èdons. (49), the base ratios in RNA alter, as do phys'lca(p~?per~,i es ... 

"oJ the :rlbosomes .in thesetissues •. On this basi.~ a'lonelt è·oùl~6èpre;... 
, .. ', 

dicted thatthe klnds of proteins synthesÎzed durJng 'growth should va'~'y 

atd 1 fferent growth stages.. This has beenco'nfi rmed',not o"lyby' 

measuring changes in amount6f' varlou~ protein' frac'tionsduring growth 
. . 

(41, 128) butalso by many demonstrations that individual enzymei form 

or disappear at different times during development (9, 10, 1 i, 71, 274, 

275, 276). There may exist a definite succession of enzymes during 

growth in any one tissue (128). Except for ribonuclease (18, 19, 174), 

:: .. , . 
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. . . 

however, no single gro~pof enzy~eshas ~etbeen f~und to be re~e~~edly' 
. . 

associated with growthinal .. I. tissues~The functionsof ribonuclease 

in growth i s not understood • 

. . Auxi n ·treatmènt. ha's beers~owntoincrease tota 1 RNA :fevel s" 
J·".I,:; :'. ", .".,' 

... '; .... 

in soybean tissue ,most'mark~dlfwhel1thetissüè rema Inedattach~dto 

the .seedl i l1g(l63,} b'ut:(USO;'Whe'n')t}was:e~ci~e~ ,~n'd,floate~ 'onsolytion 

( 16/;i 62). In excis'edt i ssuestCltât;RNi.i~~~ts·u:~ua.lly·'d~c·I'I'n~ durl'ng' 

•. 'j ncubati 'on,neverthe less"â,~t'imui à~ion··()fRNk.~yhthis'iS'frlJ~·'~b·elled' 
precu·~··sors· ha:~.·· .. ···.r·.~·9ù·':'··ar·.I·Y··.·.·b~.·~·~:·~'~~~·~~.~·~~i;d;Ç,;:~·i~~·i\:?:;·~·;tb,~·~'ic~';·:'P'i:t:~:i:~i:~~" 

" :. ,:: . 

. sue;' (293 )··, .. ··wheat.co 1 eop~'/.I~.t~;J~)~;'::;~t··,toJiciPti·, ~:;{29 , ... ~'S';i'201'):·,-:·:,·.· . , 
. . ~ , 

.' ·'.art 1 choke'· tu be2tJssu e·::(20;J;·~SOYb:~~~n.hyp02~t'Y'(161,:,~~)'i·:'.I~ a{L....·:· .. ' 
• ". ' :. ••• :. ": .:" "1 •• :-........ • ".".:.: ".:~;:./.~: ••• : ~."':'''';~~:'." ••• " _ ,,' 

'.' tachedsoybean tissuenïostof'1:~'~ "a,ùxin~i nduced RNA wasr ib~so'm~( .'RNA".:··. :-:' 
: ;:-.... '. " ,,~. ',' . . '. :! . , ... , ' .. ":. .'. ~ .; ':'. . . .' .::" .;. \ 

(163). ·'In de,t.achedse·cfions;extra·label appears in ail RNAsuil2 ft'a'ctions·;·:·,·· 
.'. ".; .. : ........' , . . . "., ': '. ". .... .' .. " .::. .:.'::' . ::' .• ::-' .. ' .. -: -: ! ...... 

, . Inc 1 Udingmessen·gerRNA(160t •. p,~.~1:.iCû.I?lr Importance has recentiY:.b\~:en,::· .. '->:;.'·:,-
.. " . .... . ... . ...... ; ".,'. 

'. placedon formation,Of'fuesSëng'~~"RNA~:d~rfng g~~wth •. This is the·mai'Ii:·:::;·:·:-·;' 
'.). . .' , . .. " <..... . .. . ... : .: .. ~!' ':':' .. ,' .,': :::. • ,.' • 

. ' •... frac:t·lonsyntheslz~din'g~~~:I~gp.eë)I~O~sectl,ons (ISI) and .soy.b~an:.:.-" ... :.:.:.'.:'.<:.,. 

. ...... , '.;" , 

. " Atixint~eatmerrt Incr~ases 'tota, prote in 'eve 1 s in a~ùç~~d:·,·.< 
, ....... : ... . 

soybéant i,ssue .(163): 'but j t' :has;: II~:tlt{eff·~it~o;n,·tota IProte{n·i'~~·~O';t/,.· .. 
'. '.. '. . '.'; ,~~\ :.'..'.:"' ....... ; ........... ::~ . .'~.,,;~::':;>~" '.' '. .'.:, :-':.'",~ :.t,:~' :-.::',: ',,.., , 

detached :sed ;00s(35', 54,'j59;'224,:3b:if~;;,;Neve~theièss.:the·:::~~t~,k~ 'of . 

label 1 ed amin.oacidsi'nto prot~in(~::~,irm~I~'ted by;au,xinin"peatstelTl " 

. sect ions, art ichoke tuber t i ~sue (224): and\~ybean hYP~coty 1(162).' 1 t 
. . 

has not been clearly established whether this reflects a direct stimulation 

by auxin of translat/onal steps in protein synthesis or whether it is 

an indirect consequence of auxin-induced RNA synthesis. Either mechanlsm 
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',.' : ',,' '.". .:.:.: .... : .' 

of act ron cou Id' expl ai n.thefact: that 'aUxin'treatment' undoubted 1 yin';':' .' '.', 

creasestheamount.and specLf i caçt Iv i ty of parti cularenzymes ..StlUÙ es'·" ,",. 

ofsuch eff~c:tsup 10 196Ia~~ ~èvi~~e~~by Cleland(58). ,Since the~;;~ 
, aux in has been report ëd" ta have ,th i s effect oni ndo 1 eacetyl aspartate 

• " 1 • :, • • , ~'.',: ... ~:. '.' 

synthestasein p~'aepicotyls(317,318), isoci'trate' Iyase in potato 

.• tubers (73), i~~ertase in artichoketubers and'chicory roots (93) and 

"'përoxidâsein pea stems (100). Clear documentation of hormone-induced 

' .... ' 

'" enzymesynthesls in plants has been reported forJ-amylase in glb

berell i n-treated barl ey aleurone cel 1 s (51, 52, 240,241, 242, 314, 315) 

and for 1 ipase in gibberel 1 in-treated ge~minating cotton seeds (30). 

Regardless of the site(s) of auxin action, the view is,now 

widely held that synthesls of mess enger RNA and the enzymes for which 

it acts as a code, is an event essential for growth. Apart from the 

evidence cited a.bove, there is no' doubt that many substances, e.g., 

antibioties, which inhibit proteln and/or RNA synthesis also inhibit 

growth. Oetai Is of such experiments are discussed below. 

B. Inhibitors of Nueleic Aeid and Prdtein Synthesis 

A,vast number of antibioties andsyrithetic chemicals, e.g., 

preeursor analogues, areknown 10 inhibit partieular reactions es

'sel")tial for the synthesisofnuelele acid and/or protein.· The action 

Înechanismsofmany ofth~~e' inhibitors have Clftenbeen~eviewed(~3, 

97, 131, 164,205,220).' The following inhibitors havebeen usedin '. 

the present study; discussion Is limlted to thei~ mechanism of action' 

and their effectson higher plant tissues, where known. 

.. ". '.: 

"." 
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Actinomycin D: 

at low concentrations (10 Jl9/ml or less) Jt inhibitstranscripfionof: , ." 
< " '. - " ," • 

DNA by RNA po 1 ymerase and therefore i t prevenfs synthes iS,ofallfèrms' 
: . .,'.. 

of RNA; hi gher concentrations (100 pg/ml or more} are requi redto 

inhibit repl ication of DNA by DNA polymerase(i09, 111,136,150,;53, 

166, 272). The inhibitor acts by binding to the guanineresidueinDNA 
: '" . 

(47, 102, 108, 1/0, 112, 1/7, 122, 152, 155). Theseconcluslons are.· 

based on observations 'with preparations from micro-organlsms and animal 

tissues. However, they probably also can be appl led to plant tissues 

since acti~omycin D has been shown to inhibit the incorporation of 

nucleotid~s into RNA by isolated pea nuclèi (50, 280)~ 
, 

ln vi~, actinomycin D severely inhibits the incorporation 
, ,,:. '; ,.,' . 

of label led precursors, e.g., orotate, into RNA of the excl~ed pea 

epicotyl section (65, 210, 317, 318), oat coleopti le (118),soybean 

hypocoty 1 (65, 161, 162), potato tuber s Il ce (63, 170) etc.. At the 

,.. " 

same time, actinomycin D also inhibits incorporation of suppl ied amino 

acids, e.g.,I"t-leucine, into 'protein (63, 162,226). AcflnomycinD 

prevents the action of auxin in stimulating nucleic ac~d ~synthesis 

. . . -, ~ . . 

[e.g., in pea eplcotyl (65, 210,317,318), oat coleopti Le (62, 65, 118,' 

201, 226), soybean hypoc'otyl (65, 160, 161, 162) and corn mesocotyl (65, 

160}J, and protein synthesis [e.g., ln oat coleoptile (62, 226) and 

soybean hypocotyl (162)J. It is usual Iy presumed that the inhibition 

of proteln synthesis is ,indirect, resulting from dependence of the 
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process of translation on continued RNA synthesis. 

Actinomycin 0 can,also /nhibit the transport or absorption 

into plant tissue sections of nucleic acid precursors (65, 226), 

amino acids (162,226) and sugar (15). Th/s ra/ses the possibility 
, . 

thatpartof the/nh/b/tion of nucleicacid and protein synthesis tram 

prec~rsors resu,ltsfrom Interference with the permeabi 1 ity of tissues 

and therefor~ internai precursor p061 slze. 

Actinomycin 0 reduces endogenous growth and prevents auxin

induced elongati'on of pea epicotyl and stem sections (226, 245) and 

many other excised pla'nttissues (63, ,118; 201, 202, 203, 224). Early 

tests with the,oat coleoptile (62) suggested thàt ce" wall plasticity 

was oot affected bytoncentratioris of actinomycin 0 which inhibited 

85% of RNA synthesis. This degreeofinhibition was estimated on the 

basis of· the net, effect of the inhibitor' on incorporation of 14C-orotate. 

It may be questioned whether thec~lculaijon was legitimate in'view of 

the inhibitory effects (notedabove) on precursor uptake. When this 

test' was repeated with the pea epicotyl (65, 210), oat coleàpti le (65, 

201) and other plant tissues (65, 202, 210)actinomycin 0 did prevent 

effects of IAA on wall 'plasticity. In general, these studies have pro

vided some of the strongest .evidence avai lable to support the vlew that 

plant growth and, in part i cu 1 ar, wa Il loosen i ng, depends on RNA and 

protein synthesis. 

Puromycin: 

Effects of puromycin on protein synthesis have been revlewed 

recently (72). It is a structural analogue of adenosylphenylalanine (323). 



-17-

It blocks synthesis of protein by ribosomal preparations from lower 

organisms or animal tissues ln vitro (3, 4, 5, 36, 76, 114, 135, 2j4, 

216, 308). Inhibitory action is due to the direct incorporation of 

puromycin into growing peptide chains which prevents further incorporation 

of amino acids and causes release of incomplete, soluble peptides (2", 

215, 343). 

Puromycin inhibits protein synthesis inisolated pea nucleoli 

(27), It also inhibits i~corporation of labelled precursorinto both 

protein and RNA by pea epicotyl sections (317, 318), potato tuber slices 

(63,170), soybean hypocotyls (162) and oat coleoptiles (224,226). 

1 nh i b itol')' effects on plant growth (224, 226, 245, 318), ami no 

acid uptake (162, 226) and glucose uptake (15) are very similar to those 

of actinomycin D. There is one report of the stimulation of enzyme 

synthesis by puromycin in higher plants (318). 

ChJoramphenicol: 

Effects of this antibiotic were reviewed in 1961 (39). It is 

a nitrophenyl derivative of dichloroacetic acid (277) which prevents 

protein synthesis by inhibiting the transfer of amino acid from aminoacyl 

'-sRNA to proteine This effect appears to be the result, of a chloramphen

icol-ribosome complex which Interferes with the attachment of rn-RNA 

to the ribosome (57, 79, 115, 208, 266, 316, 327, 339). It prevents 

protein synthesis in bacteria and animal tissues both in vitro (145, 

146,326) and ln vivo (7). 

ln higher plants, chloramphenicol also inhibits protein synthesis, 

e~g., in.oat col~optiles (225), carrot roots (142) wheat endosperm (212), 
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isolated maize microsomes (212, 259) and tobacco cell nuclei (90, 143). 

ln general, higher concentrations are r~qurred to inhibit protein syn-

thesis in plants and animai tissues than in bacteria. Chloramphenlcol 
. .',. 

inhiblts endQgengys and ayxin-Ihdu~ed grQwth "inavarl~ty·~ftiG~~es~" 
'. ~.' '.:, .:.:'; . 

" ' 

coleoptiles (224,225) and other planttjssues (225). This growt~,' 
. "::. 

1 nhi bit i on 'c 1 ose 1 y para Ile 1 s the" i nhib itiôn~of 14c~leû:cln'~in:~Orpo~a'ti on' ' 
'. ', .. 

into' protein ,(224,- 225).' Other ,i nhi/;)itol"y,effêct~ haV~al$O, ,b,~'en' reported, 
- , 

.. 

, Act i d i one (c y c 1 oh ~ x i rri ide) :," ':, 
. ...... . ,,':: :.:,',. 

. . :'. , " 

: ',' .. -::.:.'.: . '. " .~. 

. ........ ',' .' 

,:rh i sant i b iot i c: i nhib its both prôt,e inëjnd"ONA -synthes i's but 
. ,", 

not RNA synthe~i s in mammall~n>a~~, ye~stc~I'IS,', (r54,29I'~ }?2 ~"' 299), • 
. ,. . ... ' . 

,-l.!l vitro, 1 t has. effects slmllar ,to'puiomyi::ln'j'n':1;i1a't itJnh 1 bl ts 'prot è i n 
..". '. '. .. ',' .. " .. :. , .. 

" "'" .......... ,'. 

synthesis by isolated rlbosomës'.', ItaPBear,sto'lt)h'iblt;'the~'fina,I"'s~eps 
", , 

o ftrans lat i on ,1 • e., thetrarisférof.,aml no', aci d, fram :s-RNA ;'to 'peptides 
...... 

(39, 66, 75, 92). 

organ i sms (330). 

. "':':; :',': 
1 ti nhl bits the growth'tif'sl:mlebut~' ;,o'1:'~;JI'mi cr~-

. '.' .~. 

.. , .. :, " ... 

Effects of acti di one on gr'ôwthof h ig~er p I"~ntshaven.~t' be,en 

reported. However , if i nhi bitsform,at ~O/'lof.fi:lttyaëidsynthetase 'i il 

potato tubérsl ices (335) and nitrater~ductase in Brassicaleaves (127j. 

Fluorodeoxyuridine (FUdR): 

A review of the effects of fluorinated pyrimidines on nucleic 

acid and protein ~ynthesis has been publ ished recently (126). FUdR is 

a structural analogue of thymidine and inhibits specifically the synthesis 
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ofthymidylate (91). l!lvltro,FUdR can,bephosphorylated to the 

nuc ieot i deana 1 ogueofthyml di nemonoPhospha'{e(!MP}Wh ich i s a powerfu 1 

inhibitor' of thymldylate syntheta~e (1'21). Thus,l.!!vivo, FUdR inhibits 
" " '. ',',. ',' ..... . 

. , 

,DNA synth,esis'and thé Inhiblti,on canbe rever~edby addinghlghconcen-

trations of thymidine or,itsanaJogues, e.g., chJorodeoxyurldlne~ 

bromodeoxyuridine or iododeoxyuridine (24,91,222,223,243,301,302). 

FUdR has been shown to' inhibit mitosis"in V'icia fabaroot 

tips (164,301), .tobacco cells (91) and to inhibit cell elongation 

especially gibberel 1 ic acid-indvced, of cucumber hypocotyls,wheat 

coleoptiles (223) and )entil epicotyls (222). It was also reported to 

cause chromosome breakage ln Vicia faba root tlps (164). 

Mitomycin C: 

ln animal tissues and bacteria this antibiotic causes inhibition 

of DNAsynthesis. (290) and may promote degradation of DNA (/56, 157, 158, 

231,273,289). It has no marked influence on protein or RNA synthesis 

(140). ,The antibiotic acts as an alkylating agent (282) to 1 ink DNA 

complementary strands together by covalent bonds (140, 141). 

Mitomycin Chas been reported to inhibit cell division in 

Vicia faba root tips (207) and,expansion growth of artichoke tuber tissues 

(203). Aberrations of chromatid structure also occur (282). 

HYdroxyurea: 

This substance inhibits incorporation of thymidine and phosphate 

into DNA of regenerating rat 1 Iver and Hela cells (283,345). It does 

not affect synthesis of RNA in these cel Is. It may Interfere with DNA 

metabol ism (98, 209) and with the synthesls of pyrimidine deoxyribosides 



(209). These effects can be reversed bi thymidine, deoxyuridine or 

deoxycytidine (209). There are no records of the ~ffectstif hydroxyurea 

on pla~t tissue. 

Colchiç!n~: 

This'substance is weil known as a "metaphase poison~ which 

inhibits action of the spindle and separation of chromatids. It appears 

to act by disorganiz)~g orientation of micel les in t~e astral rays and 

spindle fibers (137). This resulting in polypioidy (164, 175). Such cells 

wi 1 1 resume division if colchicine is removed (164). 

8-azaguanine and 6-azathymine: 

These structural analogues are incorporated into RNA or DNA 

of animal (132, 176, 189, 205, 258, 294, 295, 328) and plant tissues (48, 

129). Presumably the products have abnormal properties. In addition, 

6-azathymidine ~~n be formed from 6-azathymine (256) and this substance 

inhibits the incorporation of 14C-formate into DNA thymine (257). 

8-azaguanine inhibits cel 1 expansion in artichoke tuber tissue 

(203) and cel 1 division in the pea root (129). It has been reported to 

- stimulate the growth and germination of pollen tubes (312). 
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III. Cellulase 

A. Occurrence 

ln th~ literature on plantanato~y{see 67,85) there are many , , 

references ta the visible fragmentation, thinningor even complete 
. . . . . 

dissolution of pl~nt cell walls during normal cell differentiation. 

ln many instances, there can be no doubtthat cellulose is degraded. 

by endogenous cellulas·e. This incl-udesthe weil known disappearance 

of end walls bf tracheids and laticiferelements during formation of 

vessels and mature I~ticif~rs (151, 28t)~ An active cellulase has 

been extracted from developing vessel5 of barley roots (281). Simi larly, 

in the absci~sion zone of bean petioles ~here cell walls visibly break 

apart, cellulase can be extracted at a higher activity than in the 

surrounding :tissues (134). Ethylene gas, which promotesabscissionin 

this tissue, also increases extractable cel lulase activity. In storage 

organs,(e.g., 'endosperm) of manygrains (e.g., barley), wall dissolution 

occu~s during germination and J-glucanas~ activity in grain extracts 

has been shawn ta increase at this time (38, 187,242). Gibberell ic 

acid treatment of the grain promotes germination and enhances the activ

ity of many hydrolases, including ~-amylase, ribonuclease, pr'otease and 

)3-glucanase (51, 52, 240, 241, 314, 315). The ~-glucanase may not be 

cellulase (~51). In grasses, close to the ends of guard-cell pairs, 

a pare develops during growth providing open connection between the two 
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cell protoplasts (42). Cel lulase activlty has been extracted from many 

grass leaves (55). Pollen tubes.grow through many cell ~al Is durlng 

their passage down the style and Intothe ovary and there is electron 

microscopie ev i dence (247,281) that th i s process i nvol ves breakdown 

of wall cellulose. Cel lulaseactivity.ha~.beenextracted from pollen 

gra i ns (305). 

ln addition tosuch Instances of cellulose breakdown by cel-

lulase, there are many examples 6f tissues where there is anatomical 

evidence that this phenomerionprobably occurs. Thus,the mechanism of 

sieve plate pare forma~ion has beena cont~oversial subject far many 

years but recent electron microscopie studies lead ta the conclusion 

that some cellulose breakdown occurs (84,281). Lacunae often develop 

in tissues by the breakdown and disappearance of entire cells, e.g., in 

pith of hollow stems, seeds, etc. (85) and in the cortex in advance of 

developing adve~titious roots (284). During geotropic curvatur~ of 

bean epicotyls, measurements of wall thickness suggest dissolution of 

wall material in cel Is towards .the lower (enlarging) surface (37). 

There is ample evidence for thè widespread occurrence of 

active cel lulase in extracts of a variety of organs from higher plant 

tissues. About 50 species have been tested in surveys (55, 195, 309). 

and cel lulase activity was readi Iy detected ln most instances. Partic-

ularly hlgh cellulase levels were found in the merlstematic and growing 

regions of the pea epicotyl (184) whlch are the same reg/ans showlng 

most active cel 1 wall turnover (183, 185). Cel lulase has also been as-

sociated with enlarging cells in tomato fruits (116), bean petioles (134) 
1 
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and tobacco leaves (309, 310). Tracey's early (1950) results with 

tobacco 'Ieaves led to his suggestion in 1959 (~IO) that cel lulase may 

"play a role in the remodel 1 ing of the primary cel 1 wall during growth.u 

The above studles lead to the conclusion that cellulose dis-

solution ln higher plants is a highly localized phenomenon, re~trict~d 

to certalnregions or tissues or even to certain ce" ,walls within the 

~issue. This, in turn, implies that cel lulase actlvlty in higher plants 

must be closely regulated, either by direct inhibitors or activators 

or by mechanisms which control, cellulase metabolism. The existence and 
. . 

action of s~bstances which directly affect cellulase is discussed in 

the next section. There is no evidence for inducers or repressors of, 

cellulase synthesis in higher plant~. 

ln lower plants, cellulase is weil knl()wn to be an Itadaptive" 

enzyme in the sense that the abi lit Y of many of these organ/sms to 

form cel lulase has been shownto depend on the composition of the medium 

on which they are growing'. Thus many fungl produce cel lulase only when 

grown on cellulose, cel lodextrins or cellobiose (20, 190, 192, 269). 

Certain'other glycosides can replace cellulose or its derivatives in 

sorne species. Trichoderma virlde and certain Basldiomycetes form cel~ 

lulase if grown on lactose (190), sai icine or sophorose (190, 191, 192, 

194). Under different conditions (e.~.; temperature, etc.) free glucose 

or cel lobiose may act either as an inducer or as a repressorofcellulase 

synthesis in 1. viride (192). Usually cel lulase activlty ln these 

organisms is not detectable unless the Inducer is present. There are also 

recorded instances of organisms with low ce"u'ase activity which can be greatly 
l 

----_ ...... -_ ........ , - ........ .. 
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stimulated .Ln vivo by the addition of substances to th.e outside medium. 

For example~ the production of cel lulase by Trichoderma is enhanced by 

providing optimum concentration of cobaltous ions (192). Cellulase 

synthesis in Achyla mycelium appears to be increased by adding one of 

the sexual hormones for this fllngus (305). Whether or not these are 

examples of enzyme induction remains to be determined. 

B. Properti es .Ln Vi tro 

Various terms have been used to describe the action of cel-

lulases on )3-1, 4-polyglucan substrates. The simplest classification' 

is that which distinguishes between endo- and exo-cel lulase according 

to whether the enzyme attacks the ~ubstrate at random points along the 

molecular chain or specifically at one end ,to remove cellobiose or glucose 

units. Most fun.gal and plant ce"u'ases are probably endo-type (310, 

344); ,exo-cellulases have only been described in a few lower micro

organisms. (165, 298). 

Endo~cel lulases can be identified by their effectiveness in 

reducing the Viscosity of carboxymethylcel lulose (CMC)~· an assay dependent 

on reduction in average chain length. It is probable that cel'ulases 

only hydrolyse linkages between unsubstltuted anhydroglucose units . 
(227, 228) and, since these are presumed·to be dlstributed at random 

along the CMC chain, the chain length could be signiflcantly reduced 

by endo- but not exo-cel lulase action. However, in order to prove 

that endo-hydrolysis occurs, it is necessary to show' that the % viscosity 

loss is greater than,the % of total potential reducing power which is 
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releasedduringhydrolysiS. Thishas been done for pea epicotyJ cel-
. . . 

lulase-(184) andcellUlases fromiower organisms (177,227,228). In 

a·~efinilive st~dyof"cellulase from My~rithecium,afflnlty of the enzyme 

···.for '~ub~titùted 'cellodextr'insdecreases with. decreas i ng mol ecu 1 ar wei ght 

(119, .:33I),Th Isis. al so cl.ear evl dence. for endo-type. degradàt 1 on as 

is the productionof 'cêlJodéxtrins Jonger thancellob(ose(56, 101, 119, 

.123, 124, 168, 268, 331 J. These.latter techniques have not been employed 

with higher planteel lulase. 

There isconsiderablQ controversy oVer the question of whether 
'.. . 

or not co-operation of more than one erizymeis required for maximum 

degradationbf native cellulose •. Fractionation of crude cel lulase 

preparations have Shown the existencQ of at least two fraC~ions: one, 

ca lied CI( 177, 228, 286 lor ft. enzyme (286), wi il' i mmed i ate 1 y attack 

fibrous cellulose or hydrocellulosetO initiate breakdown and Joss of . ' 

tensi le strength; the other~called Gx (1~17,228, 286) or Benzyme (296) 

.. will notattack, fi bro~scêllu làs~unti lafter the fi rst. fract i on' has 

. operated for a tiine or untîl the cellulose îs swollen by acid or alkal i 
c . 

treàtment. Both rractlonsare probably glycoproteins (138, 246, 287). 

The làtter has been equated. to ]3-1, ~glucanase or carboxymethylcel lulase 

(270, 298)while the fornier may be an enzyme which breaks hydrogen bonds 

orinsome other way increases the accessibi 1 ity of cellulose chains 

t6 hydrolase action. There is no doUbt that cel lulases act on native 

cel!ulose microfibrils at relatively few sites since electron micrographs 

of partially degraded native cellulose show that dissolution is hlghly 

local ized (248,249). Onlya sma'il percentage of the total flbri 1 weight 
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is converted to soluble products, even after repeated cellulase 

treatments (286). 

Some cellulases, ail fungal in origin, have been purified to 

the point where meaningful amine acid analyses could be carried out. 

~rothecium ce"u'ase has a molecular weight.of about 49,000 and an 

amino acid composition typical of most enzymes. The presencé of glyco

sides in the enzyme was not investigated. The only unusüal property 

was the absence of free sulfhydryl groups on the active enzyme; 14 

to 16 cysteine units were present combined as cystine (74). Cellulases 

from Trichoderma koningi(138) and Polyporus versicolor (246) are both 

glycoproteins. 80th enzymes have an amino acid composition typical 

for other enzymes with very low cysteine content. The sugar moeties 

in Trichoderma cellulase include mainly mannose with a small amount 

of hexosamine (J38). 

Many factors influence the activity of endo-cellulases ln 

vitro. The pH optimum for activity is generally below 7.0 for most 

cellulases. It lies between pH 5.0 and 6.5 for tobacco (310t and 

pea cellulase (184). Temperature effects on cellulase activity are 

simi lar to effects on any enzyme. Animal, bacterial and higher plant 

cellulases appear to be more labile than fungal cel'ulases at high 

temperature (lOI). Effects of various enzyme inhibitors on cel lulase 

activity have been reviewed recently (lOI, 195, 196). Most cellulases 

are inhibited by high concentration5 (10-4 - 10-3 M) of divalent metal 

ions. Other regeanu, [e.g., p-chloromercuribenzoate (PCMS), iodoacetate] 

which react with sulfhydryl groups may be inhibitory or stimulatory 
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depending on the enzyme source. Reducing agents (e.g., cysteine, 

glutathione, ascorbic acid) are also either inhibitory or stimulatory 

Accordingly, it is ~mpossible ta general i~e on the question of whether 

or not cel lulase activity requires free ~ulfhydryl groups. Effects 

of many other substances (e.g., dyes, sugars, proteins, alkaloids, 

phenol ics, halogens, fungicides, antibiotics) have been tested with 

widely. ~ariabje res~l~s using dlfferent cellulases. Special mention 

may be made of a report thatl0-3 M IAA directly inhibits Aspergi Ilus 

oryzae cellulase (148). There is also an old report of the "unmasking" 
(. 

of Cellulomonas cel lu"lase activlty.by treatment l.n. vitro with trypsin 

(250). 

The widespread existence of heat-stable natural substances 

in plant extracts whichwi 1 1 inhibit fungal cel lulase activity l.n. vitro 

has been establJshed beyond question. In one survey of methanol, water 

and aqueous acetone extracts of a varlet y of organs from about 500 

plants, about 100 samples caused substantial inhibition of Trichoderma 

viride cellulase (193,195,196). The inhibition was traced ta effects 

of polymerie leucoanthocyanins in extracts of barberry, perry pears 

and persimmon fruits and ta condensed tannins in extracts of grape leaves 

and sericea. 
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, EXPER 1 MENTS AND RESUL TS 

Papër, 1. 'Contro'l ofc;eliulase Activi~y by Indoleacetic Acid 
'. •... ! .... 

Abstract 

Apices of etiolated decapitated Alaska pea seedlings were 

painted wi~h aqueous lanolin !IAA ± various inhibitors of RNA or protein 

synthesis. A sub-aplcal segment from the epicotyl was removed for 

,measurements of growth and the soluble protein content and cellulase 

activlty of enzyme extracts. 

Our i ng the fi rst 18 hours, the ma,i n growth response to 1 AA 

was an increase in segment dfameterj elongatlon was inhibited. The 

amDunt of extractable cel/ula~e activlty per' segment and the diameter 

increased at exactly the same rates rel~~iveto contrais. In the next 

2 days IAA Induced rapid cel' divIsion and the formation of root prl~ordla. 

Cellulase ac.tlvlty per segment, per unlt,fresh welght and per unit soluble 

prote i n aIl 1 ncreased markedl yto ' leve Is many t 1 mes hl gher than in con-
, ' , 

trois. Chloramphênlcol, azaguanine, puromycln and actinomycin 0 ail 

Interfered with protein synthesis, the growth responses and the devel-

opme nt of cel lulase activity. In the absence of IAA, cel lulase activity 

decayed. 



'-29- ' 

It i~,concluded that cellulase is subJect ta turnover in this 

tissue and.that therateofitssynthesis is controlled by auxin con

centrati.on. It isprop~sed·that cellulase action on micro,fibri 15 l.!l 
" .. : . ", ,'. ,,' 

vivo Playsah:ess'e~tial'rolê in a variety of grQwth processes. 

Introduction 

Whe~ ihdbleacetlc acid (IAA) stimulates cell expansion in 

. plant .tissue, before and during the growth response, there is typical Iy 

an increase in the rate of synthesis of protein (162,224,225) as weil. 

as 6 relaxation of primary wall rigidity (62, 64, 210, 260). Hypotheti-

cally, the two events could be related if the hormone were to induce 

synthesis of one or more enzymes which can catalyze a "Ioosening" of the 

. primary wall structure. It is g~neral Iy agreed that the term loosening, 

in thiscontext, refers to an increase in extensibi 1 ity of the inter-, 

wov,en wall framework of cellulose microfibri 15 (278, 288). The problem 

ia to identify su ch an enzyme. 

Cel lulase [~-I, 4 glucan 4-glucanohydrolase CEC 3.2.1 .4)J 

has. been. show~ to possess sorne of the required quai ifications. Even 

51 i~ht attack by enzyme on cotton cellulose fibers (286) or on coleopti le 

cel'.walls (232) is sufficient to cause a great loss in tensi le strength 

and anincrease ln extension under stress, i.e., a loosening effect • 

. The enzyme occurs widely in higher plants (55, 270), especially in young 
" 

tissues (184, 309) where IAA is concentrated (285) and where primary 

wall glucanis sUbjec:t to metabol ic turnover (185, '97,264).' ln this 
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"repor't W~Sho~t'hat' J AA:app·rredtotheyoUng pea ep 1 coty 1 can marked 1 y 

incr~ase the cel lul~se activlti.mea~uredin~extracts of the tissue. The 
, ' .... : . ",.", .<. 

Increase appears to be dueto'~ti~u/ation,of enzyme blosynthesis by IAA. 

Materla/s and Methods 

Seedl ings of Pisum sativum L. var. Alaska were grown in darkness 
unti 1 the third internode was 3 to 5 cm long. They were examinedand 
hand/ed under dim green light. The plumule was cut off Just be/ow the 
hook (/83) and a point" on theepicotyl 10 mm below the cut apex was 
marked with ink to dei ineate a "segment" of tissue (photographs shown 
in Appendix lA). The apex was painted with an average weight of 2.5 mg 
of lanol in paste (65-75% water) containing IAA and (Dr) other substances 
whose effects on.the segment below were to be tested. The concentration 
of·these substances is referred to in this paper as weight per unit 
weight of wet lanol in, e.g., 0.2 mg puromycin/g represents approximately 
0.5 ug appl ied per apex. The seedl ingswere then al lowed to continue to 
grow in darkness at 200 • 

High concentrationsof appl ied IAA bring about a striking se-
quence of growth responses withln thls subapical segment. Our observat,ions 
~onfirm those of Scott (284) on the anatomical deve/opments and of Mac~ 
Quarrie (188) on the changes in segmentdiameter and fresh weight. After 
a lag period of 6 to 8 hours, during which lanol ln diffuses as much as 
10 mm down intercellular spaces and'xy/em vessels, the diameter of the 
who/e segmentbegins tojncre~se overthat of contrais as a resu/t of 
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. . ' . . 
": . ~ . ' ~.. .' ... ,' .' .: " 

cont i nuedlate,ar~xpans' on of parenèhyma cel Is.· At about 16 hours, 
" '," .': . ~:' ' . . .. 

extensive nucl ear and c'el(dl~iSj 011"" s .. ·· fni t iated .:Swe 1 ~~li'~9" 'asa' 

resu 1 t of these two respo'nsest:onti nues for •. 2 to3 days.(see .' further. 
" : -,' 

documentation' in Append i ces' lA and 1 B/Fi 9ures::4iandS)'.Atthi s' t ime .. , '.." .. . " .. :" .. ',:. ,": . 

the beginnings of organized root primordia'eànber~cogni:zed"and 
',' ", 

" : .... 
cortical cells Iying between the root prl~ordia~nd:~Pidérmisbeginto' 

. ,",., 

disintegrate (Appendix lB, Figure 5). The young root5growthroughttie· ... · 
\ . ' ...•...... ." ."c 

lacunae so produced, reaching the outslde. in abouta week(Appendie~s 

IB,and IC). It should be added that in our tests appl ied IAA always 
;" ,"" ":,: "<.":-.:,:" 

inhibited elongation ~f the subapical segment whereas Macciu~rrie 

reeorded varying' degrees of inereased length. This differeneemay be.; ." 
.~ " , ':'. 

due to a lower endogenous auxin level ,in the tissue of histests,whieh 

was eut 3 mm lower down the ep i coty 1 from a dwarf (Meteor.)va'r'iety of 

peas ~ . 

ln present tests, 100 segments were remèved at intërvals .of 
.. 

' .. 
up to 4 days, washed with di lute.hypoehlorite,and.gently blotted.with, 

.. 
fi Iter paper. The fresh weight and lengthswere recorded and immediately. 

,",' . 
. '" ' 

the segments were homogenized .with 2 volumes of c~ldO.1 Mphosphate, 

pH 7.0. The brei was centrifuged, ~t37,000Xgarid ih~precipitate re

extraeted wi th 2 vol urnes of buffer~The comb iMed supernatants prov i ded 

at least la ml ofcrude enzyme~xtract derived~froma known number of 
.- ' '. . . 

segments (5 to' 8.~egments/ml>'and ;a'known fr:esh weight(approximatelY 
. .' . 

0.2 g/m/). Solubleprotein.(2 t05 mg/mt) was estimated in duplicate 

al iquots with the biuret ~ea~ent; purified bovine serum albumin was 

used as the stari~~rd (113, Appendix liA). 

. "~o. 

,. 

, .... 
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Sufficientextract remalned to measure cellulase activity ln 
, , , 

duplicafesamples as describedpreviously {184}, i.e., by the initiai 

rateat which aliquots lowered the specifie viscosity of solutions of 

CarbaxymethYlCeIIÙlôse~C~Cr.Each val ue reported "1 n. any one exper i ~ ; 

ment isbased 'on the',iverag~ percèntage' loss of viscosl ty brought about 
"" ". . . ". ",. 

i n2~ours.at.~50,:6y,theaddi ti onot 1 ml ,of extnict'to ,9 ml"ofl'.j% 
',' .':' .' ".....', ',' . '.'" .... ,",." ".... 

• ~ .. : .• :,' ,- .,'.1 . 

CMC~O ~OIM'phc:isphate (pH, 6.0h~O.()2% NaF., From thesemeasurements, va 1 ues 
, ", ',," ,,', ,,' ' , 

wérec:at'culated ,for theamount of ~ellul~seactivity persegment oftis-
. '.. 

sueor~er~nit ~olubleprotein., 
. "'. . '.::, . : 

A number 'of tests have, beencarr led outto cert i fy that these 

,'. methods provide 'arellable estlmate of the amount of cellulase in thls 
, " 

tissue (Appendix '1 U). It was first necessary ta boi 1 or autoclave 

the substrate solution for 30 minutes before use to:obta1n a reproduct-
. .;", " . . 

ible an~ stabiei~ltial viscosity. With this substrate the pH aptj~um 
. ·w. ": .. " 

of enzymlc attack Lay between 5~5~nd ~.5 (Appendix Il lB). Figure 1 

shows that cellulaseactivlty in a typical crudeextract was proportianal' 
.:" " ' . ',: "," .:....' . ". . . . 

to enzymeconcentratiorr when viscosity losseswere measured simultaneously' 

at any ,t i me up t06 hours. 'Proport j ona 1 i ty was not' abta i ned 1 n such 

tests ~hen longer Inc~bation times were used or when activity was such 

that viscosity losses ~eregreaterthan about 40%. Therefore act/vities 
." . .' '\: ", ,",', " 

were alwayscomparedat 'a time{2 hours} weil before this percentage 

was exceeded by the most act/veextracts encountered. Boi led enzyme controls 

were also taken Into account in each experiment but generally their 

values were neg/igible compared to those of unboiled enzyme because of 

the relative/y short incubation time (IB4). Further extraction of tissue 
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Fig. 1 • Effèct of enzyme concentration on cel lulase activity. Lasses 
in viscasity of CMC brought about by al iquots of'crude enzyme extract 

;were measured at 1) 2,4, 6 and 22 hours. See text for detai led methods • 
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" :", ", 

, re~ id ues with phosphateor with so 1 vents, conta i ning ~ che lati':ng âg~flf.,1 AA, ' " 
",,' .', ': ," 

orsubstances'known torelease adsorbedp'rotei nfail edto remove m~"'e 
. . . ," '. , ."' . .:. 

than atrace,of extra cel 'lui ase activi~y. B~.iLed.cru~eext.r~çtsor.up:, 
. ;, .... : .. : ";, '," 

t010-3 M I.~A;gibberellicacid,or kinetin,did not inhibit orstimulate 

activity ofthe':crude orpurified ènzynie '(AppendixIIIE). ,Ooubl ingthe 

;.sol'übLe'pr()tëin:c()~cêntrâ:tiôn by.add'ing'bovine'~erJm: a Ibumi n' dur i ng , 
"',_' •.. " ,,- -'J , ,".- • '. h', '>. 

"',:, enzy,me,' èxtracti on or dur Lng viscometry had, nO effecton enzyme act i vi ty 

, .- (APpgndiXI ,IlE) ~ , •• ,,' 
. " : . '. ~ : ~. . 

,,' 

Results 

"A. Growth and Ce Il u 1 aSe Act i vi ty 

Table 1 records the changes observed over 4 days in the size 

of the segment and in the amount of its buffer-soluble proteine In 

controls, the fresh weight approximately doubled as a result of elonga-

tion in the first 2 days. The diameter of the segment, measured by the 

fresh weight per unit length, increased only 51 ightly (by 15-20%) and 

stopped increasing after the first day. In IAA-treated segments, the 

frèsh weight quadrupled mainly as a result of a great increase in dia

meter in thefirst 2 days (the average fresh weight per,unit length 
", 

,tripledwhereas length increased by only 40-50%). IAA treatment also 

led,to a great~r increasein the amount of soluble protein than occurred 

in controls. (Effects of IAAon growth and protein levels in other 

, plant tissues are shown in Append i x 1 V". Effectsof other hormones 

on growth and protein levels in the pea epicotyl, areshown in Appendix V. 
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i"' ' 

. . ". :. ," . Tabl el .• 

.. :,." ;',' .: ":. ,-.. ". ", 

Effect of added IAA on g,..ow1hand sollJble'prptein ' 
level in the apical segmentduring a4-day periode 

Time Fr wt Length Fr wt Soluble prot e i .,", 

(days) (mg/seg) (mm/seg) 
1 ength 

(mg/mm) (pg/seg) , 
, ' 

Contra 1 1 AA Control IAA Control IAA Control IAA 

0 23.0 10.0 2.30 332, 

40.5 64.1 14.6 13.5 2.77 4.75 386 432 

2 50.1 83.9 19.3 14.3 2.60 478 '. 6.55 585 '.-.-

3 55.6 99.1 19.0 15.1 2.92 6.58 456 610 

4 51.3 97.3 19.3 14.5 2.62 6.71 512 610 

'" The apex of etiolated decapiÙltedpeaepic~tylswas painted with, 
lanolin paste! 0.5% (w/wLIAA., Length and fresh.weight of the 
tissue wh i ch devel opedfromthe.'a'p i ca /IO'mmofepi coty /was 
measured atdailyintervals. Values areàveragesfàr 100 segments. 
Soluble prdtein, was'extracted by O~IMphosphate, pH 7.0 (see text) • 

. " . . -,' " -

' ' 

, '. 

.',' . 

. ' 
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. '. - ':,.:' ,., : . . ',:'. " .,,:. . ...... : . 
... " 

.........•.. ···.èf'feë:·t~'.ti>f.tlïé: 'aèt·,~f;'dec~pit.a,tfon '~ari"Sh~Wn in';Append i.c es' V IA·an(J .. B~j··.··· 
. .: ,',', . , ..... 

··.'SiglJte·2:Showst~e·: Chang'~.SP:~sèrVeClir1,·thecellu las'eac.~.rvj'ty " 

......• O'f:}~,tr'~c't~·.f.r.·àm·the'~a·~ovi:.:s.~:~m~htS:>:;'1~.'~·ontriùs,·;,the>~~t·rVitY'p'~r,">". . " 
.. . . 

'unit protein or per segment inc:reasedslightlyatfirstbut therfdecreased' 
':';;':': .... , .... ;', ...... ,':' ... . . '.. . .... : .. , .. ' .,': .. ,' 

: .. ,.;' 
" ':. ..... , ":.:',. 

".'_".;. 

. ,". 
.... 

, . , 

. to weil bel ow the in i t i al 1 eve 1 as the growth r,ate"d~c li,ned~; .1 fi 1 A~~".: 

treated segments, cellulase activity also,increased anlyal ittie during , 
.' , .' .... ' ',' 

", ." . . 

the fi rst day. Subsequ ently, how.ever', ,i ttncr:eased>dramat ica) 1 y .:to· 

reach a maximum level' ~y the thi:d;dëiy:of1:iboüt 6tiinesthe initïal. 

'activity per unit protein andI2tinies:1:tiëini1:'iaractivity per segment.' 

This experiment has been repeateds~eVeral.fimes,and;:thought the'absolute 
. ... . .'.... .".. ': .. ', ;', .... .."" " " ... ' .' . 

. ," .: . 

.Ievel~ ofinltial'and ,finaltél,l.u.la·seact,i\i'ities varied(cf~ Tab', es',"1 V , 
'.' • '0, " ,.... ..... . o.' 

and vL. there was '. a lways 'a.m~rkedre·sponse :to' added.·1 AA ,.after· an i ni t i al' 
": " 0 0 0 •••• • • • 0 00 0' 0 o' 0 0 

.0" " '.','.: • ':.' o' '" o. "oc 00 •••• .. 

'., ".,':, ': ,"1 ëigper j ,od;. l.~>;a· s'i-,gmord p~ogr~~~' c.u~ve as:' i'f 1 ust,ra'ted' in Figure. 2. .' ' 

":"., ;' .. ' :.:,', ,,'.' :(Ap'pe~dTè:'~s l',v'a'nd~' ':a'nd':',yl ~hèiw:'e'Hect's O'f';"'A~' and other hormones on 
;." , • 0 0 • , • 

, ..... ;, , .:<~e Jlu.f as~, ::~.cir:vl.tY.'·ï:!1"the:p ea' ep,i c::otYJ .• :à,r:id.' ~,t~c;!ip la,nt::t!5SUeS ~) ." 

'," ',,' '.,.' i,;· ,~.~a ;i~';of't il. ~ff~~t;'~ t"IXA dU~i ~g, ~h .fi rst day ar. 'shawn 

.. : '-'. " . , 

····'::,:~"hçlürs·but:: 'ft" beg'en'to' 5~ i,mu r at~',gr,'ci~'th '.i n':f~esh wei ght'at 6' hours •. 
. ':." 

Ifs mafn effect,,'therefore, wâs·to pro' ong: the peri oddur'i ng wh i ch rë;lp i d 

. ' ' .: .'ïat:e~~' expa'~~'i ol1'proceed'e~.·rn:tontro 1$ ,ceLI U ia's~ :act ivi ty'i ncreased 

. rapidlyf~r ori'y:1:hé f ltst:' 6ho~~s~nd'b:e~a~>tod ecreaseafter 18 hours, 

bywh i chtj me 'no, read il y extractab 1 e endoge'nous aux i ncan be detected 
. '. 

insuch tissue (285). With addéd JAA, bath segment diameter and cel

lulase activity steadi Iy .increased at exactly the same rates relative 

to their respectiv~ controls unti 1 about 18 hours, when cel lulase activity 



Fig. 2. Effect of added IAA on relative cel lulase activity per unit 
protein and per segment. Data on growth and soluble protein changes 
during this experiment are given in Table 1. At zero time 1.0 ml 
enzyme extract (from 0.2 g fr wt) induced 4.8% 1055 in CMC Viscosity/ 
2 hours. This was equivalent to 1.79% 1055/2 hours/mg protein or 
0.59% 1055/2 hours/seg (see Table 1). Cel lulase activities in the 
figure are calculated relative to these initial values. 
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.' EXPERIMENTAL' VALUE 
VALUE AT',ZEROTIME'" 
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Table Il • 

-. ;":" ... . " ,:;.' '." ..... 
Effect ofadded IAA on'growt~ and sOluble 
prote in levèl dur·inga· 24~hoUr ;peri od •. ·· 

':',,- " 

.. ' .. 
Frwt' 

·(~g/seg):. 

Length . 

. (mm/s,èg)' 

50 lub 1 eprot ei n 

(,og/s'eg) . 
..... \ 

'. '. '., ;: ; .... 

. ·.'Control "1 AA " , ",Co~trol ,··','IAA . 

. '", .....•... 

.., ,.,":' ," '; .. 

29~4··,. Il.5 '.11.4 .. 
. '.-

:';32~ 7·.38 ~2' 

38~·7·.>;::/~7~~·8·C .. '.' ".'13/,'·· ... ', . 
12~.8' 

:13.6··, .' 15~6' 

: 259' 

". : ..... ' .," ...... 
.'·297 < ·365' 

.' 352 ,.: :'428 ". " ',' 

31.5 .. : 432' ' 

..... 

' .. : 

Methods aredescrlb~d in table 1. 

, ,'. 
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.' . . .. ~~~ .. ' 

. began its unilateral rise. Soliibleprote'ih:'àlsornè~e~sed ,1~respcins'e' 

to 1 AA, part i cu 1 ar 1 y between 6 and 18 hours, so that there: was ·~ .. OlTiar~ed 
',,' ..... :,:.: 

change unti 1 24 hours in the cellulase activitY' per unitprotei;n~~·. 
. . '. :. ':.', . ,', 

',' .... 

Effects of vary ing the 1 AA concentration on responses intti~: ...• 
.. ,'.' . 

. . .' . . .' 

first day are shown in Table III. Even low concentrations of IAA (10 ... 

ppm) inhibited elongation but stimulated growth in freshweight and 
.... ; .... 

increased the soluble proteln lever over that in controls. Higher::" 

levels of hormone led to correspondingly greater increases in ~egmen~ 

diameter and soluble proteine The relative cellulase activity per~eg~. 

ment increased with IAA concentration in the same way as relative seg~ 

ment diameter. Cel lulase activity per unit protein showed no response. 

B. Effect of Inhibitors 

The ab~ve experiments were repeated with or without added IAA 

in the presence of substances whlch Inhiblt proteln or RNA synthesls. 

Table IV shows the effects of chloramphenlcol, an antlbiotic known to 

Inhibit growth and amlno acid Incorporation Into proteln of sections 

exclsed from pea eplcotyl or other plant tissue (224, 225). Table V 

Is a summary of results wlth puromycin, 8-azaguanlne, and actlnomycln D, 

whlch are also known·to Inhibit plant growth and protein synthesJs, the 

last two by Interferlng ~Ith nucleotlde incorporation into RNA (62, 162, 

21 0, 224, 31 8) • 

Chloramphenicol, when appl led to the apex for 3 days, inhibited 

elongation and lateral expansion of the segment below, prevented the 

small increase ln soluble protein normally observed. (cL Table 1), and 
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Table .11 1. 

" Effectbf IAA~coricenttatib~on growth,soluble 
proteinandcellulase activity after 24 hours. 

, . ... .; 

Fr wt Length' . Soluble Relative 
,"protei n CellulaseActivity 

" 

perunit per seg 
. ,protein 

(experimental". value/va lue at·zero time) 

;" 

1 • 71 1 .49 1.61 0.86 1..49 

2 ./6 1 .36 
" 

2~08 0.82' . 1.90' 

2~25 1~33 2.18. 0.81 2.12 

2.45· 1.32 2.01 0.92 2.19 

2.52 1 .35 2.76 0.72 . 2.35 

Methods ~reijescribed in Table 1. At zero time, each segment (10 mm) 
on the ~verage weighed 22.7 mg, contalned 257~g soluble protein and 
yielded an extract which caused 0.49% 1055 in CMC viscosity/2 hours. 
Values in Table are calculated relative ta these. . 
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...... ;: ... ; 

.' Table IV. 
. ',' .. ' :',',." .. ' ';; . 

. Effectof IAAandchl orarnphenico Ion growth, 
'soluble proteinand ce":u'ase.activity~ .... 

. ;.:. 

Treatment .' . Fr .wt 

1; , 

Length' . Er wt .. ' . Sol ub 1 e . Re lat ive 
.Jength; ··Proteili.CellulaseActivity ....... . 

, ", 

(m~/seg) (mm/seg) .. (mg/mm) (fgj.seg)per unit per.seg : 
prote.in 

' . .. 

2.36 194 . , 
.' . 1 .00 1 .00 Zero time. . . 23.~6 '" 10.0, 

.. 
3-d'ay control . 43~2 .' ,15.0 '2.88 232 0.77 0.88 

69.3 
.. ',. . 

·····1'2.6 :. 
". 

.' " 
534 

... .. 
5.92 

.. 
.5.51 16030 " +IAA 

, .; ' ..... :. 

. . ' 

+chloramphenicoI30.8 12.0· .• 2.57 184 ... 0.69 0.66. 

+ IAA 53 8 12 7 
+ chloramphenicol· • 4.21 410.' 3.84 8.12 

* IAA (0.5%w/w) and/or chi oramphenicol (32 mg/g) , suspended/d i 5so1 ved 
in lanol in paste, wasappl ied to decapitated epicotylsfor 3 days. 
At zero time, 1 ~Oml eniyme extracf(from 0~2 gfr wt)indùced2.1% ..... 
loss in CMC viscos ity /2 hoUrs, equ i va 1 ent' tor~39% . 1 oSS/2 :hours/mg" . 
protein or 0.26% 1055/2 hours/seg. Values inTàble are calculated 
relative to these initial values. 
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Table V. 

Ëfrect of IAA and puromycin, e-azaguanine and actinomycÎn 
o on growth, soluble protein and cel lti/as~ activity*-

Treatment Fr wt Length Fr wt Soluble Relative -
1 ength - Protein Cellu/ase Activty 

(mg/seg) (mm/seg) (mg/mm) (fJg/seg) per uni t per seg 
protein .-

Zero time 23.5 /0.0 2.35 /86 1 .00 1 .00 

3 days control 36.0 /4.7 2.50 261 0.96 / .30 

+ IAA 68.0 13.0 5.23 555 1.96 5.72 
--

+ IAA 52.4 18.2 2.88 333 /.05 1.24 
+ puromycin 
+ IAA 62.0 19.8 3./3 420 0.70 1.65 + 8-azaguanine 
+ IAA· 53.2 16.6 3.21 363 - 0.83 1.60 
+ act i nomyc in D 

* IAA (0.5% w/w) and puromycin (0.2 mg/g) , S-azaguanine (/.0 mg/g) or 
actinomycin 0 (0.2 mg/g) suspended/disso/ved in lanol ine paste, were 
appl iedto decapitated epicotylsfor 3 days. At zero time, 1 ml 
enzyme extract (from 0.2 9 fr wt) induced 3.2% loss in CMC viscosity 

_ /2 hours, equ i va 1 ent to 2.16% loss/2 hours/mg prote in or 0.41% 10ss/ 
Z hours/seg. Values in T~b/e are calcu/ated relative to theseinitial 
values. -



caused cellulase activity ta decreasefurther thanusual (Table IV). 

Appl ied ta the apex together with IAA, chloramphenicol reduced the 

stimulatory effects of the hormone on lateral expansion, soluble protein 

level, and cel lulase activity by about half. 

The other inhi~itors (Table V) interfered even more effectively 

in IAA-induced swell ing and protei.n synthesis and they virtually pre

vented the rise in cel lulase activity. T~ey also reversed the inhibitory 

effects of IAA on elongation, i.e., sections grew longer in the' presence 

of IAA plus inhibitors than in contrais. (Further studies of effects 

of these and other inhïbitors in this system are shawn in Appendix VII.) 

Discussion 

We int~rpret the results as follows: cel lulase activity, 1 ike 

cell expansion and division, depends on the level of auxin in these tis

sues whether the auxinis appl ied as IAA or present as the endogenous 

hormone. 

When the plumule was removed, the auxin level in the segment 

below was sufficient ta maintain rapid growth for only .about a day (Table 

and Il) .• During this timecel lulase activity per segment increased 

a 1 ittle (Figures2 and 3, Table li 1). But subsequently, when the growth 

rate declined, cel lulase activity also fel l, even whi le the total soluble 

protein levelcontinued ta rise (Table Il. Loss of cel lulase activity 

was particularly marked when synthesis of protein was prevented, e.g., 

by chloramphenicol (T.able IV). Apparently the enzyme activity dec.yt.o.$~ 
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,underconditiorls':where,th'eauxinlevel can be assumedto have de

creased., This màybethereason whycell,ulaseis hardlydetectable in 
; ,,:', ..,. " 

segments cut onlya'fewmill'r~'eterslower d~w~theePicotYI shaft (184) 

where the aux in 1 evel isd ef in i t el y lower. The fate of t~e enzyme has 

not been studied but'itshouldbe noted th'at, to reach its substrate, 

cel lulase must be transported'acrossthe cel l' membrane.Outside the 
, , ' 

, , 

protoplast any enzyme can beassumed to denatu:re rapidly. 

Maximum cel lulase activity developed in the presence of the 

highest concentrations of added IAA (Table III) andreached a peak value 

after 3 days, during which the most rapid ceri expansion and division, 

took place (Figure 2). ,It is at this time that cel Isbegi~ to disinte-

grate in advance of developing root primordia: Scott (284) shows a 

photograph of a cross section of the apex in ~hich ~orti~alcell walls 

are obviously breaking into pieces (see also Appendix 18). Presumably 

this faci 1 itates root emergence. In any event, the evidence is clear 

that the cel lulase activity measured against anartificial substrate 

ln. vitro bears a real relationship to cellulase activity against cell 

walls ln vivo. 

There are good reasons, therefore, for assumingthat c~1 lulase 

was also active against cell wall in early stages of these experiments 

when lateral swell ing was the main growthresponsetoadded IAA.Young 

parenchyma cel Is are wei 1 knownto have a predominantlytransverse orien-

tation of cellulose microfibri Is (278, 288). Under the electron micro-

scope, microfibri Is of cel 1 waJ Is from the apical pea eplcotyl segment 

resemble thread wound trans~ersely,round a spool with only a few longi-
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tudinal ribs (unpublished data). It would not be surprising if the main 

effect of partial enzymic hydrolysis of transverse m/crofibri Is were a 

loosening of constraint on cel 1 .diameter and a 'consequent lateral swel-

1 ing of the cell rather than axial extension. In fact, such a reaction 

has already been recorded (80) for the effect of added fungal cellulase 

on the development of root hairs. The enzyme causes hairs to grow fatter 

and shorter than normal. In the early response of the pea segment to 

added IAA there was always the closest positive correlation between changes 

in total cel lulase activity and segment diameter but not segment length 

(Tables II-V, Figure 3). The relationship maintained only whi le swel-

1 i.ng waS attributable to the expansion of cel Is,! i ,e., before cel 1 

division was initiated. We propose, therefore, that IAA was instrumental 

through .its stimulatory effect on cel lulaseactivity in dislocating the 

normal polarity pf cel 1 elongation in faVor of lateral cel 1 exp~nsio~. 

These results should not be taken to mean that cellulase 

activity necessari Iy has an inhibitory effect on the ~xial extension of 

tissues growing normal Iy. It should be emphasized that we were working 

here with an abnormal system where many metabol i~ processes were upset 

by the high levels of IAA employed. The segments at zero time apparently 

contained I~vels of natural auxin which were optimal for the elongation 

process (Table III). It is possible that their levels of cel lulase 

activity, although relatively low, were nevertheless useful in faci 1 itating 

elongation. The problem requires further study as does the curious 

situation where elongation was stimulated by adding inhibitors of protein 

synthesis along with IAA (Table V). Simi lar phenomena with other anti-
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biotics have been. described before (r39). 

As for the mechanism whereby IAA treatment stimulates cellulase 

activity, we have investigated but found no evidence for direct effects 

of the hormone on activity, stabi 1 ity or solubi 1 ity of the enzyme ln vitro 

(see Methods and Appendix IllE). However,.l.!l vivo, IAA treatment always 

brought about an increase in the amount of soluble protein in the apical 

segment and the effects of inhibitors leave no doubt,that part of the 

newly formed protein had cellulolyti~ activity. The problem, then, 

appears to be how IAA stlmulates cel lulase biosynthesis. 

The IAA-dependent increase in cel lulase activity per segment 

appeared to take pl~~e in two stages. Up to about 18 hours{Figure 3) 

it was accompaniedby acomparableincrease in total soluble protein 

(Tables Il and III). Duringthis period ofrapid cell expànsion, there

fore, cel lulase ~as probably only one of many enzymes to be synthesized. 

It is not necessary top~stulate that the whole protein Increment or the 

cel lulase component Was inducedat this tlme by an interaction of IAA 

with specifie muclelc acid eOding systems. IAA can eause a non-specifie 

inerease in the rate of anabol Ism by influencing respiration rate, sub

strate mobil izatlon, etc. (see 188). Subsequently, during the period 

of most rapid ce! 1 division, cel lulase activity increased much more 

th~n tctal pro~ein (~i~u(e 2) and t~is uni lateral increase was opposed 

by the inhibitors of RNA and protein synthesis (Tables IV and V). This 

may mean that cellulase was one of few enzymes which were rapidly 

synthesized at or after cytokinesis, i.e., it may have formed as an 

indirect consequence of IAA-Induced cell division. Certainly any enzyme 
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which could assist in mode/ 1 ing or re-modell ing wa/ Is wou/d be usefu/ 

to newly'-formed cells, for examp/e, during insettion of th'e cel/ plate 

into motherce/I walls. Alternative/y, iAA may have selective/y activated 

coding systems necessary for Qventual biosynthesis of celJulase •. This 

cou 1 d take p 1 ~cei ndependentl y ofany.effect the hormone may have on. ce/I 

div i sion. 1 t . appears· tohap·penwlththe enzYrne for i ndo le~cety I~· 
aspartate formation (317). FUrther. stud iestod ist i nguish between these 

alternative~are:in progresse 

Whateverthe detail.ed·c.ontrol mechanismsmaybe, ·it is' clear 
. . that pea epicotyl cellûlase has the distinction ofbeing subject to:a 

metabol ic turnover rate which can be influenced by auxin concentration • 

. Dep end i ng on the ,re 1 àt ive rat esofc e 1/ u lase synthes i sand decay ,i t 
.' ' . .' ' 

may be possible for aUxin to inf/Uencegrowth by stimulating cel/ulase . - . . . . . 
. 

. 
formation withou~ at thesametime caus Ingmuch changei n the· net 1 eve 1 . . . . 

of total protein or measu\able cel lula~~activity. Severa/investlgators 

have recent 1 y cometotheconclusi~n thatthe mechan i sm of aux i n action . . . 
. " . ". ," ". .' " . 

on growth must irivolveinteractionwithsuch a system. Morri (210), for 

example, remarkedthat u ••• theproteinfractions limiting cell expansion 

in soybean hypocoty 1 tissue must ••• be. characterized by rapi d turnover ••• " 

Nood~n and Thimann (225) concluded that "aUxin promotes directly or 

indirectly either the synthesi~ o~.theturnover. o~ one or more special 
. ," . 

proteins concerned with cell enlargementQ.' Present resultè wou/d seem 

to justify consideration of cel lulase as a condidate for this role, at 

least in so far ~s its action could account for the swel 1 ing component 

of cel 1 enlargement. 
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Measurements' were madeover, a 4-day_ per i ad . of the effect of '. 

added Indoleacetic acid (IAA), puromyc'in, actinomycin 0 and 5-fluoro-' 

deoxyuridine (FUdR) on growth and the levels of total DNA, RNA, protei~ 

and celJulase insegments Of tissue at the apex of decapitatedetiolatéd 

epicotyls of Pisum sativum, L. var. Alaska. 

The hormone induced swelling of parenchyma cel,ls and,cell,. 

divi,sion. By 3 days after IAA application, the amount~ of DNA and proteln 

were approximately d~uble, RNA triple andce~lulase 12 ta 16 timesthe 

" , 

,'- .. .-.... 

levels in contrais. Ail of these changes werepreventéd by bath puromycin;:', 

and actinomycin D. FUdRprevented DNA synthesis and celldivislon .but 

not swel i ing or synthesis of RNA, protein and cellu/ase.' 

'Itis concluded that IAA-induced RNA s'ynthesis is requÎred' 

for ceJlula~esynthesis and lateral cell expansion, whether or notcel 1 

divisi~ntak~s place. 
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Introduction 

When hi gh c oncênt r~ti onsClf ind 01 eacet je ac i d (1 AA) in 1 ana 1 in 

. paste are applîedto ~he decapitated apex·ofetiolated pea epicotyls, 

inthefirst IO:inmof tissue berow.the apex there is ainarked increase 
" :-. .:.', .:. , '. !. '" .', ,,' . . ;... . ... ",' ,.' ", " . ,., ... '. ,,'. ':; 

in amëuht andspecificactivity, of the e~zy~eêellulase{J3~I, 4 glucan 

4-glùcarlohydrolase, EC3.2.:1.4.}( 86f •.. Theincreasecan be i nh i b i ted 

by including in the I~nbl in ahyof a number of substanc~s which inter

fere with protein syn~hesis.·· Accordingly,it appearsthatlAA selectively 

br i ngs. i nto pperat i pn the cod 1 ng 'system(~ )needed foteVentual b iosyn-

thesis of cel lulase. 

Theoretically,a hormone could regulate the ~ynthesisofa 
" ", 

specifie enzymeby dir"ect, i nteract'ion'wi th macremO 1 eCÛI es whichare 

importanti n the processes ofi nformati ontranscr i pt ion '(34) or trans

..... ·· .. Ia~j on (297) ~:; J n.the case .·of·· cel" u fase,'however:,,:j l.i $ p'()ssible. that 

. '.' . '.' synthes i soccurs sp.ec iHca Il yince Il swh icll àre about te div ide and j n 
.' '" . . ","" .. 

:":, .. ,:' . 

newl y-formed ce Ils as ~n' i nd i rect consequence of. IAA-i nduced mi tos i s. 

ln thepeaepi c:oty l,ce 1 1 u 1 cise. i sccincentrat edl nthep 1 umu 1 e 'and' hook 

. (I 84) wheretheendo:genous aux in 1 eve 1 i shi gh (285) ·and where ce 1 1 

divisions. are most common. When plumule and ho ok are replaced by IAA, 

the most rapid increase in. ·~picotyl~cellulase begins at about 18 hours 

(86) which is the time when the first divisions that lead to formation 

of root primordia become visible (284). Clearly the abi 1 ity of an 

epicotyl cell to form cel lulase could depend merely on the time elapsed 

since DNA repl ication and not on the continued presence of hormone. 
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A major question, then, in understanding how cel lulase synthesis 

is induced is whether the action of IAA or the division of cel Is is the 

more immed i ate precursor event. Th i s study examines the prob 1 em by 

measuring the ~egree ta which IAA brings ~bout,cellulase synthesis in 

the epicotyl segment when the formationofDNA, RNA and jar protein is 
" .: .~ 

i nh i bit ed by 5-f 1 uorodeo~yur i di ne {FUdR),acti ~omyCin D or puromyc in •• 

ln epicotyltissue, brith'puromycin ~nd aciinomy~fhD;~inhiblt ~rowth 

and protei n synthesi s(86', 226, 317, 3lSJandthelatte'ti nterferes 

wi th"RNA synthes i S (210, 2âO~317) •. ' Effects of FUdRonpeë)tissues 

have not been reported)ut th i ssubstance preventsthymi dyl ate synthes i s 

(91) and mitosis (J64) in a varJety of other pl~lnttissues. 

Materials and Methods 

. - .. '., '. ,"' ..... 

Etiolated 'pea seedlin,gs with,~hird' internodes 3;to Scm long 

~er~used throughout this study. Under di~green 1 ighttheplymule 

was cut off just bel ow t~e 'hoOk and a point 10 mm bel ow the cut apex 

was marked with inkto delineate,a·nsegment1l;of.tis·sue~ The apex was 

painted withabout 2.5 mg oflanolin paste(70% w/w waterJcontaining 

IAA (0.5% w/w) pluso.rminusFUdR(O.I%W/W), actinomycin 0(0.02% w/w) 

or puromycin (0.02% w/w)~, At daily intervals30to 100 segments from 

each condition were removed, washed with di lute NaDel solut,ion and 

blotted dry. The fresh weight and lengths were recorded. Sorne of the 

segments were then used for measurement of cel lulase activity and sol-

uble protein in' enzyme extracts and others for total protein and nucleic 
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acid ·determinations.Iwo experimen't~ ~e"reported h~re:' 'one (A) u~ing '.' 
puromyc in, and ' •. act inomyci ri· D. and, the·,~thër{B). ÙS 1 ng' FUdR.·· , ..<. . .. ,'," -:' .. , 

ce"ulase were·described in previous papers (86, 184).Cellu/ase activity 

ln the enzyme extractwas .rneasured byth~lnltlal . r~~e. of r·o:ssof·. vi scos/ty 
in solutions ~f carbo~y~ethylcel lu/ose (86).· Soluble pr6tein.was deter-, . . .' - '. . ".", . : ~ '. ':.: . . . . . .,. 
mined wit~ thebiuret ~eagent standardised against bovine serum ~Ibumin 

,(113). Total protein (Appendix liB), RNA (AppendixIIC) andDNA{Appendix 
., . 

, 1 J D)d et ermi nat i ons werë carr ied" out' bn'homogen'i ~ed80% ethano 1 ~'and 
ether-inso/u'ble fractio'ns from.thesegments.Themethods (185) j"nclüdèd . 

extraction of total nucleic.acidinto:warm 0.5 N perch/oric ac·id,its 

estimation by untravio/etabsorptron and .DNA determination with di

phenylamine (RNA = total/nucleic'acidnlinus DNA). Total protein was .. , . 
•••• '... ':. <. 

determin~d in the, perchloric. acid-insoluble residüe after Kjehl~ahl . 

. di gest i on by nessl er i zat i on ~The>yi.eld> of~uff.er~so luble:prote.in ac-. . ".-,,/ 

counted for 90% of tata 1 segment' protein'~ 

Results 

A. Growth 

Table VI records the growth in segm~ntlength and fresh weight; 

Fi gure 4 shows the changes in re 1 at i v.e fresh wei ght per un i t 1 ength, i.e., 

a measure of the extent of segment swelling •. In untreated segments 

(control), both length and freshwelght increasedmainly durin~ the 

first 2 days. In IAA...;.treated segments,.elongation was slightly inhibited 
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. Table VI. 

Effect of added IAA in combinat ion with puromycin or actinomycin o on the growth of decapitated pea epicotyl tissue segments, 

.. 
• 

Time Untreated + IAA + IAA .+ IAA (days) (control) + puromycin + actinomycin 0 

Length (mm/segment) 

0 10.0 10.0 10.0 10.0 

12.0 12.2 13.1 13.2 

2 13.6 12.5 16.4 18.6 

3 14.1 14.0 18.6 22.0 

4 15.0 14.3 24.0 24.5 

Fr wt (mg/segment) 

0 23.0 23.0 23.0 23.0 

.1 34.2 53.4 38.8 39.2 

2 43.2 69.7 56.8 62.6 

3 45.5 92.7 68.5 82.4 

4 54.8 106.0 89.0 89.5 

" ..... . 

;' '.' 
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Fig.4. Swel 1 ing of segments treated with IAA in combination with 
puromycin (p), actinomycin D (A) or fluorodeoxyuridine (FUdR). 
Expts. A and B were carried out on separate occasions. Swel 1 ing is 

_ indicated by an increase in the fr wt per unit length (see Table VI 
for original data for Expt. A). -
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•. but.thefrestiwéLgh( iricremel1t .wasmuchgrea~er:,than i'n' cont.ro 1 s wi.th, 
. " .. ' 

. th,erésu It.,that,segme!1t.ssho~~dmarkecÎ·sweHi 119: t~~.fol d i ncrease. in 

' ..•. wi th 'IAA, . el Clngafi on .wasgreate~ th~nthat observed afterany other 

tr.eatmentgiven i nthesetests. ,:Th.efreshwe ightk~pt, pace"wi.th elong

···:·.··'.':atiol1·sothat"a maJor'éffeët"O'f*heS,e'aritibX:otlë:s'~a~':'t:~e';:cô:~~:Iete 
...... , , ",::.. .,.... : .. '.' ", ,: .. ,' .. 

, " .... prevénfi onot 'iAA~jndUc~d,:$We Iling .",(ri,ê~:ritra'st;'<FlJdR'had ~6 e+fèC'ton'" " 
.. ,. . '. .:'. ~ . . '.... . " . . ',. .' . ::',.. . ,..... . ,. .. . . . ." . . 

. " . . ,',- . ' :.:.',;. :', .. ',' 

",e longati onandit i nterfered only's li ght Iy :wi th:swetïi'ng<.· ',:.,: 

.' FigUre,:~:.·il JUstrat~s: ~hèeff~ctsofIAAan(fFUdR on·the ,:', .' .... 
",",," , •• , ," ",.0, •• •. ",' .••.•• '. . ........ '.' ,', •. '" • 

an'atom ica 1 structurellf'segments' ai land 3 days .'I~ :ùJÙ~eat ed ~egrn'~nt'~, '. " 
. .. . .. '. ." -;..... ... ' .' -.. ', . ". . : . . "~' . --: : " .:',"; ~ '. . ,'. ::,' .... '. .. . '. .': ',- ", ", ... ':;,,: ::... .... ..: ....'... :";', .... :. " .;.:. 

. '.' . " . ~ ... ' . " . .";' . . .: .. ' :.,' .... : ,. ,.' ,',' .. , .. . 

some swell ing of parenthyma cel Is but no tell ~iVision occurred. 
", ....... ".' .," ... '. , .. '. ..... . ,"':- . ", ... , 

. . . \ '.~-. 

Si mi lar resu Itswëreobservëd· i n s~gments treated'With 'IAÀ. plus puromyc in,' . 

.. 
.: "~ . 

.. :, : 

, , 

.. .. 
and some. ce 1 1 di vi si on were' vi s i b 1 e atlday.' By2days many swollén 

. ";.' 

':~parenchyma celis 'thrciughout the ',' codex 

:'l'aC:~rl~~'' fïlied':~'ithc'el:iâ~d':W~'" d~br i ~';(2~d',A~'~ end i x 1 BL By 3' 
. . ::' ~ .,,:'. ..:' . . .'., " ... 

d~ys r'ecogn i sableroot pli mordi àhadbeéri<geh'e't~ted i n\~sèü 1 arr'eg ions. . 

Th i.s.d i d.notresul t iry :much }urt,h~r,swe/.I j ngofthe who.ie"ep icbtyl . 

(ct'. Fi gure 4) be~ause thema~se~of new~ells mere 1 y, occ~p i ed the. 
; .. ' .. .... . . ...... . 

. ' 

. spaces Jert bycpllapsed. an(d isori entedcorticârc;eILs •. ,1 nsegme·nts. 
: .' ..... 

". 
,treatéd wi th IAA plus FUdR, considerable 'parenchyma swell / ng' but no . 

'.' , .... ,. 

~isrble cell dlvisiori cirwall~r~integrati6n~60k:plac~. 

B. Changes inDNA, RNA and Protein 

Figure 6 ,shows ef,fectsof 1 AA and.i nh i b i tors on total DNA, RNA 

.~ '.' 

'.' - .... 
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Fig. 5. Anatomical structure of cross sections of segments at 1 and 
3 days after treatment with IAA or IAA plus FUdR. Sections (IO.A.L) 
were removed from the most swol len regions of trssue after it had been 
dehydrated in t-butanol and embedded in paraffin wax. Magnification: 
X 29; stain: saffranin. Note swel ling and formation of root primordia 
in tissue treated with IAA; FUdR prevented cell division. 
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Fig. 6. Changes in DNA, RNA and protein levels in segments treated 
with IAA plus puromycin, actinomycin D or FUdR. Values are calculated 
relative ta those at zero time, namely, for Expt. A and B respectively: 
DNA = 8.5 and 7.5 ~g; RNA = 58.0 and 48.5 fg; total protein = 278 
and 238 ~g/segment . 
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EXPT~A EXPT. B 

DNA lAA .. DNA· 
,-' 

··'i· :. 
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RNA 
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andproteinleveis~' Table VII records the ratios of the weight oftotaJ 

.. RNA/DN~.andprot~ i n/RNA,~ 
.... '.:,:., .. ' .. 

1 n untreated segments, the totaJandrel.atlv.e, 
, . 

. amounts' of these-èonip_onents~ show~dl i ttl echange: UJl 1:0: 4dayS .With 

IAA treatment, th.e am'olJntsofèa'~h macromo 1 ecu 1 e' i ncreased 1 i nearly 

~urjng the whole experiment. The approximate times necessary for initial 

levels ta double were 2.2 days for DNA, 1.2 days for RNA and 3.4 days 

for proteine Accordingly, the RNA/DNA ratio steadi Iy increased in the 

presence of IAA and the protein/RNA ratiodecreased. Only the RNA level 

increased at a rate comparable ta the growth. rate, i.e., RNA concentra-

tian per unit fresh wefght was maintained during swel 1 ing whereas DNA 

and protein concentrations decreased (cf. Table VI and Figure 6). 

Puromycin and actinomycin D prevented the IAA-induced increases 

. ..... ' ... , ... ' 

in DNA, RNA and protein (Figure 6). FUdR completely inhibited the increase 

in DNA which accqunts for its effectiveness against cell division (Figure 

5). However, FUdR did not Interfere seriously with the increase in RNA 

and protein unti 1 after about 2 days incubation. There was therefore 

a marked increase in the RNA/DNA ratio up ta that time (Table VII). 

Evidently this RNA and protein synthesis, as wei 1 as most of the lateral 

segment expansion (Figure 4), was due ta action of IAA in cel Is which 

we~ep~esent in the segment at zero time (pre-existing cells) and was 
. ..' ' .. ' 

rela~iv~IY'l.ndependent of DNA synthesis or cell division • 
. ',", .. 

,. 

'. 
C •. Ce Il u 1 ase Ad ivity. .. 

Figu~e'7 sho~s the change~ observed in tel lula~e activity.· 

By 3 days, the amount. of enzymeper segmentreachedl evels 12 ta 16 times·· 
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Effe~'t 'bfiAA:and'r=UdR- on-Ùie '~~ight'.' ' 
rat i osof RNA/DNA-andprot~i. ~/RNA':: '::' ______________________________ ~ __ ~ ____ ~~~--------------~~--P 

Time 
(days) 

o 

2 

3 

4 

Untreat ed 

6.5 

7.3 

9.1 

7.1 

6.5 

RNA/DNA 

+ IAA 

6.5 

7.8 

8.7 

9.6 

12.0 

+ IAA 
+ FUdR 

6.5 

10.5 

18.5 

16.1 

20.3 

":', . ' .. 

,O. P~,ot~i 'n/RNA: 
.,.' . -", 

. , 

Untreated+IAA' ,+'; IAA 
+FUdR .... ' 

>"'\" 

. :;;-

4.9 4.9 4.9 

3.6 3.5 3.0 

2.7 3.5 2.7 

3.5 2.9 2.3 

4.0 2.2 2.0 

:.«" 

.' ' .. 

.",:'" 

'"." .... 
.. 

..... 
"; 

. ;<:.': 
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Fig. 7. Changes in cel lulase activity.per~~nitso/uble protein' and 
per segment. Values are relative ta thcise:'at'z'ero'tfme,namely"for' 
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the,l eve 1 in contro 1 s.,' ,This. i ricrease'wasmu.ch :great er th~n:;il1~,~~,j n 
'.,. ~. '... ...• : " ',;' ',' ... ' ',', ~ .. " . :.-' ',". .":.' ... ' 

.,', ',',l,",' " ." 

, fresh we i ght '(Tab 1 eVI,), tota Ipt'cite i~., ·,RNA·or',,'DNA (Fig~re6),,:i~e,. ,the' ' 
:' ...... :.,.,;', ...... :. <:;:"'; .... ', ",J ~., .... _. "';'.~' •... ,,- •• ':,' _, \.'.::: .... : .. : ,," 

:; . 
, ce ,,'u', ase 1 eve 1 fo Ilowed:a -typ Ica 1 sig'nioldinduct ioncurve regardJess .. 

,of the basis onwhich It'was·calculated., 

ln the, preserlce'of,I,AA>pluS,':FUdR',c.c,e LI ul ase .activi~Y.',Jncreased, < 
... ". -' ":. ,.' , .... ',,:.;.:: .. ;.,: .. ~-: .. :;: .. , .. ,'. ':~:':""~.:-~:",~:'.: .. :-:'''';:'~.<',~ .. :. :: .... :-:. . ,',:~. ,',-,: ,.-: .. ; .. "', ',:',:.', 

rapidly.for2days" i .e."for·aslong.as'rapid,synthesisof total'. RNA, 
,. . ....• ..: .. ;' : ;" ....•. : .' . '.' . '-:';" .:.', : ' .. ,', . . ,,' ,. '''" > . .,. "', ,,". '. '.,.. ~": .' '-:.>.. '. . .' 

.', 

, . and prat ein c~nt i nued ~ andt'henb~gan' t()detrea~e S lowl y a~ the to.tal" 
• .'~ • . • • ; • ...; '. " • <; ::' , .' ,:.'.: "':.,.-' , : . ~.::' : : 

, protein leveldecl iile'd (cf. Figures 6 and7i. Since th~re was no DNA 

s~hthesisor cell division in the presence of this inhibitor, the e~tra 

. 'c~1 lula~emust have formed as a result of direct IAA action in pre-

"exi$ting cells. The maximum cellulase level reached in these cells 

(4.5. X zero time) was less than ~he level reached in segments treated 

wit~ IAA alone, and the discrepancy between the two increased after the 

'first day as cel 1. division proceeded. Evidently newly-formed cel Is also 

'".~synthesized cellulase. 

IAA fai led to raise cel lulase levels in the presence of puro

mycin or actinomycin 0 (Figure 7). This cannot have been due to in-
. ", 

hibiti'on,by these antibi.otics o'f IAA-induced DNA synthesis and cell 

div'isionsince theresults withFUdRshow that theseevents were.not 

requi r,.ed for, ce Il u 1 ase synthes'j s. Ràther~, i tmayb~ presumedto resu 1 t< 
.' •. :.' " , '. j" " , . : 1. " :.'. '. • , .• ~. : , ',' : : "," .'.' . 

, , f~omthe ir effectlveness, i n 'prevénti'ng RNA and protei nsynthes i s in pre;" . 

ex i sting ce,lls. " 

.. DiscUss ion. 

It is clear frum the effects of inhibltors (Figures 4 to 7) 

'. ~ . 
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that IAA can promote the synthesis of protein in general and cellulase 
in particular in cel Is which are in the process of expanding. It is 
legitimate, therefore, ta speculate on the question of where the hormone 
must act in the sequence of events leading- to protein synthesis. Recently 
it has been suggested that plant hormones promote synthesis of specifie 
enzymes by rtunmask i ngtt the appropr i ate pre formed messenger RNA (297, 
345) or by TfchargingU a particular variety of transfer RNA needed ta 
initiate synthesis (6). Such effects on the process of translation 
would not necessari Iy require RNA synthesis. Alternatively, hormones 
may selectively de-repress part of the genome of maturing cel Is sa that 
certain species of mess enger RNA and eventually the proteins for which 
they code are synthesized (34, 162, 317). Such control over the trans
cription of DNA ta RNA appears ta be the best explanation for nearly ail 
the effects of IAA observed in this study. 

,"",", 

IAA induced very great increases in total RNA in the epicotyl 
segment (Figure 6), not only in time as an eventual result ·of cel 1 division 
but from the beginning by direct action in pre-existing cells (cf. RNA/ 
DNA ratios, Table ~I IY. Simi larly pronounced and diffe~ential effects 
on RNA synthesis have been reported ta fol low 2, 4-D-treatment of 

intact soybean hypocotyls and in this tissue most of the newly-formed 
RNA was ribosomal (160, 163). In pea seedl ing tissues, nearly ail of 
the total cel/ RNA is in microsomes (180) associated with cytoplasm rather 
than the nucleus (182, 280). Thus, much of the IAA-induced RNA is prob
ahlyalso ribosomal, especially in view of its apparent stabi 1 ity (Figure 
6, Experiment B)~ ln this event:, merely as consequence of an increased 
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.' ., '. ..',. . ' .... ,: ... ;~. . .' '.' , ' 

'number of.sites wheresynthe'sis can.proceed~ .a<nOI);"'SpeCÎfic· i.ncrease··· 

w~uldbe expected in,th~preduction of· tota Ice Ilprotein .;:Çert~i n Iy. 
. . ~, 

preferent i a iad ion efaUx i non.trànscripti on ratherthan trans 1 ati on 
" ••. j ',' .', ••..•• 

·i simpl ied bythefactthat auxi ri causes protei n/R~A ratios to decrease 

.::,in.,boththe .. ·p.eaêpicotyL (Table'VII ) and thesoy~ean hypoc.otyl(163L 
: ': .: . ': .. ' ': .... ~" ..•. , ~. '.; '. : .. :. :'.'. ': ,::';:' ~ ;; •. "';: ,', '.i:·, . i·. :,' .:.' .. 

:The other.main .effe~tso f .. 1 ~A,name Iy. DNA and unilateral.· 
.,',', . 

c'ei(ul a~e·~Ynthesr+:andgrowth. by: ~e 1.1' exp ans ion .'. and cell·· divis ion, 
.. -.: .... ':.:.' . ':",,:" 

were a Il' close 1 y carrel ated with the ab il i ty of the segments tosynthes i ze 
",;,,--, :0,;' 

.. ',:,' ':,.;", 

'RNA., 1 ti~'~ifficu 1 t fo account. i'orthese events wi thout suppos i ng that 

1 AA:br i ngs~bdt.!ff6nn~t:(on of' ê()dingvar i et i es of RNA bes ides ri bosomès. 
~. ".",...' . '., . 

: 1 nfact ,:àUX,i ns,h:avé';·/)·een·showntO.stimu 1 at e the synt'hes i s of ail. fractions 

····.df RNA inc)Udi ng~iness·enger·i.n expe~i ments wi th attached ( 163)' anddetached 
, .' ~. ' .. ',.,. ". :: . .' ~. ',.. '," . . ... ," .-., , ~ . , .... , "" '. . ,.:: ": : ~: ," . .', .' ." :. .' 

q,( i6()) ·~OYbeanhYPClcb:ty".·t.issùe<·~ndWjth'oat to 1 eopt il e sect j'ons (117). 

,Mes'sdn!Ùr . RNÀ'is,th:~d onef~action Of tata 1 . RNA wh ich is st i Il . synthes i zed 
...... ." ':. :.'",.,' .. ;: .. ,;, •.• :., .•...•• :,.: •. '. ,. l.. : •..• : : ................. -: :',:" ,: ,",' ;>, ',: ,', ..' :' . ,-'-, . 

'.. ;in.'det~chêà':p~~'h;ci~t':Y~ectlô~;s:;~nd p:rks~m~blyrequ ir-edin' ord ér 'for" growth 

.6n·so lûti ont'o·pr·oceetLlf 8[} •. ~lt.i s. necessary, of course, to· show that 
-'. J"',' 

"' ··i.'; 

dnly's'elected 'messengers are indüced in order to explain the specifie 
• • 1 .:~.l· .. ". ;", :. -'.' .:~ . . .' >. :,' • , •• ;.' •• ,' , 

format ionofthbs~~nzym~s wh iéhzwê needed for growth. To thi s end ~ 

pre 1 iminarystud i es in th i s 1 aboratory (see 186 ) have i nd i cat ed that 

.p~lyribosomes isolated from pea epicotyl segments after b~ief IAA treat

méntani enriched in bound Cei.lulase a.nd appear to have acquired the 
. . 

capac Ity to synthes Ize th i spart i cu larenzyme. 

The above considerations apply to reactions brought about by 
. . .. 

IAA in pre-e~i~ting cel Is.After 2 days of IAAtreatment, most or ail 

of the further increases in RNA, protein and cel lulase appear to result 
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from synthesis in newly-formed cells. Even here, however, the continued 

presence of IAA seems to be needed to promote cel lulase synthesis. In 

these and previous (86) tests, the cellulase level in IAA-treated tissue 

stopped rising after 3 days although DNA, RNA and protein synthésis 

continued without abatement. Indeed, when such experiments were carried 

on for longer time periods, the cel lulase level began to decrease whi le 

root primordia prof iferated and grew through the epidermis. Undoubtedly 

the concentration of IAA within the segment also decreased with time as 

a result of translocation, degradation and detoxification reactions, ,aIl 

of which are weIl known to occur in peas. The impl ication is that new 

cel Is readi Iy form RNA and protein but they losecapacity to form cel

lulase unless high IAA levels are maintained. Separate tests (Appendix 

VIC) have confirmed that cel lulase activity tan be made to increase 

further after 3 days if fresh 0.5% IAA in lanolin is appl ied at that time. 

It is possible to compare the relative capacities for cel lulase 

synthesis of new and pre-existing cel Is by calculating the cel lulase 

levels per unit DNA which were reached in segments treated with IAA plus 

or minus FUdR. The data are assembled in Table VIII. Values close to 

5 times initial values were attained in 2 to 3 days whether or not DNA 

synthesis or cel 1 division took place. After reaching this peak level, 

the cel lûlase activity per unit DNA began to decrease under both treat

ments. It appears, therefore, that cells in this tissue, regardless of 

age, were capable of generating cel lulase at simi lar high rates provided 

the genome was fui Iy de-repressed by IAA. 

With respect to growth effects in this system, aIl of the data 
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Table VIII. 

Effect of IAA on the formation of cel lulase 
in new and pre-existing cells 

Cell division occurs in IAA-treated segments from 
the first day unless FUdR is present (Fig.2) • 

. Cel lulase activity per unit DNA 

Untreated + IAA 

1 .0 1 .0 

0.8 1 .8 

1 .2 4.8 

0.8 5.6 

0.6 4.8 

+ IAA 
+ FUdR 

1 .0 

2.4 

4.8 

4.0 

4.0 



-74-

are consistent with the view (S6) that IAA-induced cel lulase activity 

helps to bring about lateral swell ing of parenchyma' cel Is and fragmenta

tion of their wal Is (Figure 5). Special attention should be drawn to 

the fact that greatly enhanced elongation without swelling occurred in 

segments treated with IAA plus actinomycin 0 or puromycin (S6, Table 

VI). This result was unexpected since these antibiotics have consistently 

inhibited auxin-induced elongation in detached pea epicotyl sections 

(210,226, 31S) and in other excised tissues (160, 162, ISI, 226). 

Nevertheless, several other inhibitors of protein synthesis, e.g. 

thiouraci l, azaguanine, terramycin, etc., have been reported to increase 

elongation, especially in tissues left'attached to the plant (S6, 139, 

ISI, 342). Apparently elongation does not require any concurrent increase 

in the level of RNA, protein or cel lulase provided both IAA and sorne 

other essential factor derived from elsewhere in the plant are avai lable. 
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Paper III. Studies on the Regulation of Cel lulase Activity 

and Growth ln Excised Pea Eplcotyl Sections 

Abstract 

Appl ied indoleacetic acid (10-4 - 10-6 M) increased eJongation 

and the amount and specifie activity of cel lulase in sections detached 

from the epicotyl pf Pisum sativum L. var. Alaska. 

Actinomycin 0 (20 ug/ml) inhibited growth 'and the capacity 

of sections for synthesizing protein from absorbed 14C-leucine. At 

the same time it caused cellulase levels ta decrease at a rate'which 

indicated a half~life for the enzyme of less than 24 hours. 

Pea cel lulase was most stable ln vitro between pH 6 and 7; 

at or below pH 5 its rate of denaturation was comparable ta its turnover 

rate ln vivo. Fractionation of sections yielded wall preparations which 

contained cel lulase at a higher specifie activity than particles or super

natant. 

It is concluded that cellulase is synthesized in excised 

sections by an auxin-regulated mechanism. It is proposed that the enzyme 

is transported ta the wall where it may promote elongation and eventually 

become denatured. 
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Introduction 

The appl ication of O.S%indoleacetic acid (IAA) in fanal in 

paste ta the apex of decapitated etiolated pea epicotyls results in a 

pronounced increasi in cel lulase activity in the tissue below (86) 

as weil as marked swel ling, cell Qivision and cel 1 wall disintegration 

(188, 284). Ail ·of these responses can be inhi~ite~ by including in the 

, fanal in any of a number of substances, e.g., antibiotics, which inter

fere with protein synthesis (86). Pea cel lulase is an endo-glucanase 

(184), i.e., EC 3.2.1.4. which would be expected ta hydrolyse cellulose 

chains internai Iy wherever amorphous regions occur along the micro

fibrils. It appears that IAA promotes the formation of cellulase which, 

in turn, acts ta reduce the structural strength and integrity of the 

primary walls. 

Among the questions raised by these observations, the fol

lowing are examined here 'in experiments with excised sections of epicotyl 

tissue: 

(a) Can cel lulase activity be regulated by endogenous auxin, 

by physiological levels of applied IAA and by non-taxie 

levels of antibiotics? 

(b) Is cel lulase formed directly by action of IAA in pre

existing cel Is or only indirectly as a consequence of IAA

induced cell division? 

(c) Is active cel lulase present in the wal Is of expanding cells? 

(d) Ooes cel lulase activity faci litate cel 1 elongation? 
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The advantages of using excised sections ta study these prob

lems include the ease with which the kind and concentration of substances 

which enter the tissue can be control led and the fact that peq epicotyl 

sections respond ta low levels of appl ied IAA by growing in length with 

1 ittle lateral swel 1 ing (333). There is no evidence for cel 1· division 

or DNA synthesis in dark~grown sections (185). Thus any alterations 

observed in enzyme levels in such sections must proceed independèntly 

of mitosis in elongating cells. The main disadvantage of sections is 

the breakdown of total RNA and pro~ein which begins saon after the tissue 

is excised (185). As â result, responses which depend on protein synthesis 

su ch as growth and enzyme induction, can not be expected ta be as pro

nounced or ta continue for as long a period as in the same tissue left 

attached ta the. plant. 

Materials and Methods 

ln ail tests 10 mm sections were cut with razor blades from 

the third internode of the epicotyls of 8-day old etiolated pea seedlings. 

Unless otherwise indicated sections were· taken from the apical region 

of the epicotyl, i .• e., fro~ the point where the hook straightens and 

widens into the epicotyl shaft. Detached sections were either harvested 

at once (zero time) or after incubation on solutions of 2% sucrose-

0.02 M sodium phosphate (pH 6.0) plus or minus various additives. They 

were handled under dim green 1 ightand washed thoroug~ly in 0.5% NaOCI 

before their properties were analysed. 
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At least 80 sections were used to obtain each value reported 
for 1 ength, fresh we i ght, protel n or ce 1 1 u 1 ase cont ent • Procedures for 
measuring these quantities are described in detai 1 elsewhere (86, 184, 
185). One unit of cel lulase activity is defined here as that amount of 
enzyme which brings a,bout 1% loss in viscosity of 10 ml of 1% carboxy:" 
methylcellulose (type 7MSP) during 6 hours incubation at 350 and pH 6.0. 
Each m~asurement was carried out with 1 ml enzyme extract (from 0.2 9 
fr wt of tissue) which was derived from at least 5 sections and yielded 
5 to 20% loss in viscosity per.6 hours. 

14C-Leucine was obtained from Atomic Energy of Canada. Radio-
activity was measured by spreading and drying al iquots on aluminum 
planchettes and counting at Infinite thinness under Q gas with a Nuclear 
Chicago Model 470 Gas-Flow system. The geometry was such that mfc 
yielded 680 counts/min after correction for background. 

Results and Discussion 

A. Effects of IAA on Growth and Cel lulase Activity 

Figure 8 shows the effects in three experiments of IAA added 
at different concentrations to excised apical sections. After 12 hours 
incubation,sections in /0-6 to 10-4 M IAA contained 20 to 30% more 
cel lulase than untreated sections. This difference was comparable to 
the percentage increase due to IAA in length and fresh weight. IAA at 
10-3 M was supraoptimal for growth and caused cellulase activity to 
decrease slightly. The total amounts of buffer-soluble protein also 



Fig. 8. Effectof IAA concent~ation on growth and cel lulase activity 
of excised pea epicotyl sections. Apical sections (80-100, la mm long) 
were floated on la ml 2% sucrase - 0.02M sodium phosphate (pH 6.0) with 
or without added IAA. After 12 hours in darkness at 250 , they were 
washed in 0.5% NaOel, weighed and measured for length. In arder ta 
extract enzymic protein, section? were homogenized and centrifuged 
twice in a total of 4 volumes of O.IM sodium phosphate (pH 7.0). Values 
given in the Figure are derived from three experiments done on separ
ate occasions. They ar~ calculated relative ta values per section 
measured at zero time, namely, fresh weight = 23.6, 21.8 and 22.6 mg, 
soluble protein = 212, 192 and 226 fJg, and ce/lulase activity = 1.19, 
0.98 and 1.16 units respectively. 
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d ecreased dur i ng the exper i ment but th i s happened at ail 1 AA concentrat Ions 

so that changes in cel lulase specifie activity were simi lar to those for 

total cel lulase per section. There was 1 ittle change in fresh weight 

per unit length in any of the sections indicating that IAA did not cause 

lateral cell expansion under these conditions. (Effects of IAA on 

excised sections from other seedl ings are shown in Appendices IVF and G.) 

ln experfments where apical sections were incubated for shorter 

or longer periods than 12 hours, the cellulase level usually increased 

in the first few hours when ~rowth was most rapid and then decreased 

slowly (e.g., see Table XII). Treatment with IAA at 10-5 M always led 

to higher cel lulase levels but the magnitude of this increase was not 

- always as great as the growth response. 

The rise in cel lulase due to added IAA was most pronounced in 

sections where the level of endogenous auxin could be presumed to be low. 

Table IX shows the effects of IAA on 10 ~m sections eut 0, 5 or 10 mm 

from the apex. Apical sections contained younger tissue and higher 

levels of natural auxin than basal sections (285). In this particular 

test, apical sections increased in fresh weight more than usual and the 

. cel lulase level was. higher after 24 hours incubation that at zero time 

(cf. Figure 8). Addition of '10-5 M IAA increased the fresh weight by 

35% and the ceIJulase level by 18% over controls. In basal sections 

the relatively low initial cellulase levels (184) decreased further on 

incubation except when IAA was added. By 24 hours, IAA-treated basal 

sections contained nearly twice as much cel lulase as controls. The 

sections appeared to possess a maximum capacity for cel lulase synthesis 
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Tab 1 e 1 X. 

Effect of IAA on growth and cellulase activity in pea epicotyl sections cut 0, 5 or 10 mm from the apical hook* 

Distance Fresh** ,Length** Cellulase activity** from hook weight 
(mm) per unit per 

protein section 

Absence or presence of IAA (10-5 M) 

+ + + + 

o 165 222 137 145 135 159 124 147 
5 127 160 114 125 91 151 100 165 

10 127 138 110 117 67 118 70 137 

* Sections (10 mm) were incubated for 24 hours as described in Fig. 1. At zero time, for the 3 sections respectively:fr wt = 20.2, 22.0 and 23.6 mg/section, cel lulase activity = 1.13, 0.91 and 0.78 units/section, total soluble protein levels = 234, 173 and 138 ~g/ section. 

** Values are expressed as a % of those at zero time. 
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which could be maintained either by high levels of endogenous auxin or 

by added IAA. 

Whi le it is possible that auxin-induced cel lulase activity 

faci 1 Itat~d ~~I 1 elongatian in the abav~ tests, undoubt~ctly th~re qre 

many di1ferent processes which can 1 imit growth Jn excised sections 

without influencing this enzyme. Other growth'regulators were found ta 

have 1 ittle effect on total cel lulase activity (App~ndices VC, VI liA, 

Band C) even though sorne (e.g., gibberell ic acid, ethylene ga~) markedly 

stimulated section elongation or expansion andothers (e.g., Ca++, 

ascorbate) inhibited growth. Kinetin and benzimidazole caused sections 

ta swel 1 and si ightly increased the cel lulase level (Appendix VC), 

especial Iy when added with ~igh levels of IAA (Appendix VOl, but this 

could have resulted from the abi 1 ity of these substances ta protect total 

protein from breakdown rather than from any specifie action on cel lulase. 

B. Turnover of Cel lulase 

Cel lulase activity often increased 'or decreased with time 

independently of measurable changes in total soluble protein, which 

impl ies that this enzyme was subject ta a higher turnover rate than ma st 

other protein in the cel 1. This was confirmed by studies with actinomycin 

0, an inhibitor already shawn (65, 226, 317) ta reduce the amount of 
~ 

growth and the incor poration of label led precursors into RNA and protein 
~ 

of excised epicotyl sections. It was necessary first ta show that under 

the conditions of present tests actinomycin 0 directly inhibited proteins 

synthesis from aval lable (absorbed) substrate, as distinct from any 
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effects it may have on uptake of substrate into the sections (65, 226). 

Table X shows the results of a test in which sections were 

pre-treated with actinomycin D for 6, 12 or 24 hours and then provided 

with 14C-leucine for a further 2 hours, after which measurements were, 

made of 14C-incorporation into protein and 14C-uptake into the free

amino-acid pool ~ The data show that the capacity of sections to take 

up leucine increased greatly soon after cutting and actinomycin D pre

vented this increasethereby, in effect, inhibiting uptake. Nevertheless, 

the incorporation of leucine into protein was inhibited more severly 

th,an uptake into the séctions: the ratio of combined leucine to,free 

absorbed leucine was reduced by half within 6 hours. Simi lar inhibitions 

by actinomycin D were observed in a test of nucleic acid synthesis from 

14C-orotate (Appendix VI lA). it is concluded that actinomycin D does 

inhibit protein and nucleic acid synthesis in detached sections although 

the inhibition is not complete and is probably not as great as appears 

from incorporation data alone. 

Tables Xl and XII show the effects of actinomycin D on growth 

and cellulase activity. An inhibitor concentration of 20 fg/ml (as used 

in the isotope experiment, Table X) was sufficient to attain maximum 

reduction in fresh weight, length and cellulase level. Inhibitory ef

fects were observable within 6 hours and by 12 hours the values for 

growth and cel lulase activity per section or per unit protein were only 

about half of those in controls. In contrast, actinomycin D had no 

significant effect on the decrease of total protein during the experiments. 

Evidently cel lulase was one of few proteins which were sti 1 1 synthesized 
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Table X. 

Effect of pretreatment of sections with acti'nomycin D on subse-, 
quent uptake of 14C-Ieucine and its incorporation into protein*. 

Pre
treatment 

t ime 
(hours) 

o 

6 

12 

24 

14C-Ieucine subsequently** 

i ncorporat ed 
into protein 

absorbed but 
not in protein 

Ratio of 14c in~ 

protein 
free amino acid 

Absence or presence of actinomycin D (20 ug/ml) 
+ ,+ + 

1450 700 2.1 

4350 650 2400 600 1 .8 1 . 1 

4450 850 2750 750 1 .6 1 • 1 

4850 600 2850 800 1.7 0.8 

* After pretreatment for the times indicated, 20 sections were trans
ferred to 2.0 ml, 0.02M sodium phosphate (pH 6.0) containing 930,000 
c.p.m. in 25.4 mg of L-14C-Ieucine. After 2 hours, sections were 
washed in unlabel led leucine and repeatedly homogenized and extracted 
with 5% trichloroacetic acid and hot 80% ethanol. 14C was measured 
in the extracts and in the residue. Chromatography confirmed that 
ail of the label was sti 1 1 present in leucine, either free (in extracts) 
or combined in protein (in residue) (see Appendix VII B). 

** Values are expressed as c.p.m. incorporated or absorbed/2 hours/ 
section. 
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Table XI. 

Effect of actinomycin 0 concentration on growth, 
protein level and cel lulase activity*. 

Actinomycin 
conc. 

Fresh** 
weight 

Length** Soluble**~ Cel lulase activity** 
protein per unit per 

* 

** 

(fl9/ml ) protein section 

o 151 136 75 123 93 

10 132 121 84 71 60 

20 133 121 72 56 41 

40 130 119 47 35 

100 130 118 73 60 44 

Sections were incubated for 24 hours; at zero time for each 10 mm 
section: fr wt = 23.5 mg, soluble protein = 258 flg, cellulase 
activity = 1.39 units. 

Values are expressed as a % of those at zero time. 
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Tab 1 eXil. 

Progress in the inhibition of growth and 
cel lulase activity by actinomycin 0* 

Incubation Fresh Length** Soluble Cellulase 
t ime wei g"ht** protein** activity** 

(hours) 

* 

** 

Absence or presence of actinomycin 0 (20 JJg/ml ) 

+ + + + 

6 1/8 1/3 121 113 94 94 127 100 

12 137 122 131 117 97 92 178 84 

24 160 128 142 119 93 93 159 60 

36" 158 127 147 124 69 67 110 49 

At zero time, for each 10 mm section, fresh weight = 21.9 mg, 
soluble protein = 239 JJg and cel lulase activity = 1.06 units. 

Values per section are expressed as a % of those at zero time. 
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in detached sections and it. was also relatively unstable with a half-

1 Ife of less 'than 24 hours. Accordingly, in the presence of actinomycin 

D, it would be possible for the initial amount of active cel lulase in 

the sections and the rate of its inactivation to be maj~r factors in 

limiting the amount of subsequent growth. 

ln vi,ew of the turnover of cel lulase, ~easurements of increases 

or decreases in total ce"u'ase lever during incubation underestimate 

the true amounts of this enzyme which have been generated or degraded 

in that time •. Thus, the stimulation of cel lulase activity by IAA (Fi~ure 

8, Table IX) must' be régarded as a minimal estimate of the effect of IAA 

on rate of cel lulase synthesis. 

C~ Fate of Cel lulase 

lt was .suggested earlier (86) that instabil ity of cel lulase 

ln vivo may be due to its inactivation in the primary wall. Any extra

cellular enzyme would probably denature more rapidly than total proto

plasmic protein, if only'because of the weak buffering capacity which 

would be expected in fluid bathing the wall. In young pea epicotyl cells, 

for example, an excreted' enzyme could encounter regions of acidity in 

the wall due to concentrations of pblyuronic-acid (185). As shown in 

Figure 9, soluble pea cellulase is unstable ln vitro at pH values much 

removed from its activity optimum of pH 6 to 7. In particular, over 75% 

of the activity was lost in 24 hours at pH values below 5, a rate of 

denaturation which would be sufficient to account for the observed turn~ 

over rate of the enzyme ln vivo (Tables XI and XII). (Effects of external 



l '" (', 

Fig. 9. Stabi 1 ity of pea cel lulase ln vitro as affected by pH. Freshly
prepared enzyme extract from apical sections (11.1 units cellulase/ml 
in O.02M sodium phosphate, pH 6.5) was adjusted to the pH values indi
cated in Figure by adding di lute Hel or NaOH. Extracts were incubated 
at 25 0 in darkness for 24 hours and the final cel lulase activities were 
compared to those at zero time. 
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pH on cellulase 'activity in sections ln vivo are shown in Appendix VIIID.) 

Presumably it is only that part of the total cel lulase that 

Is aCtive in the pr:mary .. wall which could be effective in promoting 

growth and which should be considered in ptudies of this enzymets function. 

It is difficult, however, to separate wall from protoplasmic enzyme 

without introducing uncertainty over the amount that may have leached 

from or adsorbed 6nto the wall during extractirin. Only traces of 

cel lulase activity remained associat~d with insoluble residues when 

sections were homogenized by met~ods used rou~inely in thesestudies 

(86, 184). The main problem in this case, therefore, appears to be to 

devise methods for keepting the wall cel lulase ln situ during fractionation. 

Table 'XIII summarizes data for the distribution of cellu/ase 

between wal l, particle and supernatant fractions isolated after using 

di fferent so 1 vent,s or hOlTlogen i zat ion methods. When sect ions were b 1 ended 

with,a medium contalning 0.6 M sucrose (Experiment A), the wa/ 1 residue 

(retained by nylon mesh) yielded only ~% and the particles (pe/ let from 

exudate X 50,000 g) 1% of the total cellulase. When sections were frozen 

and thawed and juices expressed without shearing force by repeated 

squeezing through nylon mesh and washing with salt-buffer mixtures (Ex

periment a), the relatively intact wal I-residue fraction sti/ 1 contained 

only 10% and particles 3% of the total cellulase. However, when the 

initial extraction was performed with a solvent containing Ca++ (Experi

ment C) or Mg++ (Experiment D), as much as half of the total cellu/ase 

remained associated with wall material at a specifie activity per unit 

protein approaching 3 times that in the supernatant. The ions were 
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C\I 
0; 

Table XIII. 

Effect of various treatments during extraction on the distribution of cel lulase activity 
bet~een wal l, particle and supernatant fractions from apical epicotyl sections. 

Treatmen{ during extraction 

A. Homogenized by high-speed 
blendor twice in 0.6 M 
sucrose ~ 0.1 M phosphate 
(pH 7.0). 

B. Frozen, thawed and juices 
expressed by repeated wash
ing with 0.3 M NaCI - 0.05 M 
tris (pH 7.5). 

C. As in 8 with solvent in
cluding 0.01 M CaCI2' 

D. Homogenized by grinding 
twice in 0.4 M sucrose -
0.005 M tris (pH 7.8) ~ 
0.2% sodium deoxycholate 
- 0.001 M MgCI2' 

Fraction* 

Supernatant 
Part i c I.es 

Wall 

Supernatant 
Particles 

Wall 

Supernatant 
Particles 

Wall 

Supernatant 
Particles 

Wall 

Distribution (% total) of: 
ce"u'ase soluble 
activity prote~n 

94 
1 
5 

85 
3 

10 

48 
3 

49 

78 
4 

18 

89 
9 
2 

89 
4 
7 

64 
Il 
25 

76 
17 
7 

Relative 
cel lulase activity 
per unit protein 

100 
15 

157 

100 
85 

183 

100 
38 

256 

100 
19 

275 

* After ail treatments, cel lulase was completely removed from the wall fraction (residue retained 
by nylon mesh) and theparticulate fraction ( pel let from exudate x 50,000 g) by exhaustive 
blending in 0.1 M EDTA (pH 7.0). 
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effective at contentrations which neither precipitated nor activated 

nor inhibited cel lulase activity. They did not increase the amount of 

specifie activity of cel lulase in particulate fractions which impl ies 

that they did not effect any binding of cel lulase ta 1 ipo-protein 

membranes. There is no reason, therefore, for supposing that they 

introduced ionic 1 inkages between cellulase and protein or polyuronic 

acid in the wall. Rather, the new cross-I inkages which would beexpected 

between structural wall materials may have simplytrapped endogenous 

cellulase in a more than .usual Iy gel led or stiffened wall. 

The data appear ta justify theconclusionthat a major part. 

of the extractable cellulaseis·derived from the wall. Preliminary. 

test's (E. OavifS. unpubl iShed)onthefate of the extra ce/lulase induced 

by IAA suggest that it ls distributedpa~tly in the wall and partly in 

the protop 1 asm, ~s' wou 1 d be expected . Further tests are. in progress in 

an effort ta fol lowthe movementsofcel lulase fromthetim~ when it is 

synthesized until it is inactivated. 
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r. External Appearanceof.'IAA-Treàt~depicotyls 

The ,fa Il oYli ngmethodswere Üsed for:growi ng peaseèdl ings: .. 
, : ,'.: -' .. :.: .' ,., .. 

PIsum'sativum"L. Ai~'ska werewashed with 0.5% NaOCI solut.ion, 

·for 10min~tesand ,soaked in tap water fof about 10 hours.· Theywere. 
: " . 

" sown in wetperlit e and grown in darkn~ss for 8 days. Seed 1 in'gsWi1:h 

thirdinternodes3 to 5 cm longwer,e selected. The plumule wascut 

o.ff j ust be l'owthe hbok. A po i nt on the ep i coty 1 10 mm be low thecut, 

.• 'apex '~as 'ma~k~d wdh'(nk~ • The eut apex was 'then p~ int ed W'ith lano 1 i'n " 
. " . 

pa st ewith 'or'withoutlAA {0.5% w/w) and the seed 1 ings were· a,', owe{'to 
" ' 

cont inue, grOwi.i1gÎ n darkness at 200 • ' 
. : .... ". :. ' . 
. , 

Visibleeffects of the above treatments on growth at the apex 

of the epicotyl and b~anching at the second node are shown in Appendix 

,lAi ' IAA~riaim~ni~~e~ulted i'n rapid swel 1 ing of ,the upper part (segment) 

of theepicotyl·'which was visible within 1 day. Eventual/y (inS'days) 

adventitio~s roots broketrirough the epidermis of the, swol len region. 

ln the presence of IAA nobranchdeve/oped atthe node.ControLepicoty/s 

showed e/ongationand branchlrig at the secondnode but noswel 1 ing of 

the segment. Decapitation is weIl known to remove apical dominance over 
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the second node and the Influence from the apex can be replaced by added 
auxin (188). 

2. Effect·oflAA on Anatomical Structure of Cross-sections of Segments. 

Segments were cut from the apical region of decap)tated pea 
ep icotyl s, treated wi th or witho~t 1 AA as d escr ibed .above (Append i x 1 A) • 

. They werefixedin F.A.A. (formai in~ac~tic acid-alcohol) anddehydrated 
with astandardt-butanol ser i es. The .dehydrated tissues were then 
embedded.in Fisher TissUe' Mat. Sectr'b~s, (lOf j w~re removed from the 
most ~001 I~n regionoi' tissue with a rot~ry ~i~roto~e a~d mouhtedon . 

, .,'" ,"' -. ", '. 

.' . . , . . 

(a) ~bsolute xylene 
'1 .• . : '. . . . 

(b) .50/5~·ab~ol utexy 1 ~ne/abso 1 ut e ethanol 

(c)95% ethano 1 

(d) .• ;85%. ethano 1 . 
~ . .. 

( e) 70% ethanol 

.. (f) safraninin 70% ethanol 

( g) 85% .ethanol 

(h) 95% ethanol 

( i ) fast green in 95% ethanol 

en 95% ethanol 

Final Iy,the tissue Was mounted in Permount (Fisher Scientific Company). 
AI 1 pho~ographs of the sI ides were taken with a Zeiss Jena photomicroscope 
using Kodak high contrast fi lm. 
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Appendix lB shows the cellular structure visible after 2 days 

of treatment. In the presence of added IAA there was extensive cel 1 

division, particu/ar/y in regions of the central ste/e and cortical 

bund/es. Parenchyma cel Is were swol len and cell walls in many cases 

had disintegrated to form large lacunae. Without added )AA, there was 

1 ittle visible change in segments from zero time (cf. Fig. 5). 

Appendix IC shows the structure at 5 and 6 days. Root primodia 

were visible microscopical Iy within 3 days of IAA treatment (Fig. 5) 

and by 5 or 6 days they had grown through the cortex and penetrated 

the epidermis (see a/sb ÀppendiX lA). The primodla develop from the 

central ste/e and there are continuous vascu/ar traces into them. 

Control segments showed no change from zero time (as in Appendix lB). 
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""."".::.:,.<:,,;;...~~-:. ·· ... : .... ::;il~0f??:)~~f~~;hdat~»: •• · ... 
Append i xiA. External appearance of decapitated epicotyls after 

painting apex with lanolin plus or minus 0.5% IAA 

1 AA +IAA 

Appendix 18 •. Effect of 2 days treatment at the epicotyl apex 
with or without IAA on anatomical structure of 
cross sections of swol len regions of the epicotyl 
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Appendix IC. Root formation after 5 and 6 days of IAA treatment 
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APPENDIX Il 

Methods for Determination of,Soluble 
Protein, Total Protein, RNA and DNA 

1. Soluble Protein Determination by the Siuret Meth6d 

The biuret m~thod used here was specifie for estimating peptide 

bonds and,was the same as that described ln the Methods ln Enzymology 

(113, 172). ·As shown in Appendix 1 IA,using bovine serum albumin as 

standard protein, the method accurately measured from 1 to 8 mg protein. 

The procedure used with protein extracted from plant sources 

in this study was as follows: to each,2.5 ml of crude enzyme extract, 

0.5 ml of 3 M trichloroacetic acid was added and the mixture was centri-

fuged. The precipitate was suspended in 3 ml of disti;j led water and 3 

ml of Bi uret reagent was then added.' The reagent was pre:pared and stored 

in the brown bottle. A commercially avai lable reagent',(Fisher Scientific 

Co. So-B-51) was also found to be effective. After stirring and shaking 

unti 1 the protein was total Iy dissolved in the reagent and incubation 

at room temperature for at least 30 minutes, the optical density (a.n) 

of the colored solution was measured at 545 mp. 

2. Total Protein Determination by Nesslerization 

A Kjeldahl digestion followed by nesslerization (77) was used 
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for total nitrogen determlnation. As shawn in Appendix 1 lB, the method 

measured from 1 ta 8]Jg ,nitrogen as (NH4)2S04, equivalent'to from about 

6 ta 50 pg protein(conversion 'fact9r X ~.25). The proced~r~ yields 

values for bovine serum albumln whlch ~re th~ same as tho.e obtained 

by the Bluret method. 

Detai Is of the procedure used for determiningtotal segment 

,protein are as follows: segments (about 2.5 g) were extracted in suc

cession with 80% ethanol, ethanol-ether (3:1 v/v) and warm 0.5 N HCI04 

in arder ta remove low-molecular weight nitrogenous compounds and 

nucleic acids. The re~idue was placed in a Kjeldahl flask with 30 ml 

of 50% H2S04' The mi xture was di gestedfor 2.5 hours over a m·i cro

burner. The flasks were then cooled and 20 ml of 30% H202 were added. 

The mi xture was digest ed for anadd i t i ana 1 1.5 hQurs·. Th'e co 1 or 1 ess 

digest was di lut~d ta a total volume of 500 ml. Ta 1 ml of this digest, 

6 ml of Nessler reagent (Fisher Sci.ent. 'Co. So-N-20) was add'ed. After 

at least 30 minutes incubation at room temperature; the 0.0. of the 

clear yel low solution was measured at 425 mp. 

3. Total Nucleic Acid Determination by Optical Density Absorption 

Appendix 1 IC shows that the method (77) tal ibrated with soluble 

RNA (Nutrition. Biochem.Co. 6164) measured from 10 ta 60,;tg RNA. Detai Is 

of the procedure ~sed for determlning total segment nucleic acid are as 

follows: segments (about 2.5 g) were extracted with 80% ethanol and 

ethanol-ether (3:1 v/v). The residue was then homogenized in 10 volumes 

of warm 0.5 N HC104' The mixture was incubated for 1 hour at 700 and 
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centrifuged. The extraction was repeated once. The combined extracts 

\'!tzre d il uted to ,a tota 1 vo 1 ume of 200 ml. Ail quots were :used to measure 
. . 

O.D.at 260mp and'290 mp. 0.0. 'values in Appendix IIC equal the dif~ 

ference ~f readings (0.0. 260 -'O.0.29d). 

RNA concentration~~as calcul~ted from values for to~al nuclelc 

atid (Appendix IIC) by subtracting v~lues for oNA (see Appendix 110). 

4~ Tot~1 DNA Determination by oiphenylamine Reaction 

As 'shown ln Appendix ,1 lo,the method (77) cal ibrated with sperm 

oNA (Nutrition. Biochem. Co.) measured from 20 to ',20 fg oNA. oetai Is 

of the procedure used for determi ni ngtota 1 segment DNA were as fo Il ows: 

to 2 ml of total nucleic acid extracted i;nto perchloric acid (see 

Append ix Il CL 4 ml of 'd i,pheny 1 ami ne reagént was added. The reagent 

was pr,epared by dissolVing ,1.5 9 of 'diphenylami,n,e ir,!, 100 ml of a solution 

of 1.5% (w/v) H2S04 in glacial acetic acid. Before use, 0.1 ml of , 

aqueous acetaldehyde (16mg acetaldehyde/ml) was added to each 10 ml 

of the diphenylamine reagent. The reaction mixture was incubated in 

a water, bath for 18 hours at 300 • The 0.0 ."was measured at 600 mp and 

540 mp. The difference between these values (0.0. 600 - 0.0.540 ) was 

proportional to oNA concentration (Appendix 1 ID). 

RNA concentration was calculated from values for total nucleic 

acid (Appendix IIC) minus those for DNA (Appendix 1 ID). 
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APPENOI X III 

Propert i es of Ce Il u 1 ase .L!1 Vi tro 

1. Effect of Substrate Concentration 

Throughout these stud i es a fi na 1 concentrat i on of 1.0% (w/v)" 

substrate (CMC) has béen used. Appendix IliA shows that this concentra-

tion. is. sufficient to obtaln near maximum rates of pea c~I.lulase activity." 
, . " " ... 

When the data i spI otted accord i ngto Lineweaver-Burk(/79), a Km va 1 uè '. 

of 0.23% CMC is .obtained. This value is higher than those general Iy 
.' . .' 
'. 

obtained for fungal cellu,'ase (i.e., about 0.14% see 195) which may 

indicate th~t pea cel lulase has a relatively low affinity for this sub~ 

strate. 

2 •. Optimum pH for Activity 

Over the pH range 5.0to 8.0 the viscosity of CMC (type 7MSP) 

varies 51 ightly. According/y, activity of pea cel lu/asewas measured 

at different pH values by ca/cu/ating the % loss in viscosity at that 

pH. The resu./ts are shown in Appendix Il lB. Pea cellu/ase has a c/ear 

optimum for ~ctivity between pH 5.5 and 6.5. The same optimum was found 

for pea cel lu/ase activity as measured by production of reducing power (/84). 
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3. Effect of Temperature on Stabi 1 ity 

Appendix IIIC shows the effects on cel ltila~eactlvlty o~ heat-, 

Ingcrude pea extracts at pH 6.5 in a bolling waterbathfo~ 10 ta 50 

minutes. ,Over 90% of the activitywas lost ln ,10 minutes. Data ln 
" , , • .' .0"" 

. ',." . : .. ' : . ... , .. , ..... " '.: 

Append i x 1110 showthat denaturat i on was al sa nearl y ,complete ,whenthe, 
.. . .. .' . '. .', ..... ' '":. ': '. '. "": : .... :":" . .' , '.'. . ..- .' . ,~. . .' ",' ,:' .'. . . .' . . .. '. . 

enzyme' was i ricl,lba~edt'or 10 minut~~at750. ,Theenzy~ewas.stable, for', 
....... ', -. . .. ., ,.' : ," . .. . .:.~ . ," ,', " . ", . ,: . ~. 

Eventually,oicour~e~'c~1Iulasedo.~~~riature~at' th i s t 1 me at 25 a • 
.; .... ' . ," ... 

room temperature. The ratel sapproximatel}' '25%act Ivl ty, los~{in"24' 
,-"," .. , ',': . '. '. ,: 

hoursat2S0 ,'pH 6.0 ta 7~O (FlgUre9)."Ai40actlvltY'I~sS'es'~e~'L' , " ........ 

reduced ta 5% or 1 ess per day, (datanotsho,wn her~l~ ~o, aCÜvf~y: I,()SS:" 
'. ,",", '"1 ," .: . • • '.:: 

, , ' ',',' :'" ,::,::,',', ',"'" , " :'0"'::, 
, 'occurred as q' re~u-lt of freezi ng sécfi ons oft issue and,'stor,i nga,t, ~20",' " " 

. .. '. : ',~.: . . ,", .l,·" .: . .': .. ".. .... ~'. ~",:.'" ",'} .",' ,', :' '. ' '. ..... 

for up ta onemonth~ ", ,,'.< 
':'" ' ... ,";. :"" 

4.1 nhi bi t i cn','andActlvât ion, 
" ',,",> . 

Direct effect ~f ~arious chemicals on actlvity of crude~pea ': 

..... ,.' 

, :.,. ' " ' . \ ", .".. , .: .-

ce Il u 1 ~se Î li' vi tro are summarized , 1 nAppend 1 ~III E~ ,,','~'ti'S'1:0Lthe'sub~::',: '::' , " 
. .' '. , . .",. ,. . '. . .. ,', ":":", ~.",>, .. '</' . .', .... ,:. -::.' " ,:. 

stances tested had'noslgniJicantinhibltoryor::sflmulàtoryeffect; even 
,. , . '.' ". ;','", 

at h Igh (unphysi a 1 agi ca 1) co~è:entrat.ion~. ' Thesêï ncluded ca+{'~g++: :,' 
(u'p ta 0.1 ML reduci ngagents, 9~owth,hormo~estIAA,;;'GÂ:;ki'~et'fn); " , 

" . ',.:: ..... '.',: 

, ant i b i ot ics, prote Ins ' (proteases ~ a Ibumin) ,èe Il obiose,a'nd:h'yd-fb~}'p~ÔJine, 
:,'" 

'. , ' ",.' .:". 
,". ,.,.-. 

boiled pea extracts.The apparent~nhancenientof',cell'uiàse'act(vity'by' ' ,,' 
• • • . '. '. '*'. ", ' • , '.~ 

brome 1 in was' due ta the presence' 0(.)3-1, 491 uca~aseLnttie' com~'ert'i'a l " ,', ' 
.... :', '.:' ,., 

", " ',' '".:. ,,::" 
preparation (276). ,: .. '" 

The only definlte Inhibitors of pea cellulaseamon~,~he ~~b~' 

stances tested were HgCI2 and p~chloromercuribenzoate (PCMS). At 0.01 M 
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th~se sulfhy~ryl alkyl~tlngreagents complet~ly prevented activity. 
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6 

pH 

7 9 

Appendix IIIB. Effect of pH on cellulase activity l!!. vitro. 1.0 ml 
of crude pea cel lulase extract was mixed with 9.0 ml 
of 1.1% CMC solution. The CMC solution was prepared 
with 0.02M sodium acetate-acetic acid buffer between 
pH 4.0 and 5.5, with 0.02M sodium phosphate buffer 
between pH 6.0 and 8.0 and with 0.02M glycine-NaOH 
buffer at pH 9.0 
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Appendix Il IC. Residual cel lulase activity after heating enzyme 
extract at 1000 for different periods in absence 
of substrate 
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Appendix 1110. Residual cel lulase activity after heating enzyme 
extract at different temperatures in absence of 
substrate for la min. 
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Appendix IllE. Inhibition of cel luiase âttivity by various com
pounds pre-incubated With pea extract for 1 hour 

Compounds 

CaCI2 

CaCI2 

Mg CI 2 

MgCI 2 

EDTA 

Mercaptoethancil 

Ascorbic acid 

Actinomycin D 

Puromycin 

Bov i ne serum ai bUmi n, 

Chymotrypsin 

T'ryps i n 

Pronase 

Papain 

Bromel in 

IAA 

IAA 

Gibberel 1 ic acid 

Gibberel 1 ic acid 

Kinetin 

Kinetin 

Hydroxyprol ine 

Ce"obiose 

Hg CI 2 
p-chloromecuribenzoate 

Boi led pea extract 

Concentrations Cel luiase actlvlty 
as % of cohtrol 

o.oi M 100 

0.1 M 95 

0.01 M 98 

0.;1 M 90 

b .1 M 96 

0.01 M 93 

0.01 M 95 

20 ,ug/ml 92 

40,ug/ml 100 

2.0 mg/ml 100 

6.0 mg/ml 89 

6.0 mg/ml 90 

6.0 mg/ml 92 

6.0 mg/ml 84 

. 6.0 mg/ml 430 

10-3 M 96 
10-SM 98 

10-3 M 94 

10-5 M 95 

10-3 M 89 

10-5 M 92 

0.01 M 92 

0.1 M 99 

0.01 M 0 

0.01 M 0 

0.1 ml/ml 99 
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APPENDIX IV 

Effect of Added IAA on Growth, Sqluble Proteln and Cellulase 
Activity ln Higher Plant Tissues Other than Pea Epicotyl Apex 

1. Segments Attached to Growing Seedl ings 

Appendices .IVA to IVE show effects of IAA on various de

capltated seedlln9s. IAA dlstlnctly Increased the ~el lulase level ln 

decapltated bean epicotyls (Appendix IVA),~maize shoots (Appendix IVB), 

pea roots (Appendlx IVC) and the second node of decapltated pea epi

cotyls (Appendix IVO). In ail of these tissues IAA Inhlblted elongation 

and induced swell Ing and synthesls of soluble protein~ ln contrast, 

IAA treatment did not result ln any increase ln cellulase or soluble 

protein levels ln hypocotyl tissue of sunflower seedlings (Appendix IVE). 

ln this case, thenegative reactions were probably due to the lack of 

substrate for protein synthesis since IAA wasappl ied after" cotyledons 

had been removed. 

2. Sections Detached from Growlng Seedl ings 

Effect~ of IAA at 10-3 M and 10-5 M on the growth and cellulase 

activity of sections excised from the growing regions of etlolated oat 

seedl ing shoots and bean epicotyls are shown in Appendices IVF and IVG. 

At the lower IAA concentration, growth' ln 12 hours in both length and 
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fresh welght was greater QY 20 to 30% than growth in untreated sections. 

Cel lulase activlty per sectlpn and per unit soluble proteln was also 

Increased by 70 to 80% ln tne oat shoot and by IQ to ?O% in the bean 

epicotyl. The higher IAA ço~centrqtlon wa~ Jess effective ~t promotlng 

growth and Jess effective qt ennancln9, the cellulase level! 

Effects of 0.5% IAA in lanolln on fresh weight and cellulase 

activity in single cotyledons detached from the embryo of fully~lmbibed 

pea seeds are shown in Appendix IVH. Initial cel lula~e levels per 

unit fresh weight (2.3% los~ ln CMC vlscoSity/2 hours/IOO mg fr wt) were 

comparab 1 e to those ï n growl ng parts of the pea ep 1 coty 1 and toot 

(cf. Figure 2, Appendix IVC). However, calculated on a protein ba~is, 

cellulase activlty was less than on~-tenth than that in other pea tissues. 

This was due ta t,he very high levels of reserve protein in pea cotyledons. 

Dur i ng i ncubat,i on of the coty 1 edons for 3 days, there was a sma Iii n

crease ln fresh welght, a marked decllne ln soluble protein {~otyledons 

were senescing} and cel lulase activlty almost disappeared •. IAA had no 

signlf/cant effect on these changes. 
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Effect of added 1 AA ongrowth,", so'lub le 'prote i n and 
ce Il u l'ase acti v/ ty / n dedip'ltat'ed 'bean ep:i'co'ty'/s, 

Segments 10 mm long Were ~arked ~t the decapitated ape~ 
of the fi rstinternode of 8-day piC! :etlo lated Phase a 1 us vul gar i's 
epicotyls. They wer'e painted with la,nol in ± IAA (0.5%) and g'rown 
and extracted as l'n exper i m'ents wi th t'he pea ep i coty 1. At zero 
time, each segment yie'lded an extract wh/ch caused 3.06% loss ,in 
CMC viscosity/2 hours equivale,nt ta 3.15% loss/2 hours/mg so/'ùble 
proteine Value's in the Table are calculat'ed rerative ta these. 

Relative 
Treatment Fr wt ,Length Fr wt 'Soluble cel lulase activity 

(ing/seg) (mm/seg) length protein per uni t ' per seg 
(mg/mm) ('mg/seg) protein 

Zero time 78.6 10.0 7.86 0.97 1 .00 1 .00 

,1 day -IAA 179.0 21.4 8.35 1.44 0.93 1 ~38 

,1 day +IAA 270~0 18.1 14.90 1.76 1 .39 2~50 

3 days -IAA 383.0 40.5 9.45 1 .98 0.87 1 ~ 77 
1 

3 -days +IAA 526.0 25.9 20.20 2.86 2.42 7.05 
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Appendix IVS. Effect of added IAA on growth, solubre' .protein 
and cel luLase actJvity in decapitated maize shoots 

5-day old etio·lated Zea mays L; shoots were decapitated about 2 mm below the mesocotyl apex and a point 10 mm below th/s was marked to dei ineate a segment of tissue. At zero time, each segmen~ (containing coleoptile plus mesocotyl) yielded an extract wh/ch caused 0.74% " loss, in CMC viscosity/2 hours, equivalent to 0.65% 105s/2 hours/mg soluble prote/n." Values in the Table are cafcuJated relative ta these. 

Relative Treatment Fr wt Length Fr wt Soluble cellulase activity (mg/seg) (mm/seg) length protein per unit per seg 
, (mg/mm) (mg/seg) protein 

Zero time 34.0 10.0 3.40 1.14 1'.00 1 .00 
day -IAA 79.0, 27.6 2.86 1.39 1.49 1.81 
day +IAA 72.5 22.4 3.20 1.37 4.02 4.77 

3 days -IAA 251.0 78.0 3.22 2.08 2.95 5.40 
3 days +IAA 175.0 59.5 2.94 .1 .90 6.52 10.90 
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Effect of added IA~ on growth, soluble proteln 
and cell~laS~ ~~ti~i~~ ln de~apriat~~"p~a~~o~~ 

The apical 2 mm of the primary.root of 4-day old etiolated 
pea seedl ings were remoVed and a Iq mm segment of tissue was dei in
eated at the apex~ At zero time, ~a~h s~gment yteld~d an ext~act . 
which caused 0.35% loss in C~C'viscos'jty/2 'hours~ equival'ent to 2.16% 
loss/2 hours/mg ~o 1 uti 1 e protei n. 'Va 1 Ù es i ni 'the' Tab 1 e are ca I.cu 1 at ed 
relative to these~' , .' , ' 1 l' , ,' •• ,. 

Relative 
Treatment Fr wt Length Fr wt Soluble cellufase'activity 

(mg/seg) (mm/seg) ., ength protein per unit per:seg 
(mg/seg) (pg/seg) protein 

Zero time 1/.0 10.0 1 .10 162 1 .00 l.pO 

2 days -IAA 20.5 16.0 1.28 227 3.20 4.40 

2 days,+IAA 17.0 Il.7 1.45 228 3.70 5.20 
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Appendlx' IVD. Effec't of added IAAon growth, soluble proteln and cel
lulase activity in the second node of decapitated pea 
ep!cotyls 

8-day old etiolated pea epicotyls were decapltated Just below 
the hook. A 10 mm segment of tissue was removed at zero time and at 3 
days from the region whlch bore the second node (3-5 cm below apex). 
By 3 days, the node began to develop a· lateral branch unless IAA had 
been a~ded (see Appendix lA). At zero time, each segment yielded an 
extract which'caused 0.45% loss'in CMC viscosity/2 hours, equivalent 
to 2.5% 1055/2 hours/mg soluble proteln. Values in the Table are 
calculated relative ta these. 

Relative, 
. Treatment Fr wt Fr wt Sol ubl e Cel lulase activity 

(mg/seg) length pratein peruni t . per seg 
(mg/mm) . (~g/seg) pratein ; 

Zero time 30.4 3.04 179 1.00 1 ~OO 

3-days ~IAA 41.9 572 0.48 1 .51 

3 days +IAA 35.6 3.56 241 1.84 2.47 
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Effect of added IAA on growth, soluble protein and 
tellula~e· actlvity in det~thed ti~t ~hoat sections 

Sections (10 mm long) werè rembved from the growing region of 
4~day old etlolated dat shoots. Each section (containing bath mesocotyl 
'and coleoptile) at zero timeweÎghed 10 mg, coritained 140.og soluble 
protein and yielded an extract which caused 0.54% loss in CMt visëosity 
/6 hours, equivalent to 3~85% 1055/6 Hours/mg soluble protein. Values 
in the Table are calculatèd~elative to th~sè; 

Values at 12 hr5~ relative to those at zero time 
cellulase activity 

Treatment Fr wt . Length Fr wt Soluble per unit per sect. 
lehgth protein protein 

0 1 .68 1044 1.17 1.44 0.40 0.58 

10-5 M IAA 1.97 1.84 1 .07 1.40 0.71 (L,c)7 

10-3 M IAA 1 ~85 1 .67 1 ~09 1.34 0.63 0~82 
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2. Effect of Swel 1 /ng Agents on Detached Sections 

Appendlx VC 'shows the effects of kinetin (10-5 M), benzimida
zole (10-5 M) and ethylene, (10 ppm) added with or without IAA (/O-5 M) , .' , 

,to excised sect/ons 'for 24 hours. Ail of these substances Inhibited 
elonga~i~n but cauied sw~l Jing of the sections, especial Iy when added 
together with ,IAA. They had Iittie effecton sot'uble protein levels '. .'. • w 

'. 

"wh i ch, ge,ner,a ',1 ~ ,~ec,r,~ased by, "about 20% under a Il treatments. 1 AA, 
kin~tjn'~nd benzi~idazole ail increased cellulase activity si Ightly. 
Ethylene had no effect on cellula~e. 

, . 
'Éffects of kinetin (10-5 M) plus or minus high concentrations 

'o~ IAA (0.5% in lanol in paint~d at apical end of se~tions) ar~ shawn in 
Appendix VD. Excess IAA caused ,swell i,ng and enhanced the breakdown of 

• total protein and cel.lulase. Kinetin also caused swel ling but i·t ap
peared to alleviate the endogenous and IAA-induced,breakdown of, protein, 
including celiulase. 
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. , . .'. " . . .. .: . ~. : .'. 

. .. . . -'. ,:','. 
'. '" :', " . ~ . ' ... 

. ': :"':-' " ,,: ':' ,:," 
. ...... ; .... : .. 

. ·:DecapTfat'edseed 1 (ngspal nted,wi th fanali n+JAA wer~ grownin " cl osed QI ass,c/Ïanibets; 1 nto. wh 1 chét hy 'ene' gas' (. i Oppm) was< in j ected : dan y~ At ,zero ,ti me ,.each.~ segment of.ep;coty.I. tissue 'y ie Ided'an'extract·, .:':' ", 'whic'h"caused:O~69% ioss 'j'nCMCviscoSity/2hou'rs,'-'equiyalentto 2.62%, .......... . , 1 oss/2hours/mgs~ 1 ub le:protefrï~'.yaluesi~ Tablé~,are ca:'cu'ated,relà- ' ... . tive to these. .... . 
""." '", 

Treatment 

Zero time 
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+IAA 
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. ~. , : 

.Relative 
Frwt.· .:' Length . Frwt . Soluble' ce"ulase activity (mg/seg), (mm/seg) Length protein per',unitper ,seg 

. -,,< ,(mg/min) :.(,ug/sèg) '. pto.tein'.;:' 
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10.0 , 258.', 
. ':, : 

. 1 ~OO 
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.' '.64.0 13.6 .' . 4.70 410 , .23 1 ..92 
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Effect of swell ing agents an growth, soluble protein and 
cel lulase activity' in detached pea epicotyl sections 

At zero time, each 'section (10 mm) weighed 23.8 mg, contained 
231 tJ9 soluble protein and yielded anextract which caused 1.18% Joss in 
CMC viscosity/6 hours, equivalent to 5.1% loss/6 hours/mg soluble proteine 
Values in the Table are calculated relative to these. 

Treatment* 

Contro J 

. ···+IAA 

+K 

+IAA +K 

.. +8 

+IAA +8 

+E 

+IAA +E 

Values at 24 hr.srèlative ta those at zero time 

Frwt Length· Frwt . Soluble Cellulase activity 
length protein per unit, per sect. 

protein 

··'.65 . 1 .50 .., .05 ·0.80 

2.24 1.68 1.230.81 

1.59 ., .37 

1.98 . 1.35 

1.73 ' 1.42 

2.22 . 1.41 

1 .45 1 .16 

2.31 1.42 

1 ~ 16 

·'.49 

1 ~13 

1.46 

1 .35 

1 .65 

0.89· 

0.87 

0.81 

0.76 

0.80 

0.83 

1.35 

1.49 

.1.51 

J.71 

1.48 

1.63 

. , .27 

1.44 

1.09 

1.21 

'/ .37 

1·.49 

·1 .15 

1.24 

1.03 

1 .17 

* Concentrations.used in this test were: IAA, /0-5 M; kinetin (K), 
10-5 M; benzimidazole (8), 10-5 M; ethylene (E), 10 ppm. 
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Appendix VD. Effect of kinetin and excess IAA on growth and 
cel lulase activity in detached epicotyl sections 

Apical sections were painted at the apical end with about 2.5 
mg lanolin paste ± 0.5% IAA and incubated for 24 hours ± 10-5 M kinetin. 
Values per section are expressed as a percentage of those at zero time, 
namely, fresh ,welght = 23.8 mg, soluble protein = 231 fg and cellulase ' 
activity = 1.18% loss in CMC viscosity/6 hours. 

Values at 24 hrs relative ta those at zero time 

Treatment Fr wt Length Weight Soluble Cellulase act i vi ty 
length protein per unit per sect. 

protein, 

No additions 1 .65 1 .50 1'.'05 0.85 1.41 1.20 

+ kinetin '1.65 1 .37 1.16 0.89 1.57 1 .40 

+ excess IAA 1.89 IA9 1.27 0.79 1 .18 0.~3 

+ both 2.08 1 .31 1 .50 0.87 1.43 1.24 
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APpgNDIX VI 

Changes with Time ln Growth and Ce'llula's'e AttiVity ln Pea :Epicotyl Tissue 

Growth effects of decapitation :üre shown in Appendix VIA and 

effects on soluble protein lev~ls and cellulase activity are recorded in 

Appendix VIB. The intact ~egment growing normal Iy increased in both 

1 ength and fresh we'i ght 3- to 4-fo Idwi th in 3 days. There was li tt 1 e 

swell ing up to or after this time.Protein 1 evels and cellu-Iase activity 

increased a little during the growth period 'and th en dec.li.ned slowly. 

Decap i tat i on greatly reduced segment growth (by 70-80%). 11: prevent ed 

any increasein soluble protein levels. Cel lulase activity showed a 

brief (2 days) rise followed by a relativ,ely rapid decJ ine. 

Appendix VIC shows effects of adding IAA to the decapitated 

epicotyl at zero time ~nd again at 3 days.Without thé second hormone 

treatment, cel lulase activity reached a maximum value at about 3dÇ1Ys 

and then declined.Extra hormone caused some further swell ing andprotein 

synthesis ln the epicotyl segment and It maintalned or increased the cel

lulase activity for a further 2 to 4 days, 
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Appendix VIA. Effect of decapitation on growth 

A 10 mm region of tissue was del,ineated at the apex of the 
third interno~e of 8-day old pea seedl ings. Growth of thls segment 
was measured either in intact or decapitated seedlings over a 10-day 
periode The Table shows results of separate experiments in whlch, 
at z~~time, the fresh weights of the apical 10 mm segment were: 
21.1 mg (intact) and 24.4 mg (decap). 

Time Values per segment relative to those at zero tlrne 
(days) 

Fr wt/length Fr wt length 
intact decap intact decap intact decap 

2 3.70 1 .65 2.92 1 .52 1.27 1.08 

3 3.86 1 .55 3.03 1.44 1.32 1 .07 

5 3.60 1.49 3.10 1.41 1 .16 1.05 

7 3.30 1.47 3.15 1.42 1.05 1.03 

10 3.25 1.40 3.05 1.40 1 .08 1 .00 
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Appendix ~IB. 'Effect of decapitation on soluble protein levels and 
cel lulase activity 

Jata on growth dur i ng these exper.iment·s are 9 i ven ·i n Append i x 
VIA. At zero time, each segment from intact and decapitated seedlings 
yielded respectively; 197 and 259 ~g' soJuble protein and cellulase 
activities of 2.70 and 2.02%loS5 in CMC viscos.ity!2 hours. 

Time Sei.! u bl e pr.otein Relative cellulase activity 
(days) per t:lnit protein per seg 

intact decap intact decap intact decap 

2 1 .63 0.98 1.70 2.05 2.52 /.62 

3 1~38 0.95 1 .63 1.93 2.27 1.47 

5 1 .. 16 1 .01 1.67 0.92 1 .98 0.75 

7 1.03 0.95 1 .69 0.71 /.75 0.54 

10 ,1 .17. 0.73 1.33 0.72 /.55 0.41 
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Appendix VIC. Effect of IAA added at zero time and again at 3 days on 
growth, soluble protein and cel lulase activity 

At zerotime, each segment yielded an extract which caused 
0.56% loss in CMC Viscosity/2 hours, equivalent to 2.42% loss/mg soluble 
protein. Values in the Table are calculated relative to these. 

Relative 
Time Fr wt Length Soluble cel lulase activity 

(d ays) (mg/seg) (mm/seg) protein per unit per seg 
(,ug/seg) protein 

0 20.6 10.0 252 1.0 1.0 

3 72.0 13.6 568 8.1 20.0 

Segments freshly treated with 1 ana 1 in ±IAA at 3 days 

+ + + + + 
5 74.7 85.0 13.0 13.7 606 662 6.3 8.4 16.5 24.2 

. 
7 67.8 90.4 1.28 1.37 560 820 5.1 6.7 12.4 23.7 

10 75.0 87.9 1.35 14.0 600 810 5.1 4.7 13.1 16.3 
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APPENDI X VII 

Effect of Inhibitors of Nucleic Acid or Protein Synthesis 
on Growth and Metabo/ism in Pea Epicotyl Tissue. 

1. Effect of Actinomycin 0 on Metabol ism of 14C-orotate and 14C-leucine 

Appendix VII~ shows effects of actinomycin 0 on'uptake of 

14C-orotate into trichloroacetic acid- and ethanol-soluble fractions 

(nucleotides) and into insoluble fractions (nucleic acids) of detached 

pea epicotyl sections. The experiment was conducted in the same manner 

as in previous tests using 14C-leucine (Table IX). The results lead 

ta simi lar conclusions, namel~ that actinomycin 0 inhibits nucleic acid 

synthesis more severely than uptake of precursor into the sections. 

It was important for Interpretation of the results of the 

experiment with 14C-leucine (Table X) ta establ ish that aIl of the 

. supplied label was still present within the sections as leucine, either 

free or combined (in protein). Appendix VI lB shows a radioautograph 

of a chromatograph of combined soluble and hydrolysed fractions from 

this experiment which confirms that ail detected 14C was located in 

leucine. 

2. Effects of Inhibitors on Growth and Cel lulase Activity in Detached 
Sect i o'ns 
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Appendix VI IC shows the effects of three inhibitors on proper-

ties of IAA-treatgd detached sect/ons. FUdR, which inhibits DNA synthesis 

but not RNA or protein synthesis /n attached epicotyl segments {Figures 

5 and 6) had no ~ffect on growth, protei~ level or cel lulase activity 

in detached sections by 24 hours. Actinomycin 0 (at 20 ug/ml) wh/ch 

Interferes with protein (Figure ,6) and nucleic 'ai::id (Appendix VilA) 

synthesis in detached sections, also prevented IAA-induced growth and 

severely reduced the cel lulase activity. Chloramphenicol used at su ch. 

a high concentration (100 ug/ml) that it reduced the solubie protein 

level in sections, was a very effective inhibitor of growth and cel-

lulase activity. 

Appendix VIID shows effects of puromycin added alone to sections 

at different concentrations. Growth inhibition was detectable at puro-

mycin concentrations of 10 pg/ml. Maximum inhibition occurred at 40 pg/ 

ml or higher. 80th total protein levels and cel lulase activity per sec-

tion were lower after treatment with puromycin at concentrations between 

10 'and 60 p9/ml. However, there was no effect on cellulase activity per 

unit proteine Uni lateral inhibition of cel lulase activity only oc-

curred with 100 fg puromycin/ml. 

3. Effects of Inhibitors on Growth and Cel lulase Activity in Attached 
Segments. 

A number of substances reported (see Literature Review ) to 

Interfere with mitosis tir synthesis of nucleic acids or protein were 

added with IAA in lanol in to decapitated epicotyls. Effects are sum-
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marised in Appendices VI lE and VI IF. Mitomycin and azathymlne, although 

often used to Interfere ~ith DNA metabol ism, did not stop cel 1 division 

in the present tests (observed microscopically) and had no effects on 

IAA-induced growth or cel lulase actlvity. Hydroxyurea and colchicine 

were also Ineffectlve in causing visible alteratlons in cel 1 division 

but they inhlbited the Increases due to IAA ln fresh weight (by 40-50%), 

protein synthesis (by 30%) and cel lulase activlty (by 40%). Acti-dione 

(cyèloheximide) was an extremely effective inhibitor ofall IAA-induced 

processes; it· even prevented the. normal growth and protein ~ynthesis 
. 

which took place without added IAA. 
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Effeet of pretreat~entof secti.on~wlthaetinomyein D 
on subsequent uptake,bfI4C~orotate,ànd,its ineorporat i on 
i nto nue 1 e i e ae id" ' ... , .. , ". ;' 

. ',' 

. ", .. 
.: ;' .... 

'. ", 

, ,', ,Afterpretreatment forthetimes i nd i eât ed',20 sect Ions were 
," tran'sferred ta 2 ml 0.02 M sad i um. phosphate, (pH 6.0) conta 1 ni ng orotate- ' 
,'6_14C (4.7 ug, 586 000 eounts/mi n.) ~ They were 1 eft .for 2 hours ln " " 
~arkn~ss ~t 250 , washed ln, unlab~/Ied protate ~nd th~n homogenised and, 
c:entrlfuged twlçe, wlth 80% ethanpl, Theresidue was ex1;ractecl with a ' 
series of so/vents, namely, c:old 5%trichloroacetlc: aC:id, 80% ethano/, . 
abso/ute ethanol and e~hanol-ether. '.' Radioactlvity f'n pyrimidine nuc:leo- ' 
tides and ether low-malecular-welght derivatlves was measured ln the 

. comblned washlngs} radIoactIve nucielc acld was measured as total lebel 
, ln the insoluble res/due. 

14C-orotate subsequent 1 y Ratio of 14C in: 

Pre- .i neorporated absorbed but nuelele aeid X 100 
, treatment into not in Nucleotide fraction 

• t ime nucleie acid nueleic aeid 
(hours) 

Absence or presence of actinomycin 0 (20 ug/ml) 
, '+ + + 

0 195 6 050 3.2 

6 260 601 (51 850 3600 3.8- 1'.7 

/2 285 75 5 300 3 050 5.4 2.5 

24 390 60 '.4 600· 2 350 8.5 2~6 
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Radioautograph of fractions derived from pea 
sections incubated on 14C-leucine solution 

Fractions, including ethanol-soluble l4C and hydrolyzed 
14C-protein, were chromatographed with the snlvent n-butanol: acetic 
acid: w~ter (4:4:1 v/v/v). A and C refer to sections pretreated 
with actinomycin 0 and to controls, numbers refer ta time (hours) of 
pretreatment,·S is supplied 14C-leucine. . 

: . 

, 1 • . 

\
i . . 
~\ 

. ..... . 
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Appendix VIIC. Effect of inhibltors on DNA, RNA and protein synthesis 
in combination with JAA on growth and cellulase act/vit y 

Sections were Incubated for 24 hrs; concentrations of added 
substances were: IAA = 10-5 M, 5-fluorodeoxyuridine (FUdR) = 100 ug/ml ~ 
actlnomycin 0 = 20 ug/ml, chloramp~enlccil= 1 mg/ml • . Values per section 
at zerp time were: frwt ,= 23.1 mg, soluble pnitein = 242 fg',cellulase 
activlty = 1./2% lossin.CMC Viscosity/6 hour,s'. : . 

Val u'es at 24 hrs relative to those at zero time 

Treatment Fr wt Length Soluble cellulase.activity 
, proteln per unit per sect· 

protein 

No additions /.64 /.48 0.64 /.89 1 .21 

'i, +/AA 2'.10 ,1.51 0.61 2~ 13 1.30 

+/AA +FUdR 2./8 1 .56 0.65 2.20 1.43 

+/AA + actino-
mycin 0 1.57 1.34 0.61 0.93 0.57 

+/AA + ch 1 oram-
' , 

" phenicol 1.24 1.22 0.42 0.63 0.27 
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Appendix VI ID. Effect of puromycin concentrations on growth, ' 
soluble prote!n and cellulase activlty . 

At zero time, each section (10 mm) welghed 25.5 mg, contained 
278 pg soluble protein and.~ielded an extract whlch caused 1.64% Joss ln 
CMC vlscosity/ 6 hours, equivalent ta 5.9% lo~s/mg soluble proteine 

Values at 24 hrs relative ta thase at zero time 
Puromycin 

concentration Fr wt Length Fr wt Soluble Ce 1 1 u 1 ase activity 
Cug/ml) length prote!n per unit per sect. 

protein 

0 1 .61 1.45 1.04 0.86 1.23 1 .07 
. 

10 1 .56 1.42 1 .02 0.76 1.23 0.93 

20 . 1 .52 1 .38 1.03 0.70 1.22 0.86 

40 1.42 1.27 1 .04 0.61 1 .23 0.80 

60 1.43 1.29 1 .08 0.67 . 1.32 0.89 

100 1.39 1 .30 1.02 0.72 0.90 0.65 
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' .. "J. " 

,.! 

.... ~ •. Appendix VI/~. Effect of inc/uding mitomycin C or azathymine wlth IAA' 
on growth"soluble protein and cellulase activity in 
decapitated pea epicotyls 

,',' " 

." ..... 

" .' . 

.;,' 

.. , . 

'. Mi tomyc in C (M) and azathymi ne (AT) wereadded i r:t 1 ano 1 in 
(0.02% w/w) with IAA (0.5% w/w). At zero time, each segment (10 mm) 

. yielded an extrac~ which caused 0.86% 1055. ln CMC vlscosity/2 hours. 

Relative 
Treatment Fr wt Length Fr wt Soluble cel lulase activity 

(mg/seg) (mm/seg) length protein perunit. per seg 
(mg/mm) (pg/seg) protein 

Zero time 22.4' 10.0 2.24 264 1.00 1 .00 

3 days -IAA 55.6 . '16.9 3.28 248 0.85 0.78 

3 days +IAA 74.2 12.5 .5 •. 95. 565 5 ;20 Il.10 

3 days +IAA +M 78.0 12.1 6.45 578 5.70 12.50 

3 'days +IAA +AT 81.0 12.5 6.50 580 5.50 Il.80 
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Append i x VII F. Effect of i nc 1 ud i ng ,hydroxyurea, co 1 ch ici ne or act id i one 
w i th 1 AA 0 n gr 0 wt h, sol u b " e pro t e i n and cel 1 u 1 as e a c t i -
vit Y in decapitated pea epic9tyls 

Hydroxyurea (H, 1.0% w/w) , colchicine (C, 1.0% w/w) and acti
dione (A, 0.1% w/w) were added in lanolin' with IAA (0.5% w/w). At 
zero time, each segment (10 mm) yielded an extract whlch caused 0.45% 
loss in CMC viscosity/2 hours. 

Relative 
Treatment Fr wt Length' Fr 'wt Soluble cel lulase activity 

(mg/seg) (mm/seg) length protein per u'nit per seg' 
(mg/mm) (,ug/seg) protein 

Zero time 21.5 10.0 2.15 214 1.00 ' 1 .00 

3 days -IAA 42.4 13.4 3.16 200 1 .52 1.43 

3 days +IAA 73.6 12.5 5.90 550 8.20 21.20 

3 days +IAA +H 60.4 Il .8 5.12 464 6.00 13.00 

3 days +IAA +C ' 57.8 /1 .5 5.02 455 5.90 : 12.60 

3 days +IAA lA 27.1 10.0 2.71 147 1 .39 0.96 
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APPENDI X VIII 

Effect of Var i ous Treatments on Grow'th and Ce Il u 1 ase 
Activity in Detached Pea Epicotyl Sections 

1. Plasmolysing Agents 

Appendix VII~ shows effects of incubating sections plus or 

minus IAA in buffered 0.3 M NaCI or 0.4 M mannitol. These treatments 

aIl resulted in flaccid sections which did not grow. Cel lulase activity 

per section fell to about half the level in controls with or without 

IAA. In the presence of NaCI, there was an increase in cel lulase acti-

vit Y per unit protein but this was clearly due to denaturation of much 

of the cellular protein in salt solution at this strength. 

2. Reducing Agents 

Appendix VII lB shows effects of various reducing agents which 

were added with or without IAA. Added cysteine and ascorbate had 1 ittle 

effect on growth or soluble protein levels but both reagents resulted 

in low cel lulase levels. Mercaptoethanol and Cleland's reagent (dithio-

threitol) severly· inhibited growth and lowered the levels of total protein 

and of cel lulase. IAA did not overcome any of these inhibitory effects. 



-172-

3. Calcium 

Appendix VII IC shows the effects of CaCI 2 added ta sections 

with or without IAA. High Ca++ concentration (20 mM) inhibited growth 

and sI ightly reduced the cel lulase level. Lower Ca++ concentrations 

(10-4 M) sI ightly stimulated bath growth and cel lulase activity. IAA 

stimulated growth and enhanced the cel lulase level in the presence or 

absence of Ca++. 

4. pH 

Appendix VII ID shows the effects of varying the external pH 

on which sections were incubated. Growth over 24hours in bath fresh 

weight and length and final cel lulase activity was greatest at pH 6 ta 7. 

This is the pH range of maximum cel lulase activity (Appendix Il lB) 

and stabi 1 ity (Figure 9) ln vitro. Soluble protein levels were low 

after incubation at pH 4 or 5, presumably because the acetate buffers 

penetrated and ki lIed some tissue cells. There was no indication of 

the death of tissue at higher pH values (up ta pH 10). It is possible, 

therefore, that the loss of cel lulase activity at high pH was due ta 

extracel lular denaturation of the enzyme. 
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Appendix VillA. Effect of plasmolysing agents on growth and cellulase 
activity 

Sections (10 mm) were incubated in 2% sucrose - 0.02 M sodium 
phosphate, pH 6, ! IAA (10-5 ), NaCI (0.3 M) and mannitol (0.4 M). At 
zero time, values per section were: fr wt = 21.9 mg, soluble protein = 
237 pg, cel lulase activity= 1.11% loss in CMC Viscosityj 6 hours. 

Valûe at 24 hrs relative to those at zero time 

Treatment Fr wt Length Soluble cellulase activity 
protein per unit per sect 

protein 

Control 1 .51 1 .34 0.81 1 .54 1.25 

+ NaCI 0.90 1.00 0.25 2.53 0.63 

+ NaCI +IAA 0.95 1.04 0.30 2.63 0.78 

+ mann i to 1 . 0.96 1.04 0.88 0.65 0.60 

+ mannitol +IAA 0.97 1.03 0.88 0.75 0.66 
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Appendix VII lB. Effect of reducing agents on growth and cel lulase activity 

Sections (10, mm) were incubated in 2% sucrase - 0.02 M sodium 
phosphate, pH 6.0, = IAA (10-5 M), cysteine (C, 0.01 M), B mercaplo
ethanol (M, 0.01 M), Cleland's reagent (CR, 0.02 M) and ascorbic acid 
(A, 0.01 M). At zero time, values per section wcre: fr wt = 22.7 mg, 
soluble protein = 222 pg, cellulase activity = 1.01% loss in CMC viscosity 
/6 hours. 

Values relative tO,those at zero time 

Treatment Fr ,wt Length Soluble Cel lulase activity 
protei n per uni t per sect 

protein 

Control 1 .53 1 .31 ' 0.76 1.80 1 .40 

+C 1.47 1 .26 0.88 1.07 0.94 

+C +IAA 1 .81 1.45 0.83 0.82 0.67 

+M 0.98 1.00 0.37 4.10 0.67 

+M +IAA 0.99 1 .00 0.50 3.72 0.80 

+CR 1 .18 1 .16 0.50 1 .93 0.97 

+CR +IAA J .19 1 .16 0.46 2.12 1.00 

+A 1.41 1.,24 0.81 1.32 1.05 

+A +IAA 1.95 ! .39 0.74 1.30 0.95 
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Appendix VI 1 IC~ Effect of calcium chloride on growth and cellulase 
activity 

Sect ions (10 mm) were i ncubated. for 24 hours under di fferent 
conditions. Values per section at zero tim~ are: fr wt = 23.2 mg, 
soluble prot.ein = 260 pg, cel lulase activity = 1.00% loss in CMC viscosity 
/6 hours. 

Values at 24 hrs relative ta those at zero time 

Treatment* Fr wt Length Soluble Cellulase activity 
protein per unit per sect 

prote in 

Control 1.51 1.39 0.80 1 .81 1.44 

:1 ':1\ + 1 AA 
,: •• 1 • 1.73 1.42 0.79 2.26 1.78 

+ 10-4 M CaCI2 1.20 1 .10 0.89 1.45 1.27 

+IAA + CaCI2 1 .39 1 .15 0.79 1.93 1.52 

+ 20 mM. CaCI 2 1.63 1.48 0.75 2.13 1 .58 

+IAA + CaCI2 1.77 1.50 0.68 2.70 1.87 

* IAA concentration used in this test: 10-5 M 
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Appendix VII ID. Effect of external pH on growth and cel lulase activity 

For tests at each pH, 100 sections were supported with nylon 
cloth on the surface of 1 liter of,buffer whlch was stfrred magnetically 
for 24 hours at 25 0 • The buffers (sodium salts, 0.02 M) were acetate 
(pH 4.and 5), phosphate (pH 6,7 and 8) and glyclnate (pH 9 and 10). 
At zero time, values per section were: fr 'wt = 19.6 mg, soluble protein 
= 242 fg, cellulase activity = 1.21% loss in CMC Viscosity/6 hours. 

Values at 24 hrs relative to those at zero time 

pH range Fr wt Length Soluble cell u 1 ase act i vi ty 
(zero time' protein per unit pei'" sect 
to 24 h) protein 

4.0 - 4.3 0:99 1.04 0.09 0.62 0.06 

5.0 - 5.2 1.20 1.20 .0.53 0.76 0.41 

6.0 - 6.0 1.69 1.54 0.72 1 .18 0.86 

7.0 - 7.0 1.55 1.38 0.67 1 .06 0.71 

8.0 - 7.7 1.49 1.27 0.63 0.92 0.58 

9.0 - 8.6 1.49 1 .29 0.72 1.02 0~74 

10.0 - 9.2 1.41 1.28 0.69 0.48 0.33' 


